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There is a pressing need for a ubiquitously expressed antigen or
receptor on the tumor surface for successful mitigation of the
deleterious side effects of chemotherapy. Phosphatidylserine
(PS), normally constrained to the intracellular surface, is
exposed on the external surface of tumors and most tumori-
genic cell lines. Here we report that a novel PS-targeting
liposome, phosphatidylcholine-stearylamine (PC-SA), induced
apoptosis and showed potent anticancer effects as a single agent
against a majority of cancer cell lines. We experimentally
proved that this was due to a strong affinity for and direct inter-
action of these liposomes with PS. Complexation of the chemo-
therapeutic drugs doxorubicin and camptothecin in these
vesicles demonstrated amanyfold enhancement in the efficacies
of the drugs both in vitro and across three advanced tumor
models without any signs of toxicity. Both free and drug-loaded
liposomes were maximally confined to the tumor site with low
tissue concentration. These data indicate that PC-SA is a
unique and promising liposome that, alone and as a combina-
tion therapy, has anticancer potential across a wide range of
cancer types.
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INTRODUCTION
Chemotherapeutic regimes customarily available for cancer have
problems of potential toxicities and detrimental side effects because
of a lack of adequate tumor specificity.1 Eventually, many patients
become refractory to these treatments and ultimately succumb to
their disease. The ultimate goal in current cancer therapy is to find
a common marker for malignant cells that can be targeted by chemo-
therapeutic drugs without affecting nontransformed cells. Thus, the
need for improvement in older therapies has led to much interest
in the area of targeted chemotherapy for cancer.

The plasma membrane of normal cells is characterized by an asym-
metric distribution of phospholipids on the membrane leaflets.2

Phosphatidylserine (PS), the most abundant anionic phospholipid,
is an exclusive constituent of the inner leaflet of the plasmamembrane
in most mammalian cells.2–4 The internal positioning of PS is medi-
ated by a membrane protein or ATP-dependent transporter, amino-
phospholipidtranslocase.1,5 The asymmetry is lost because of reduced
Molecular
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function of this translocase or oxidative stress in the tumor microen-
vironment or because of activation of the scramblase enzyme.3,6 The
loss of asymmetry, resulting in the exposure of PS on the surface, is a
salient and universal feature of cancerous cells6 and, specifically, tu-
mor endothelial cells (ECs).7 Exposure of PS on the surface of
apoptotic cells, known as the death knell, is acknowledged for its
importance as an apoptotic marker in all cells.8 In this context, it is
of interest to note that cancer cells display an elevated amount of
PS on the outer surface2,9–12 but without any sign of apoptosis.2,4,6

Tumor cells (TCs) share a susceptibility to destruction by activated
macrophages as a self-defense mechanism of the body.4 Even though
the mechanism of macrophages to distinguish between tumor and
non-TCs still remains unknown, several lines of evidence suggest
that PS is the recognition moiety for macrophages that potentiate
killing of cancer cells. PS-specific activity being a natural mode of
eradication of tumors has generated a lot of interest in exploiting
PS as a target molecule.1,4,9,13–18

Since few anticancer drugs have the ability of self targeting,19 entrap-
ping the drug in a particular carrier, thereby delegating the tumor-tar-
geting responsibility to the carrier, is an established strategy to achieve
this goal.17,20–26 We generated a novel cationic liposomal carrier,
phosphatidylcholine-stearylamine (PC-SA), that strongly binds to
PS exposed on the surface of cancer cells and tumors. We have
selected SA-bearing cationic liposomes because of their PS specificity,
which we had previously utilized for specifically targeting and killing
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Figure 1. High PS Expression Predicts Sensitivity to PC-SA in Cancer Cell Lines

(A and B) Size distribution (A) and zeta potential (B) of PC-SA liposomes (7:2 molar ratio). (C) Viability of 19 cancerous and non-cancerous cells and cell lines after incubation

with increasing concentrations of PC-SA for 2 hr. All data points represent themean of at least three experiments, with error bars indicating the SEM. (D) PS exposure (percent

of annexin V binding) of different cancer and non-cancer cells (flow cytometric analysis, 3 independent experiments for each cell line). (E) PS expression as assessed by flow

(legend continued on next page)
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Leishmania parasites both in vitro and in vivo.27 In the present study,
for the first time, we report that SA-bearing liposomes kill cancer
cells through specific and direct interaction with negatively charged
surface-exposed PS. The target selectivity of PC-SA is proven through
reversal of its anticancer activity when cells pretreated with annexin V
and anti-PS antibodies bind to PS, and with anionic PC-PS liposomes,
which bind to PC-SA vesicles. We could almost negate the possibility
of interaction with other phospholipids, which, even if present,
is negligible in amount compared with PS; hence, its effect can be
nullified. PC-SA induced apoptosis in cancer cell lines and showed
potent anticancer effects as a single agent. The effects of anticancer
drugs like camptothecin and doxorubicin, entrapped in PC-SA lipo-
somes on different cancer cell lines in vitro and across three mice pre-
clinical models in vivo, clearly indicate the higher efficacy of the
former compared with the free drugs. These observations therefore
suggest that PC-SA vesicles elicit anticancer activity alone and also
in combination with anticancer drugs and, thus, can prove its value
as a significant addition to cancer therapy.

RESULTS
Particle Size, Morphology Analysis, and Zeta Potential of PC-SA

Liposomes

A cationic liposome composed of PC (structure shown in Figure S1A)
and SA (structure shown in Figure S1B) was prepared. PC-SA lipo-
some showed a polydispersity index (PDI) of 0.2, indicating narrow
distribution of particle sizes, and the hydrodynamic diameter, as
measured by laser dynamic light scattering (DLS), was found to be
146 nm (Figure 1A). Additionally, AFM was performed to assess
the morphology of the liposome. AFM analysis showed that the
PC-SA liposome was spherical in structure, with intact morphology.
It was also found that the particles are well apart from each other, and
no significant aggregation was noticed (Figures S1C and S1D). Cross-
section analysis of PC-SA liposomal particles showed a height image
of 3.10–4.20 nm on a mica surface (Figure S1E), indicating that the
particles are almost uniform. The zeta potential of PC-SA was found
to be +52 mV (Figure 1B).

PC-SA Liposomes Selectively Target Cancer Cells by Directly

Interacting with Surface-Exposed PS

PC-SA liposomes selectively killed the cancer cell lines B16F10, SH-
SY5Y, SW480, HCT116, rat C6 glioma, MOLT-3, MOLT4, K-562,
U-937, EAC, and AGS (half-maximal effective concentration
[EC50] = 65–170 mg/mL for 2 hr treatment) (Figure 1C). However,
they showed weaker killing activity against non-cancerous cells and
cancer cell lines, including HEK cells, NIH 3T3 cells, RAW264.7 cells,
healthy human peripheral blood mononuclear cells (PBMCs), MCF7
cells, HepG2 cells, HeLa cells, and rat brain astrocytes (EC50 = 218–
480 mg/mL) (Figure 1C), with less surface-exposed PS (Figure 1D),
cytometry and plotted against the corresponding PC-SA EC50 for each cell line (n = 19 lin

values (Spearman’s rank correlation, p < 0.0001 by two-tailed t test). (F) Hemolytic as

centrations show 0% hemolysis. (G) Interaction of Rhodamine B-PC-SA liposomes with

visualized under a confocal microscope (Leica TCS SP8, software LAS-X). Scale bars,
indicating that PC-SA liposomes probably do not kill cells through
an off-target mechanism. Notably, neutral PC-cholesterol (Chol) li-
posomes showed no activity against any of the cancer cell lines (Fig-
ure S2). Quantification of the amount of cell surface-exposed PS by us
(Figure 1D) and others9–11 showed that cancer cells have a higher
amount of PS in comparison with normal cell lines and that the killing
activity of PC-SA is strongly correlated with surface-exposed PS (Fig-
ure 1E). Red blood cells incubated with different concentrations of
PC-SA liposomes showed no signs of hemolysis, suggesting a poten-
tial for their use as anticancer agent (Figure 1F).

Through confocal study, it was observed that PC-SA liposome could
not interact with B16F10 cells in the presence of annexin V or anti-PS
antibodies (Figure 1G), indicating that PC-SA liposomal activity is
PS specific. In a cell viability assay, we blocked surface-exposed PS
on the cancer cell lines B16F10, K562, rat C6 glioma, and U937 (Fig-
ures 2A–2D) with annexin V prior to addition of PC-SA liposomes.
Interestingly, the killing activity of PC-SA liposomes was inhibited
upon treatment. We got similar results when blocking PS of
B16F10, K562, and U937 cells (Figures 2E–2G) with anti-PS anti-
bodies prior to PC-SA treatment. Thus, it indicates that the killing
is PS-mediated and that a high PS exposure status is a potential pre-
dictive marker for sensitivity to PC-SA liposomes and may have util-
ity for patient stratification. The PS-specific affinity of PC-SA lipo-
somes was further examined. PC-SA liposomes pre-incubated with
PC-PS liposomes having a particle size distribution of 97.5 nm (hy-
drodynamic diameter as measured by DLS) (Figure S3A) with PDI
of 0.28 and a zeta potential of �40 mV (Figure S3B) inhibited the
killing activity of PC-SA liposomes on B16F10, K562, rat C6 glioma,
and U937 cells. Moreover, the killing efficiency of PC-SA liposomes
diminished with increasing concentrations of PC-PS liposomes (Fig-
ure 2H), indicating that the affinity of PS toward PC-SA liposomes is a
critical factor that decides its activity. Here, the size of the liposome
mixture (PC-SA and PC-PS) was observed to be 223 nm (hydrody-
namic diameter as measured by DLS) (Figure S3C) with PDI of
0.342 and a zeta potential of +10 mV (Figure S3D).

When comparing PC-SA with other cationic liposomes (PC-dodecyl-
trimethylammonium bromide [DTAB], PC-dimethyldioctadecyl
ammonium bromide [DDAB], and PC-N-[1-(2, 3-dioleoyloxy)
propyl]-N,N,N-trimethylammonium chloride [DOTAP]), we found
PC-SA to be more effective. Although PC-hexadecyltrimethylammo-
nium bromide (CTAB) showed a killing activity similar to PC-SA, its
activity was not PS-specific. PC-CTAB interacted with B16F10 cells
even in the presence of annexin V or anti-PS antibodies (Figures
S4A and S4B). Therefore, it is possible that PC-CTAB might be inter-
acting with some other negatively charged phospholipids, which
requires a thorough separate study.
es). A significant correlation was observed between PS expression and PC-SA EC50

say in the presence of different concentrations of PC-SA (20–140 mg/mL). All con-

B16F10 cancer cells in the presence or absence of annexin V or anti-PS antibodies,

10 mm.
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Figure 2. Role of PS Expressed on the Surface of

Tumor Cells in Antitumor Activity of PC-SA

Liposomes

(A–D) Treatment of annexin V-preincubated (A) B16F10,

(B) K562, (C) rat C6 glioma, and (D) U937 cells with graded

dose of PC-SA liposomes, showing a reversal in killing

activity in comparison with cells that were not pretreated

with annexin V. (E–G) Blocking of PC-SA liposomes by

anti-PS antibodies. Treatment of anti-PS antibody-pre-

incubated (E) B16F10, (F) K562, and (G) U937 cells with

graded doses of PC-SA liposomes, showing a reversal in

killing activity in comparison with cells that were not pre-

treated with the antibodies. (H) Effect of the activity of a 7:2

molar ratio of PC-SA liposomes (120 mg/mL with respect

to PC) after blocking it with different doses of PC-PS li-

posomes (7:2). All data represent the mean of triplicate

experiments, with error bars indicating the SEM.
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Cellular Entrance Mechanism of PC-SA Liposomes

To clarify the cellular entrance mechanism of PC-SA liposomes, we
measured cellular uptake by fluorescence-activated cell sorting anal-
ysis. We examined the effects of three inhibitors of cellular entrance
pathways—the macropinocytosis (which is also known as actin-
dependent endocytosis) inhibitor amiloride, the clathrin-mediated
endocytosis inhibitor chlorpromazine, and the actin-dependent
endocytosis inhibitor cytochalasin D—on cellular uptake of PC-SA-
rhodamine 123 liposomes in B16F10 cells. In the presence of
500 mM amiloride, 31 mM chlorpromazine, and 500 mM cytocha-
12 Molecular Therapy: Nucleic Acids Vol. 10 March 2018
lasin D, there is approximately a 17%, 29%
(p < 0.001), and 37% (p < 0.001) decrease in
liposome uptake, respectively, compared with
cells without the inhibitors. These results
confirm that intracellular trafficking of PC-SA
liposomes is mainly via endocytosis (Figures
3A and 3B). Other unidentified pathways may
also be responsible for the liposomal uptake.

PC-SA Induces an Apoptotic Mode of Cell

Death

Administration of PC-SA liposomes to the can-
cer cell lines B16F10, K562, and U937 rapidly
(within 2 hr) induced key hallmarks of
apoptosis. Treatment with PC-SA liposomes
yielded a significant decrease in the mitochon-
drial red/green fluorescence intensity ratio in
B16F10, K562, and U937 cell lines (because of
loss of mitochondrial membrane potential,
JC-1 remains in the monomer form, leading to
a shift from red to green fluorescence) compared
with untreated control cells (the high mitochon-
drial membrane potential of untreated healthy
cells loaded with JC-1 allows formation of red
fluorescent J aggregates),28 suggesting that PC-
SA treatment causes opening of mitochondrial
permeability transition pores, resulting in mitochondrial membrane
depolarization, whereas non-cancer cells (RAW 264.7) remained un-
affected (Figure 3C). Treatment of B16F10, K562, and U937 cells with
PC-SA (Figure 3D) resulted in reactive oxygen species (ROS) gener-
ation. The RAW264.7 cell line (Figure 3D) remained unaffected after
treatment with the same concentrations of liposomes. PC-SA induced
a distinct accumulation of sub-G0/G1 DNA (Figure 3E) and a further
increase in the externalization of PS (Figure 3F), representing an in-
crease in the population of apoptotic cells in the B16F10, K562, and
U937 cell lines but not in the RAW264.7 cell line. Thus PC-SA caused



Figure 3. Cellular Entry of PC-SA Liposome and Its Role in Induction of Apoptosis

(A and B) Uptake of Rh123-PC-SA liposomes in B16F10 cells in the presence of inhibitors of endocytosis andmacropinocytosis as determined by fluorescence-activated cell

sorting (FACS). (A) PC-SA liposomes utilize clathrin and an actin-dependent endocytosis pathway mechanism for entry into target cells. (B) Shown are B16F10 cells without

Rh123-PC-SA (grey peak), with Rh123-PC-SA (red peak), and with Rh123-PC-SA in the presence of cytochalasin D (blue peak), chlorpromazine (yellow), and amiloride

(green). (C–F) PC-SA treatment for 2 hr after cellular entry induces multiple hallmarks of apoptosis in B16F10, K562, and U937 cells and has negligible effect on RAW264.7

cells. (C) Depolarization of the mitochondrial potential of cells treated with 140 mg/mL of PC-SA, stained with JC-1 and analyzed in a flow cytometer. The percentage of cells

expressing green and red fluorescence is indicated. (D) To determine the effect of PC-SA liposomes on reactive oxygen species (ROS) generation, the B16F10, K562, U937,

and RAW264.7 cell lines were loadedwith H2DCFDA after treatment with 40 and 140 mg/mL of PC-SA liposomes. The relative increase in fluorescence intensity of H2DCFDA

as percent of untreated cells was measured. (E) Apoptosis (sub-G0/G1 accumulation and G2M) as assessed by FACS after treatment with 140 mg/mL of PC-SA liposomes.

(F) Early and late apoptosis as determined by annexin V/PI staining by FACS after treatment with 140 mg/mL of PC-SA liposomes. All data represent the mean of triplicate

experiments, with error bars indicating the SEM.
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a significant cell death in cancer cells as compared to non-cancer cells.
Moreover, cell killing mediated by PC-SA was caspase-, mitogen-acti-
vated protein kinase (MAPK)-, and phosphatidylinositol 3-kinase
(PI3K)-dependent because their inhibitors specifically abrogated ac-
tivity on K562 (Figures S5A, S5C, and S5E) and B16F10 (Figures
S5B, S5D, and S5F) cells, whereas the AKT inhibitor could not inhibit
the PC-SA killing activity in K562 (Figure S5G) and B16F10 (Fig-
ure S5H) cells because AKT is an anti-apoptotic marker.
To evaluate the role of MAPK pathways after PC-SA liposome treat-
ment, whole-cell lysateswere subjected towestern blot using anti-phos-
pho-ERK and anti-phospho-P38 antibodies. Phosphorylation of ERK
increased significantly in the B16F10, K562, and U937 cell lines but
not in the RAW264.7 cell line. Phosphorylation of P38 also increased
inK562 andB16F10 cells (Figures 4B and4C) but remainedunchanged
in the U937 (Figure 4A) and RAW264.7 (Figure 4D) cell lines. Signif-
icant increases in cleaved caspase-9, cleaved caspase-3, and cleaved
Molecular Therapy: Nucleic Acids Vol. 10 March 2018 13
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Figure 4. Immunoblot-Based Demonstration of the

Involvement of p-ERK, pp38, p-AKT, Cleaved

Caspase-9, Cleaved Caspase-3, Cleaved PARP, and

Cytochrome c in 2-hr PC-SA-Treated Cells

(A–D) To check the involvement of signaling molecules

in PC-SA-mediated apoptosis, (A) U937, (B) K562, (C)

B16F10, and (D) RAW264.7 cells were treated with

varying concentrations of PC-SA. The whole-cell lysates

were subjected to western blot with anti-p-ERK, anti-

pp38, anti-p-AKT, anti-cleaved caspase-3, anti-cleaved

caspase-9, and anti-cleaved PARP antibodies. (E) Cyto-

solic fractions were subjected to western blot with anti-

cytochrome c antibodies. Anti-b-actin antibodies were

used to verify equal amounts of protein loading in each

well.
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PARPby PC-SAwas observed in theU937, K562, and B16F10 (Figures
4A–4C) cell lines. It was observed that the total PARP (top band) inPC-
SA-treated K562 cells decreased, but a significant increase in the cleav-
age of PARP (bottom band) was noted (Figure 4B). The RAW264.7 cell
line (Figure 4D) remained unaffected. PC-SA liposomes downregu-
lated the PI3K/Akt signaling pathway inU937, K562, andB16F10 (Fig-
ures4A–4C)cells andcausednochange inRAW264.7cells (Figure 4D).
Administration of PC-SA liposomes to B16F10, K562, and U937 cells
rapidly induced cytochrome c release; RAW264.7 cells were least
affected (Figure 4E). All of these findings indicate that, because PC-
SA caused the most profound changes in the expression of apoptosis-
and signaling-related proteins, the prominent apoptotic mode of
cell death was observed in PC-SA-treated cancer cells. We also found
that prolonged treatment (4 hr) of these cancer cells (U937) with
PC-SA liposomes caused cell disruption with formation of large vacu-
oles and depletion of cytoplasmic material (Figure S6).

PC-SA Liposomes Enhance the Anticancer Effects of

Camptothecin and Doxorubicin In Vitro

The EC50 values of free irinotecan hydrochloride (HCl) (a semisyn-
thetic derivative of camptothecin [CPT]) were in the range of 800–
14 Molecular Therapy: Nucleic Acids Vol. 10 March 2018
5,000 mg/mL. In the case of entrapped CPT in
PC-SA liposomes, the EC50 values were in the
range of 2.5–3.5 mg/mL of CPT in combination
with 50–70 mg/mL of PC-SA, which was signif-
icant compared with free irinotecan HCl (p <
0.0001) and free PC-SA (p < 0.01–0.0001)
against B16F10, K562, U937, C6, MOLT4,
and SW480 cells. For entrapped doxorubicin
(DOX) in PC-SA liposomes, the EC50 values
were in the range of 1.87–2.25 mg/mL of
DOX in combination with 37–45 mg/mL of
PC-SA, thus having a significantly (p <
0.0001) better killing effect than free DOX,
which had EC50 values in the range of 500–
800 mg /mL against B16F10, K562, U937, C6,
MOLT4, and SW480 cells. It was also observed
that DOX entrapped in PC-SA liposomes had a
significantly better killing effect than free PC-SA (p < 0.001–0.0001)
(Figure 5).

Acute Toxicity Investigations of PC-SA Liposomes

Acute toxicity investigations revealed no signs of mortality within
24 hr of administration of 220 mg of PC-SA liposomes. The animals
were observed for another 15 days, and no apparent adverse effects
(such as salivation, lacrimation, or skin rash) were seen. Only one
of the four experimental animals died on day 10, and all other animals
remained alive. The above results prove that 220 mg of PC-SA lipo-
some did not reach LD50 value and could be safe for administration.
Histopathological organ toxicity studies also revealed that there was
no sign of toxicity in any of the vital organs compared with normal
mice (Figure S7).

Preclinical Study to Determine the Effect of CPT-Entrapped

PC-SA Liposomes on EAC Tumors

We chose 22 mg of PC-SA (which is 10 times less than the dose used
for the acute toxicity study) for anticancer therapy alone or in com-
bination with CPT against Ehrlich ascites carcinoma (EAC) induced
in mice. On day 21, the body weights (wt) of EAC-injected control



Figure 5. Effect of Anticancer Drugs Entrapped in PC-SA Liposomes on

Cancer Cell Lines In Vitro following 2 hr Treatment

Camptothecin (CPT) at a molar ratio of 7 (PC):2 (SA):0.7 (CPT) and doxorubicin

(DOX) at amolar ratio of 7 (PC):2 (SA):0.5 (DOX) showed 100% and 50% entrapment

efficiency, respectively, in PC-SA liposomes. The EC50 values of DOX entrapped in

PC-SA are 500-fold lower than that of free DOX (p < 0.0001) with respect to free

DOX. Similarly, the EC50 values of CPT entrapped in PC-SA liposomes are 1,000-

folds lower than that of free irinotecan HCl (a semisynthetic derivative of CPT) (p <

0.0001) with respect to free drug. The EC50 values of DOX or CPT entrapped in PC-

SA liposomes with respect to PC are significantly lower than that of free liposomes

(p < 0.05 to p < 0.0001). All data represent the mean of triplicate experiments, with

error bars indicating the SEM.
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mice increased because of accumulation of peritoneal fluid volume.
Although EAC-injected mice treated on day 3 with a single injection
of free PC-SA liposomes or irinotecan HCl showed a body wt in-
crease, mice treated with CPT-entrapped PC-SA liposomes showed
no such increase in comparison with control mice (p < 0.01) (Fig-
ure 6A; Figure S8). It was observed that the volume of peritoneal fluid
(Figure 6B), packed cells (Figure 6C), and number of EAC cells (Fig-
ure 6D) decreased significantly when tumor-inoculated mice received
CPT-entrapped PC-SA liposome treatment. Free PC-SA and free iri-
notecan HCl treatment showed a 37% reduction in peritoneal fluid
volume in comparison with untreated control mice (p < 0.01) (Fig-
ure 6B). The survival of mice treated with PC-SA-CPT was prolonged
to 53 days, which was significant compared with controls, (p < 0.01),
PC-SA-treated (p < 0.001), and irinotecan HCl-treated (p < 0.001)
mice (Figure 6E). There was no significant difference in the survival
rate among the control, PC-SA-treated, and irinotecan HCl-treated
groups. Estimation of serum SGPT, SGOT, creatinine, urea, and alka-
line phosphatase for liver and kidney dysfunction (Figure 6G) and
histopathological examinations of the tissues of the brain, lung, and
heart (Figure S9) indicated that there were no detectable abnormal-
ities between the normal, 22 mg PC-SA, 20 mg/kg of irinotecan
HCl, and 20 mg/kg of CPT entrapped in 22 mg PC-SA drug injected
intravenously (i.v.) normal Swiss albino mice, indicating no in vivo
toxicity.

In Vivo Circulation Stability of Liposomal Drugs

Next, the plasma pharmacokinetics of CPT in PC-SA liposomes were
compared with that of irinotecan HCl in normal mice. The persisting
concentration of CPT in PC-SA liposomes in plasma, 1 and 2 hr after
injection, was significantly higher than that of irinotecan HCl. The
area under curve (AUC) values of CPT in PC-SA and irinotecan
HCl were 182 and 94 mg$h/mL, respectively. The T1/2 values of
CPT in PC-SA and irinotecan HCl were 4.8 and 1.2 hr, respectively.
The Cmax values of CPT in PC-SA and irinotecan HCl were 24 mg/mL
and 17 mg/mL, respectively. Thus, liposomal CPT showed about
2-fold higher AUC, 4-fold higher T1/2, and 1.4-fold higher Cmax

values than irinotecan HCl (Figure 6H). It was also observed that a
fluorescent anticancer drug, DOX (the uptake of this drug is detected
through confocal microscopy), in its free form is easily taken up by
in vivo macrophages (mononuclear phagocytic cells) at a very early
time point, whereas DOX entrapped in PC-SA liposomes is taken
up at a much later time point when injected i.v. in normal mice, indi-
cating that PC-SA liposomes enhance the circulatory half-lives of
anticancer drugs (data not shown).

Biodistribution of CPT Entrapped in PC-SA Liposomes in Mice

Bearing EAC

The concentrations of CPT in PC-SA liposomes and irinotecan HCl
present in different organs and peritoneal fluid in EAC-bearing mice
are plotted in Figures 6I and 6J. 2 hr after administration of formula-
tions, CPT from the entrapped liposome and irinotecan HCl were
distributed to all major organs, including EAC peritoneal fluid.
CPT concentrations increased in all organs and peritoneal fluid at
4 hr compared with those detected at the 2 hr time point. The 4-hr
CPT concentration detected in animals treated with 20 mg/kg body
wt entrapped in 22 mg PC-SA was greatest in EAC peritoneal fluid
(16.4 mg/g), followed by the kidney (6.5 mg/g), liver (6.4 mg/g), lungs
(5.9 mg/g), spleen (5.9 mg/g), heart (5.3 mg/g), and brain (1.7 mg/g).
Thus, significant and specific uptake of PC-SA-CPT in EAC perito-
neal fluid resulted in a higher distribution of CPT in the peritoneal
cavity than in any other organs. The CPT levels in all organs,
including peritoneal fluid, at 7 hr decreased relatively to the levels de-
tected at the 4-h time point (Figure 6I). The 4-h irinotecan HCl con-
centrations detected in animals treated with 20 mg/kg body wt were
8.6 mg/g in the spleen, 6.4 mg/g in the liver, 6.5 mg/g in the kidneys,
6.2 mg/g in the heart, 5.7 mg/g in the brain, 3.6 mg/g in EAC peritoneal
fluid, and 2.5 mg/g in the lungs (Figure 6J). Hence, the studies pre-
sented here indicate that administration of CPT entrapped in
PC-SA liposomes leads to enhanced distribution to EAC peritoneal
fluid; i.e., 8-fold higher compared with irinotecan alone.

Preclinical Study to Validate that DOX and CPT Entrapped in PC-

SA Liposomes Reduces the B16F10 Tumor Burden

After successful remediation in Swiss albino mice, we next moved
to advanced B16F10 tumor models. One of minimal disease and
Molecular Therapy: Nucleic Acids Vol. 10 March 2018 15
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Figure 6. PC-SA Liposomes Inhibit EAC Growth as a

Single Agent and in Combination with Anticancer

Drugs

22 mg of PC-SA liposomes, 20 mg/kg of irinotecan HCl

(a semisynthetic derivative of CPT), and 20 mg/kg of CPT

entrapped in 22 mg of PC-SA liposomes were administered

on day 2 intravenously into EAC-bearing Swiss albino mice.

(A) Body weights were taken. (B–D) Mice were sacrificed on

day 21, and (B) peritoneal fluid volume, (C) packed cell

volume, and (D) the number of EAC cells were measured.

(E) The cumulative survival curve (Kaplan-Meier survival

plot) of another set of mice was plotted against time after

inoculation of EAC in days. (F) Images of mice. (G) No sig-

nificant toxic effects of PC-SA-CPT, PC-SA, and irinotecan

HCl were observed in any of the organs of normal Swiss

albino mice. (H) Plasma concentration time curves of CPT

(20 mg/kg) in PC-SA and irinotecan HCl (20 mg/kg)

following i.v. injection in normal Swiss albino mice. Each

value represents the mean ± SD (n = 3). (I and J) Mean CPT

concentration-time profiles in organs and the peritoneal

cavity after single intravenous administration of CPT

(20 mg/kg) entrapped in 22 mg of PC-SA (I) or 20 mg/kg

irinotecan HCl (J) in EAC-bearing Swiss albino mice. Data

represent mean ±SE for three animals per group performed

in triplicate.
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one of large established tumors were used to test the antitumor effect
of liposomes as combination therapy with DOX and CPT on B16F10
tumors in C57BL6. Double injections of PC-SA liposomes in combi-
nation with CPT or DOX on days 3 and 16 of tumor induction
completely reduced B16F10 tumors. Remarkably, in all mice so
treated, there was a complete absence of tumors, excepting one, in
which negligible tumor growth was detected. Tumor volumes (Fig-
ure 7A) and weights (Figure 7B) were below the level of detection
in all animals treated with PC-SA-DOX (tumor growth inhibition
[TGI] = 99%, p < 0.0001) and PC-SA-CPT (TGI = 99%, p <
0.0001). The tumor volume also decreased significantly following
treatment with double injection of free DOX (TGI = 77%, p <
0.0001) or irinotecan HCl (TGI = 48%, p < 0.01) compared with un-
treated, tumor-bearing controls. Double injection of drug-free PC-SA
liposomes also reduced the tumors significant (TGI = 48%, p < 0.01)
(Figure 7C). Interestingly delivery of DOX entrapped in PC-SA and
CPT entrapped in PC-SA resulted in further extension of the lifespan,
with median survival of 80 and 64 days, respectively, relative to the
groups treated with free DOX, free irinotecan HCl, free PC-SA, and
controls (p < 0.0001) (Figure 7D).

In the large established model, when mice were treated on days 7
and 16 of tumor induction—i.e., when tumors were palpable (65–
75 mm3 in volume), tumor growth (Figures 7E and 7F) was sup-
pressed by 90% (p < 0.0001) in the group receiving PC-SA-DOX
and PC-SA-CPT and by 74% (p < 0.001) in the group receiving
only PC-SA liposome (Figure 7G). Estimation of serum SGPT,
SGOT, creatinine, urea, and alkaline phosphatase for liver and kid-
ney dysfunction 15 days after injection of PC-SA, DOX, PC-SA-
DOX, irinotecan HCl, and PC-SA-CPT subcutaneously (s.c.) in
C57/BL6 (Figure 7H) demonstrated normal levels, indicating no
in vivo toxicity.

Tumor Histopathology Analysis

Tumor tissues were fixed and stained. H&E staining of the tumor sec-
tions showed the active growth of TCs, with obvious nuclear division
and rich vessels in control and doxorubicin-treated tumors. TCs grew
slowly in tissue sections of PC-SA-treated mice. The tumor section of
mice treated with PC-SA-DOX showed significantly fewer TCs, and a
larger portion of the section showed the formation of matrix (Fig-
Figure 7. PC-SA Liposomes Inhibit B16F10 Tumor Growth as a Single Agent an

(A–G) On days 3 and 16 (A–D) and on days 7 and 16 (E–G), tumor induced C57BL6 mice

irinotecan HCl, 2.8 mg/kg of free DOX, 8.4 mg/kg of CPT entrapped in 60 mg/kg of PC

Mice injected with B16F10 cells and left untreated served as a control. Tumor response

day 24 of tumor induction (C and G) to measure the tumor weight (B and F). Tumor volum

24 were significantly lower compared with untreated tumor-induced groups. PC-SA-CP

started at an early time point (i.e., on days 3 and 16), whereas, when the treatment was s

growth. (D) Kaplan-Meier survival curves show that early treatment with PC-SA-DOX an

was observed in any of the toxicity markers compared with the controls (see text for deta

tumor and mice treated on days 7 and 16 of tumor induction with 60 mg/kg of PC-S

(magnification �40). (J) Number of tumor cells per 2,500 mm2 field area from the image

images of a B16F10 tumor-bearing C57BL6 mouse after subcutaneous injection of 99 m

uptake and retention of the liposome at the tumor site. Data represent mean ± SE for t
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ure 7I). The numbers of TCs found in the tumor tissue section per
2,500 mm2 area was also much reduced in the PC-SA-DOX- and
PC-SA-treated groups compared with that in the DOX-treated group
and untreated control group (Figure 7J).

Scintigraphy of 99 mTc-PC-SA liposomes in B16F10 Tumor-

Bearing Mice

More than 95% (97.44% ± 0.24%, n = 4) of 99 mTc was found to label
PC-SA liposomes, as calculated from the labeling efficiency equation.
The resulting complex of 99 mTc-PC-SA was found to be quite stable
up to 6 hr (labeling efficiency was maintained �90%) (Table S1).

Figure 7K illustrates whole-body images of a B16F10 tumor-
bearing mouse 5 min, 1 hr, 2 hr, and 6 hr after s.c. administration
of 99 mTc-PC-SA liposomes. 99 mTc -PC-SA liposomes administered
by s.c. injection experienced rapid tumor uptake (whole tumor
visualized 5 min after s.c. injection of 99 mTc-PC-SA liposomes).
We observed prolonged retention of 99 mTc liposomes at the tumor
site (i.e., up to 6 hr in this experimental setting), which could be
due to specific interaction of PC-SA liposomes with PS exposed on
the surface of the solid tumor. This suggests that s.c. administration
of PC-SA liposomes at the tumor site facilitates significant uptake, re-
sulting in effective tumor therapy followed by tumor regression.

Uptake of PC-SA-DOX and Free DOX by B16F10 TCs

Confocal microscopic analysis of B16F10 TCs isolated at different
time points from B16F10 solid tumors of C57Bl6 mice injected
with free DOX and liposomal DOX revealed that, at the 2-hr
time point, expression of DOX is more intense in TCs of mice in-
jected with PC-SA-DOX in comparison with that of mice injected
with free DOX. At the 4-hr and 8-hr time points, the intensity of
DOX expression increased in the TC nuclei of mice injected with
PC-SA-DOX. On the contrary, expression of DOX in TCs was
very low in mice injected with the same dose of free DOX, indi-
cating rapid elimination of free DOX from the tumor site. This
study further supports prolonged retention of PC-SA-DOX in
TCs (i.e., up to 8 hr in this experimental setting) (Figure S10).
This observation also suggests that PC-SA liposomes may be an
effective means of achieving sustained intratumoral release of en-
trapped drugs.
d in Combination with Anticancer Drugs

were administered, s.c. at the tumor site, PC-SA liposomes alone, 8.4 mg/kg of free

-SA liposomes, and 2.8 mg/kg of DOX entrapped in 60 mg/kg of PC-SA liposomes.

was observed every week (A and E), and mice were sacrificed and photographed on

es and weights measured for PC-SA, PC-SA-DOX, and PC-SA-CPT groups on day

T and PC-SA-DOX showed complete clearance of tumor when the treatment was

tarted at a later time point (i.e., on days 7 and16), there was a 90% reduction in tumor

d PC-SA-CPT increases survival in mice bearing tumors. (H) No significant elevation

ils). (I) H&E staining of tumor tissue sections fromC57BL6mice inducedwith B16F10

A, 2.8 mg/kg of DOX, and 2.8 mg/kg of DOX entrapped in 60 mg/kg of PC-SA

s of the above H&E-stained tissue sections (n = 3 fields). (K) Gamma scintigraphic

Tc-PC-SA liposomes taken at 5 min, 1 hr, 2 hr, and 6 hr post-injection demonstrate

hree animals per group performed in triplicate.



Figure 8. Validation of PC-SA Liposomes on PBMCs of Leukemia Patients

and K562 Xenograft Model in Nude Mice

(A) PBMCs from 3 primary acute myeloid and promyelocytic leukemia patients were

cultured in mediumwith graded doses of PC-SA liposomes for 2 hr, and cell viability

was determined by MTT. (B and C) K562 cells embedded in Matrigel were staged in

nude mice. On days 7 and 16, mice were administered 60 mg/kg of PC-SA lipo-

somes alone, 2.8 mg/kg of free DOX, and 2.8 mg/kg of DOX entrapped in 60 mg/kg

of PC-SA liposomes subcutaneously and sacrificed (B) on day 24 to measure the

tumor growth (C). Data represent mean ± SE for three animals per group performed

in duplicate.
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In Vivo PC-SA and PC-SA-DOX Therapy Inhibited Tumor

Vasculature in B16F10 Tumor-Induced Mice

The expression and distribution of CD31, which is a well-known
angiogenic or EC marker used in vascular tumors,29,30 were investi-
gated by immunohistochemistry. A decrease in the expression of
CD31 was observed in tumor tissue sections of PC-SA-treated groups
in comparison with untreated control and DOX-treated mice. It was
observed that expression of CD31 on PC-SA-DOX-treated tumors
was absent and similar to that of normal tissue (Figure S11). This in-
dicates that PC-SA and PC-SA-DOX had an effect on the decrease in
formation of tumor microvasculature, thus inhibiting angiogenesis,
which could be due to high expression of PS on the tumor vasculature.

Uptake of PC-SA Liposomes by Tumor Cells Is Not Limited

by ECs

ECs that were CD31-positive (CD31 is an EC marker) and TCs iso-
lated from B16F10 tumor-induced C57BL6 mice injected with PC-
SA-FITC liposomes were visualized under a confocal microscope. It
was found that PC-SA liposomes (green fluorescence) were taken
up by the TCs even in the presence of ECs (red fluorescence). Entry
of the liposome was also observed in some of the ECs, which could
be due to the expression of PS on these cells (Figure S12). This obser-
vation shows that intratumoral uptake of liposomes is not inhibited
by ECs.

Preclinical Validation of PC-SA Liposomes on Leukemic Patient

Samples and Authentication of the Potent Antitumor Efficacy of

DOX Entrapped in PC-SA Liposomes on K562 Xenograft Tumor

Growth in Nude Mice

PC-SA liposomes reduced the viability of primary acute myeloid leu-
kemia (AML) (EC50 = 72.5 mg/mL ± 6.6) and acute promyelocytic
(EC50 = 69 mg/mL ± 3.9) leukemic patient cells in a dose-dependent
manner (Figure 8A). Administration of PC-SA (p < 0.0001) and free
DOX (p < 0.0001) in an advanced K562 xenograft model in nudemice
reduced tumor growth significantly compared with untreated mice.
Interestingly, delivery of DOX entrapped in PC-SA resulted in com-
plete remission of tumor volume (p < 0.0001) (Figures 8B and 8C).

DISCUSSION
PS, an anionic phospholipid tightly segregated to the internal surface
of the plasma membrane of resting mammalian cells, has been re-
ported to be exposed on vascular ECs in tumors.11,16,31,32 This exter-
nalized anionic phospholipid on hitherto viable cells has been identi-
fied as one of the most specific markers of tumor vasculature.3,4,7,33,34

Because PS is also expressed constitutively on some TCs,4 it prompted
us to test the anticancer effect of PC-SA liposomes, a novel carrier
having strong affinity for PS. In this study, we unravel a distinguishing
tumoricidal activity of PC-SA liposomes in vitro and in vivo. Entrap-
ment of established drugs, DOX and CPT, in these vesicles enhanced
their efficacies for almost complete remission. The anticancer activity
of these liposomes involves specific interaction of PC-SA with induc-
tion of apoptosis in PS-overexpressing cells.

In this study, cationic liposomes of reproducible size (146 nm) and
charge (+52 mV) composed of PC and SA were utilized to target
PS exposed on TCs. PC-SA as a monotherapy demonstrates 50%–
96% killing activity on multiple cancer cell lines (patent application
number WO2015040636A1). Several lines of evidence are available
regarding cationic liposomes being utilized for selective delivery of
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anticancer drugs to the tumor vasculature,22,25,35 which results in
improved therapeutic efficacy and longer survival. However, none
of these studies show a killing activity of the cationic liposome alone,
and they also fail to elucidate a detailed mechanism of the enhanced
antitumor efficacy. The activity of PC-SA vesicles directly correlates
with the extent of PS exposure, emphasizing the novel, selective,
and specific cytotoxic effect of PC-SA on cancer cells with a higher
PS percentage. Some cancer cell lines, like MCF7 and HepG2, and
non-cancer cells, like HEK293 cells, human PBMCs (hPBMCs),
etc., which have a lesser amount of surface-exposed PS, require a
much higher dose to kill them. Thus, at the therapeutic dose, normal
cells are expected to remain almost unaffected. This unexpected activ-
ity of the liposome alone prompted us to test the mechanism behind
it. Interestingly, we found that, when we blocked PS on cancer cells
with its binding protein Annexin V and treated it with a graded
dose of fluorescently tagged PC-SA, the liposome could not enter
the cell, and the killing activity was reversed. When cells pretreated
with PS-specific antibodies, which are known to interact with PS
and induce killing activity,15 were treated with PC-SA even though
a certain killing activity because of PS antibodies was seen, it notably
reversed the TC inhibition of PC-SA. We could therefore say that
cross-interaction of PC-SA with other anionic phospholipids, if pre-
sent, is negligible. These observations therefore ascertain that PS plays
a direct role in PC-SA-induced cell death. Following interaction with
PC-SA, an increase in PS exposure on the external surface is observed,
probably caused by ROS generation,7,15 ameliorating the apoptotic
activity of these liposomes. Notably, we found that the liposome en-
ters the cell via endocytosis and that malignant cell death caused by
PC-SA is associated with activation of theMAPKs (such as phosphor-
ylated p38 and phosphorylated ERK 1/2), downregulation of AKT,
and cell cycle arrest at sub-G0/G1 level specifically in malignant can-
cer cells. Interestingly, a similar PS targeting ability and anticancer
activity of drug-free nanoparticles modified with zinc(II)-dipicoyl-
amine18 or Saposin C have been reported.14,17

Interestingly, when we compared the killing activity of the liposome
with that of free drugs like DOX and CPT, liposomes alone showed
much better anticancer activity. In this study we therefore sought to
ascertain whether the anticancer efficacy of PC-SA enhances or acts
synergistically when combined with DOX and CPT. Upon entrap-
ment of DOX and CPT into PC-SA vesicles, we found synergistic
enhancement of the efficacy of these drugs. Earlier reports of other
liposomal DOX and CPT lend support to our view.32,36–38 However,
unlike here, these studies do not show a significant difference in the
anticancer efficacy of the free versus encapsulated drug. This may
be credited to the anticancer potential of PC-SA as a single agent,
which results in the synergistic effect of these drugs.

There are many previous reports that show that liposomes enhance
the efficacy of the drug and also aid in reducing the toxicity of the
drugs,21 which further results in altering the pharmacokinetics of
the drug. Liposomes in the size range of 100–200 nm with higher
zeta permeability increase the retention and cellular uptake of the
drug.39,40 Incorporation of SA in the vesicles suppresses the clearance
20 Molecular Therapy: Nucleic Acids Vol. 10 March 2018
of liposomes by Kupffer cells,41 and a longer acyl chain (C-18) can
enhance the plasma concentration of the drug.42 We show in this
study that PC-SA liposomes successfully entrap drugs like DOX
and CPT with about 50% and 100% efficiency, respectively, and
have a hydrodynamic diameter of about 150 nm, which leads to
slow release of the drugs and prolonged circulation in the plasma.
The pharmacokinetic parameters of free irinotecan and liposome-en-
trapped CPT showed a significant increase in T1/2 to almost 4 hr in
the case of CPT entrapped in liposomes. Biodistribution studies
confirmed the pharmacokinetic values. In particular, by observing
the distribution of irinotecan and liposomal CPT in different organs
of mice, it was found that the entrapped drug was present in
maximum up to 4 hr and was mostly confined to the tumor. In
contrast, the free irinotecan uptake in peritoneal fluid was consider-
ably low. Notably, scintigraphic images of mice s.c. injected with
PC-SA showed that the liposomes were confined specifically to the
tumor site. Subcutaneous injections are advantageous because they
result in maximum uptake by the tumor and also almost negligible tis-
sue distribution.43 In the case of PC-SA, this could also be due to
strong interaction with PS on the surface of the tumor, resulting in
complete uptake by the tumor. Striking results from the study of
expression of the CD31 marker sheds light on the fact that PC-SA
alone and along with drug aids in the reduction of tumor vasculature.
Thus, this formulation has potential anticancer as well as anti-
vascular effects.

The therapeutic efficacy of the formulation was tested in several
mouse models. Mouse models of EAC-bearing Swiss albino mice,
B16F10-induced C57BL/6 mice, and K562-induced nude mice
following tumor volume and wt, body wt, and survival are clear indi-
cators of the positive effect of the formulation on therapeutic re-
sponses. Interestingly a single dose of PC-SA-entrapped CPT could
completely cure EAC-bearing Swiss albino mice at a dose at which
its free form could not induce any significant tumor inhibition.
Here, in the minimal tumor model of B16F10, we show almost com-
plete tumor remission, with the mice surviving up to 70–90 days after
treatment with low doses of CPT and DOX and almost completely
devoid of any signs of toxicity and tumor relapse. It is interesting to
note that, in both the minor and large established tumor models,
PC-SA has significant killing activity, correlating with the in vitro ef-
ficacy. The toxicity of SA-based liposomes is a major concern. Hemo-
lytic assays by us and others,44 toxicity parameter study of the kidney
and liver, and histopathological analysis after i.v. administration of
PC-SA revealed that the therapeutic dose of PC-SA used here has
no potential toxic effect. Very interestingly, a dose escalation study
of PC-SA in mice showed that the mice could tolerate up to 10 times
the therapeutic dose without reaching LD50.

The high percentage of PS on the tumor vasculature has been utilized
previously for tumor inhibition by targeting it with anti-PS mono-
clonal antibodies.13,15 With support of our in vitro data, we can postu-
late that PC-SA also has a similar mode of target selectivity in vivo.
Unlike the in vitro validation, here we could not block PS with
its known antibodies because it would, in turn, result in tumor
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inhibition. Previous studies illustrate encapsulation of the drug into
liposomes or dendrimers only for targeting the drug to the tumor
site and to prolong the blood circulation time; in addition, they uti-
lized multiple and high-dose administration.19,45–47 In contrast, PC-
SA liposomes themselves have anticancer efficacy. Thus, a low dose
of a single injection of CPT in PC-SA administered in the EAC tumor
model and a double dose of PC-SA-entrapped CPT and DOX in the
B16F10 mouse melanoma model successfully amplified the therapeu-
tic effects of the drugs with better efficacies than their previous
liposomal formulations.19,32,45,46 It should be noted that the tumor
models used in this study, especially the B16F10 melanoma model,
are very aggressive tumors, and untreated animals die within 30–
35 days of induction of tumor. Thus, the most significant advantage
of this study is delayed tumor growth and potential enhancement
of the survival of the animals without any substantial sign of toxicity
or relapse of the tumor. Our recent studies provide evidence that PC-
SA liposomes have significant antitumor immune activity, as also re-
ported by Gerber et.al13 (data not shown). These findings, together
with favorable outcomes of safety, and pharmacology studies in
mice encouraged the preclinical translation of this concept. Notably,
a graded dose of PC-SA, when tested on primary leukemic cells of
AML patients, demonstrates effective killing in vitro. Further detailed
studies will be required to validate the clinical potentials.

MATERIALS AND METHODS
Preparation and Characterization of Liposomes

Liposomes were prepared with PC (20 mg). PC contains approxi-
mately 33% 16:0 (palmitic), 13% 18:0 (stearic), 31% 18:1(oleic), and
15% 18:2 (linoleic) acids; other fatty acids are minor contributors.
The chain length of palmitic acid is 16 carbons, that of stearic acid
is 18 carbons, that of oleic acid is 18 carbons, and that of linoleic
acid is 18 carbons in association with SA (2 mg; SA having an acyl
chain length of 18 carbons), Chol (3 mg), or PS (5 mg; PS contains
7% 18:3 alphalinolenic acid and 47% 18:2 linoleic acid, so the
chain lengths of linolenic and linoleic acids are 18 carbons) CTAB
(2.84 mg), DTAB (2.4 mg), DDAB (4.9 mg), or DOTAP (5.46 mg)
at a molar ratio of 7:2. SA was procured from Fluka, and other lipids
were procured from Sigma-Aldrich as described previously.27,48–50 In
brief, liposomes were prepared by adding lipids in chloroform and
allowed to dissolve completely, followed by evaporating the organic
solvent to form a thin film in a round-bottom flask. The film, dried
overnight in a vacuum desiccator, was rehydrated in 1 mL of
20 mM PBS (pH 7.4), and the suspension was sonicated for two cycles
of 30 s with a 30-s interval on ice using a probe sonicator (Misonix,
Microson; output energy, 4 W), followed by incubation for 2 hr at
4�C before use. CPT-encapsulated PC-SA liposomes were prepared
by adding DMSO and methanolic solution of 1 mg/mL of CPT to
the lipids.27,46 DOX was entrapped in PC-SA by hydrating the lipid
film with 20 mM PBS containing 1 mg/mL of DOX.27,47 The excess
drugs were separated by two successive washings in PBS by ultracen-
trifugation (100,000 � g, 30 min for PC-SA-CPT and 45 min for
PC-SA-DOX, 4�C). The concentrations of the stock solutions of all
liposomes formed were 20 mg/mL with respect to PC. For the prep-
aration of rhodamine B (red fluorescence) PC-SA liposome, the lipid
film containing PC and SA was hydrated with PBS containing
1 mg/mL of rhodamine B. For the preparation of rhodamine123 or
fluorescein isothiocyanate (FITC, green fluorescence) PC-SA lipo-
some, an ethanolic solution of 1 mg/mL of rhodamine123 or FITC
was added to the lipids in the respective organic solvent, followed
by formation of a thin film.27,51 The unentrapped fluorochromes
were separated by two successive washings in PBS by ultracentrifuga-
tion (100,000 � g, 1 hr, 4�C).

Particle size distribution (for measuring the hydrodynamic diameter)
and zeta potential of PC-SA, PC-PS liposomes, and liposomal mixture
containing equal amounts of PC-SA (7:2) and PC-PS (7:2) liposomes
incubated for 30 min were determined by laser DLS (Malvern Instru-
ments, Zeta sizer, Nano-ZS, model ZEN 3600).

Morphological analyses of PC-SA liposomes were performed by AFM
studies as reported previously with slight modifications.52 In brief,
liposomal dispersion (1:100 dilution in Milli-Q water) was placed
on mica sheets (freshly cleaved) and dried for the removal of water.
Then samples were subjected to AFM analysis (Bruker, USA).

PS Exposure

For annexin V binding, cultured cells with �90% confluence were
removed gently from the plate, dispensed into fresh medium, and
washed once. Adherent cultured cells were treated with Accutase (In-
vitrogen) for 2–3 min at 37�C. 106 cells were re-suspended in 1 mL of
1 � binding buffer (BD Biosciences, USA). 100 mL of cell suspension
was stained with 5 mL annexin V-FITC and incubated at room tem-
perature (RT) for 5 min in the dark. Analysis of the PS surface content
of the cells was performed with a flow cytometer (Becton Dickinson,
USA). 10,000 events were collected, and analysis was done with FACS
Diva software (Becton Dickinson, USA).6

Role of PS in Interaction with Cationic Liposomes

To confirm that PC-SA liposomes directly interact with the surface-
exposed PS of cancer cells, 1 � 105 B16F10 cells were seeded on cov-
erslips overnight to adhere. The next day, cells were treated with
15 mg/mL of annexin V and incubated for 30 min at RT to
block the surface PS of the cells. Control cells were kept without
annexin V. After a PBS wash, cells were incubated with 60 mg/mL
of PC-SA or PC-CTAB liposomes conjugated with a red fluorescent
dye, rhodamine B,53 for 2 hr. Cells were fixed with 4% formaldehyde,
and their nuclei were stained with DAPI. Cells were visualized under
a high-resolution confocal microscope (Leica TCS SP8, software
LAS-X) at 540 nm excitation and 625 nm emission wavelength using
a 63�/1.40 numerical aperture (NA) oil immersion objective.

The effect of PC-PS liposomes on the anticancer activity of PC-SA li-
posomes was determined by incubation with 120 mg/mL of PC-SA
liposomes for 30 min, with different concentrations of PC-PS lipo-
somes ranging from 15 mg/mL to 240 mg/mL. 5 � 105/mL B16F10,
K562, C6 glioma, and U937 cells were added, and viability was as-
sayed after 2 hr by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) reduction.54
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To observe the effect of annexin V on PC-SA anticancer activity,
B16F10, K562, C6 glioma, and U937 cell suspensions in binding
buffer were incubated with or without annexin V at RT for 30 min.
Cells were incubated with concentrations of PC-SA liposomes
ranging from 20 mg/mL to 140 mg/mL with respect to PC for another
2 hr. Viability of the cells was assayed by MTT reduction.

To observe the effect of anti-PS antibodies on PC-SA anticancer ac-
tivity, B16F10, K562, C6 glioma, and U937 cell suspensions were
incubated with or without anti-PS antibodies clone 1H6 (host, mouse;
isotype, immunoglobulin G [IgG]; Upstate) at RT for 30 min. Cells
were incubated with concentrations of PC-SA liposomes ranging
from 20 mg/mL to 140 mg/mL with respect to PC for another 2 hr.
The viability of the cells was assayed by MTT reduction.54

Flow Cytometry of B16F10 Cells Incubated with PC-SA

Liposomes

Tomeasure the levels of cellular uptake of the liposomes, B16F10 cells
were incubated with 60 mg/mL of PC-SA-Rhodamine123 liposomes
for 1 hr at 37�C. Unbound liposomes were removed by washing to
prevent further binding of liposomes with the cell surface and then
kept at 37�C for another 1 hr to allow entry of the surface-bound lipo-
some inside the cell. In the inhibition experiment, cells were incu-
bated with amiloride (500 mM), chlorpromazine (31 mM), or cytocha-
lasin D (500 mM) for 1 hr before addition of liposomes. After
incubation, the cells were detached using cell dissociation solution,
washed with PBS three times, and subjected to flow cytometry anal-
ysis (BD Biosciences).55

Mechanistic Studies

To determine the mechanism of killing of PC-SA liposomes, we per-
formed a series of assays designed to assess multiple and sequential
events that occur during programmed cell death. Following treatment
of cells with a single or graded dose of PC-SA liposomes, the reduc-
tion in mitochondrial membrane potential (Dc) in B16F10, K562,
and U937 was analyzed using JC-1 dye by flow cytometry (BD
MitoScreen Flow Cytometry Mitochondrial Membrane Potential
Detection Kit).56 Release of ROS of PC-SA-treated cells (B16F10,
K562, U937, and RAW 264.7 cell lines and normal hPBMCs) was
determined by loading cells with H2DCFDA, and fluorescence was
measured through a spectrofluorimeter (LS 3B, PerkinElmer, USA)
using 499 nm as excitation and 520 nm as emission wavelengths.
Data obtained as fluorescence intensity units were normalized and ex-
pressed as 100%.57 Western blot analysis was carried out as described
previously58 to determine the expression of apoptotic markers like
p-ERK, p-p38, cleaved caspase-3, cleaved caspase-9, cleaved PARP,
and p-AKT in U937, K562, B16F10, and RAW 264.7 cells. To assess
the caspase, MAPK, and PI3K pathway-dependent mode of cell death,
K562 and B16F10 cells were preincubated with the pancaspase inhib-
itor Z-VAD-FMK, the p38 inhibitor SB203580, the ERK inhibitor
PD98059, or the PI3K inhibitor LY294002 and subsequently incu-
bated with different concentrations of PC-SA liposomes for 2 hr.
The viability of the cells was checked by MTT assay. Apoptotic pop-
ulation was determined through annexin V/propidium iodide (PI)
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staining in treated and untreated B16F10, K562, and U937 cells and
normal hPBMCs (BD Pharmingen) and then analyzed on FACS
Diva software (Becton Dickinson, USA). Similarly, the percentage
of apoptotic cells was determined by flow cytometric analysis of the
sub-G0/G1 and G2M DNA population in cell cycle histograms as
described in detail elsewhere.59

Detection of Morphological Changes in U937 Cells on Treatment

with PC-SA Liposomes by Transmission Electron Microscopy

The surface morphology of PC-SA liposome-treated cancer cells was
studied by transmission electron microscopy (TEM). Briefly, after
treatment with 140 mg/mL of PC-SA for 4 hr, cells were fixed in 3%
glutaraldehyde in PBS, post-fixed with 1% OsO4 for 16–20 hr, grad-
ually dehydrated in ethanol, and finally embedded in SPURRT resin.
Thin-cut sections were stained with uranyl acetate and lead acetate
and observed in a JEOL-100CX electron microscope.60

Cell Proliferation and Viability Assays

Cells were seeded at 5 � 105/mL concentration per well in 96-well
plates and treated with PC-SA liposomes (20–350 mg/mL with respect
to PC), CPT and DOX (1–7 mg/mL) entrapped in PC-SA lipo-
somes (20–140 mg/mL), free DOX (500–1,000 mg/mL), and free
CAMPTOSAR (irinotecan HCl), which is a semisynthetic derivative
of CPT (500–10,000 mg/mL). After 2 hr of treatment, the effects on
cell viability were determined by MTT assay.59 EC50 values were
determined by nonlinear regression analysis of the concentration-
response data. The cell viability effect of neutral liposomes on
cancerous cells was determined by treating the cells with PC-Chol
liposomes (20–140 mg/mL with respect to PC).

Hemocompatibility Study

Different concentrations (20–140 mg/mL) of PC-SA liposomes were
separately suspended in 20 mM of PBS. Healthy human blood was
obtained, and red blood cells (RBCs) were collected by the density
sedimentation on Histopaque-1077 (400 � g, 30 min at RT). The
collected RBCs were diluted in PBS to 10% v/v solution. The RBC sus-
pension was incubated with PBS (negative control), 1% Triton X-100
(positive control), and different concentrations of PC-SA. The hemo-
compatibility of PC-SA liposomes was analyzed according to previous
reports.61,62

Cell Lines and Cells

Cells of different genetic background (like the murine melanoma
B16F10, human neuroblastoma SH5YSY, colorectal adenocarcinoma
SW480, human colon carcinoma HCT116, human liver cancer
HepG2, human cervical carcinoma HeLa, human breast cancer
MCF7, rat C6 glioma, adenogastric carcinoma AGS, HEK, and mouse
fibroblast NIH 3T3 cell lines) were maintained in DMEM (Gibco)
supplemented with 10% fetal bovine serum (Sigma), sodium pyru-
vate, 2 mM L-glutamine, penicillin, and streptomycin. The murine
macrophage cell line RAW 264.7, the MOLT-3 cell line (derived
from human acute lymphoblastic leukemia), the human leukemia
cell line K-562, and the human lymphoma cell line U-937 were main-
tained in RPMI 1640 medium (Sigma) supplemented with 10% fetal
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bovine serum, sodium pyruvate, 2 mM L-glutamine, penicillin, and
streptomycin. The cells were incubated at 37�C in a humidified atmo-
sphere of 5% CO2 in air. Rat brain astrocytes were obtained from ce-
rebral cortices of 0-day-old rats as described earlier63 and maintained
in DMEM supplemented with 10% fetal bovine serum (FBS). EAC
cells were maintained in vivo in Swiss albino mice by intraperitoneal
transplantation of 2 � 106 cells per mouse every 15 days. Cells were
obtained from the peritoneal fluid after 15 days, washed in 0.02 M
PBS, and resuspended in RPMI medium supplemented with 10%
FBS. hPBMCs were obtained from healthy donors by density sedi-
mentation on Histopaque-1077 as described previously64 and resus-
pended in RPMI medium supplemented with 10% FBS. All of the
abovementioned cell lines were procured from the ATCC or National
Centre for Cell Science (NCCS) Pune and maintained according to
their recommendations.

Antibodies

Antibodies used for quantitative immunoblots were as follows:
p-ERK1/2 (Cell Signaling Technology, 9101, 1:1,000), cleaved cas-
pase-3 (Cell Signaling Technology, 9661, 1:1,000), cleaved caspase-9
(Cell Signaling Technology, 9501, 1:1,000), cleaved PARP (Cell
Signaling Technology, 9541, 1:1,000), p-p38 (Santa Cruz Biotech-
nology, sc-17852-R, 1:1,000), p-AKT (Cell Signaling Technology,
13038), and b-actin (Cell Signaling Technology, 4970, 1:1,000). Im-
munoblots were performed with secondary rabbit or mouse mono-
clonal antibodies.

In Vivo Acute Toxicity (LD50) Assay with PC-SA Liposomes

To select the dose for in vivo evaluation, an acute toxicity test was per-
formed with 220 mg of PC-SA. PC-SA liposomes (220 mg) were
administered to four normal healthy Swiss albino mice i.v. within
24 hr. After administration, the animals were observed for 1 day to
see whether this dose killed 50% of the animals in the experimental
group. This is the LD50 of PC-SA. Simultaneously, observation of sur-
viving animals was continued for another 15 days to see whether they
were dying. At the same time, we checkedwhether any salivation, lacri-
mation, or skin rash occurred. After 15 days, normal and experimental
micewere sacrificed, and all vital organswere taken out and checked for
toxicity through histopathological analysis. The above toxicity test was
performed according to guidance for acute toxicity testing for pharma-
ceuticals (Centre for Drug Evaluation and Research, August 1996).

In Vivo EAC Trials

We conducted all animal studies in accordance with the guidelines
approved by the Indian Animal Ethics Committee (IAEC) and
approval from the committee for the purpose of control and supervi-
sion of experiments on animals (CPCSEA; New Delhi). Six-week-old
Swiss albino mice were inoculated with 2 � 106 EAC cells intraperi-
toneally in 0.02 M PBS. All experiments were conducted using three
to five mice per group. Liposomes were formulated for i.v. dosing in
0.02 M PBS. 22 mg of PC-SA liposomes (which is 10 times less than
the dose used in the acute toxicity study), 20 mg/kg of irinotecan HCl
(a semisynthetic derivative of CPT), and 20 mg/kg of CPT entrapped
in 22 mg of PC-SA liposomes were administered on day 3 i.v. in all
studies. The animals were observed for 3 weeks to check for the effect
of PC-SA, PC-SA-CPT liposomes, and free irinotecan HCl on the
body wt of EAC-bearing mice. Animals were then sacrificed and
photographed. The mice were dissected, and the ascitic fluid was
collected. The fluid volume was measured in a graduated centrifuge
tube, and packed cell volume was determined after centrifuging the
cells at 1,000 rpm for 5 min. The cells from the preceding test were
stained with trypan blue dye. The cells that took up the dye were
non-viable, whereas those that did not were viable. Viable and nonvi-
able cells were counted. Another set of 10 animals in each group was
observed for survivability over a period of 75 days.

Plasma Pharmacokinetics and Biodistribution

(Pharmacodynamics) Study

For plasma pharmacokinetics, normal Swiss albinomice were injected
i.v. with a single dose of 20mg/kg of CPT entrapped in 22mg of PC-SA
liposomes or 20 mg/kg of irinotecan HCl. At scheduled time points
(15 min, 2 hr, 4 hr, 6 hr, and 24 hr), 300 ml of blood was withdrawn
from each animal via the tail vein. Blood was processed for plasma.
Proteins were precipitated by adding a mixture of methanol and
acetonitrile (50:50). The suspension was centrifuged at 9,400 � g for
4 min.65 To determine the level of CPT, the supernatant was analyzed
by high-performance/pressure liquid chromatography (HPLC) using
a mobile phase consisting of water and acetonitrile (60:40) at a flow
rate of 1.0 mL/min and UV detection at 254 nm.66

For the biodistribution study, EAC-bearing Swiss albino mice were
injected i.v. with 20 mg/kg of CPT entrapped in 22 mg PC-SA and
20 mg/kg body wt of irinotecan HCl. The liver, spleen, lungs, brain,
heart, kidneys, and EAC peritoneal fluid were taken out at different
time points (2, 4, and 7 hr). Tissue samples were weighed and homog-
enized by adding 400 mL of tissue lysis buffer and 100 mL of 0.1 NHCl.
The homogenate was centrifuged at 14,000 rpm for 30 min at 10�C.
Eight hundred microliters of cold methanol was added to 200 mL
of supernatant to precipitate tissue proteins. The mixed solution
was centrifuged at 14,000 rpm for 15 min at 10�C.67 EAC peritoneal
fluid was taken out by injecting cold methanol intraperitoneally. The
fluid was weighed and centrifuged as above. All supernatants were
collected to determine the level of CPT and irinotecan by HPLC as
mentioned above.

Murine B16F10 In Vivo Tumor Model

To establish the therapeutic effects of liposomes on B16F10 mela-
noma tumor proliferation in vivo, C57BL/6 mice were injected s.c.
in the left flank with 1 � 106 B16F10 cells on day 0 and then treated
s.c. at the tumor site on days 3 and 16, with another set of mice treated
similarly on days 7 and 16 when tumors were palpable (i.e., around
65–85 mm3 in size) with 60 mg/kg of PC-SA liposomes alone,
8.4 mg/kg of free irinotecan HCl, 2.8 mg/kg of free DOX,
8.4 mg/kg of CPT entrapped in 60 mg/kg of PC-SA liposomes, and
2.8 mg/kg of DOX entrapped in 60 mg/kg of PC-SA liposomes. Un-
treated mice injected with B16F10 cells were kept as a control. Tumor
volumes were determined every week until 24 days by measuring
(length � width2 � 0.52) in cubic millimeters. TGI was calculated
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using the following equation: TGI = (1 � mean tumor volume of the
treated group / mean tumor volume of the vehicle control group) �
100. After 24 days of tumor inoculation, treated mice were sacrificed
and photographed, and tumor wt were observed. For the lifespan
study, the experiment with another set of 10 animals in each group
was terminated on day 110.

ConfocalMicroscopic Analysis of theUptake of PC-SA-DOXand

Free DOX by B16F10 Tumor Cells

To visualize the intratumoral distribution of PC-SA-DOX and free
DOX, C57BL6 mice were injected with B16F10 cells s.c. When the tu-
mor volume reached 2000mm3 (so that enough cells could be isolated
from the tumor mass), mice were injected s.c. at the tumor site with
4 mg/kg of free DOX or DOX entrapped in 11 mg of PC-SA liposome
(these amounts of liposomes and drug were used only to visualize
their uptake in the TCs at different time points and are not the ther-
apeutic doses). Mice were sacrificed at the 2-, 4-, and 8-h time points,
and tumors were dissected. TCs were isolated from the solid tumor
mass to obtain a single-cell suspension culture and seeded on cover-
slips to adhere overnight. The next day, the adhered cells were fixed
with 4% paraformaldehyde, stained with DAPI (nucleus stain), and
visualized under a confocal microscope (Leica TCS SP8, software
LAS-X at 488 nm excitation and 565-630 nm emission wavelengths
using a 63�/1.40 NA oil immersion objective) to detect the presence
of doxorubicin in B16F10 TCs.

Confocal Microscopic Analysis of the Uptake of PC-SA

Liposomes by Tumor Cells and ECs

To detect the uptake of PC-SA liposomes by TCs and ECs, B16F10 tu-
mor-induced (volume, 2,000 mm3) C57BL6 mice were injected at the
tumor site with 11 mg of PC-SA-FITC liposomes (the dose of PC-SA
here is not the therapeutic dose butwas chosen only to detect its uptake
under the microscope). 2 hr after injection, the tumor mass was taken
out, and cells were isolated in the form of single-cell suspension. Cells
were seeded on coverslips overnight to adhere. The next day, cells were
fixed with 4% paraformaldehyde for 20 min, followed by washings
with PBS. 1% BSA solution was used for blocking, followed by
washing, and cells were then incubated with anti-CD31 rabbit mono-
clonal antibodies (Cell Signaling Technology), which is an ECmarker
(1:100 dilution) for 2 hr at RT.After the PBSwash, cellswere incubated
with Texas red-coupled anti-rabbit IgG secondary antibodies (Santa
Cruz, 1:100 dilution) for 1 hr. Cells were washed thoroughly in PBS
three times and stained with DAPI, and the coverslips were mounted
on glass slides and observed under a confocal microscope (Leica TCS
SP8, software LAS-X) at 490 nm excitation and 525 nm emission
wavelengths for FITC to detect the uptake of PC-SA and at 596 nm
excitation and 615 nm emission wavelength for Texas red to detect
the presence of ECs with a 63�/1.40 NA oil immersion objective).

H&E and Immunohistochemistry Staining of Tumor Tissue

Formalin-fixed tissues were obtained on day 24 after sacrificing
B16F10 tumor-induced untreated C57BL6 mice or mice treated
s.c. with double injection of 60 mg/kg of PC-SA liposomes alone,
2.8 mg/kg of free DOX, and 2.8 mg/kg of DOX entrapped in
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60 mg/kg of PC-SA liposomes. Tissues were embedded in paraffin
and then sectioned for H&E staining, and images were taken at
40� magnification under a microscope.

For immunohistochemistry (IHC) staining, paraffin-embedded sec-
tions of B16F10 tumor tissues of untreated and PC-SA-, DOX- or
PC-SA-DOX-treated (with doses as mentioned above) mice as well
as normal tissue were deparaffinized and hydrated, followed by anti-
gen retrieval. Endogenous peroxidase was inactivated by hydrogen
peroxide for 5–8 min, followed by washing for 5 min. Tumor tissue
sections were treated with monoclonal mouse anti-human CD31
(clone JC70A, ready to use, Dako) for 30 min, followed by washing
for 5 min. Tumor tissue sections were incubated with horseradish
peroxidase-conjugated anti-human secondary antibody (Dako) for
30 min, followed by washing. Visualization of the slides was achieved
with diaminobenzidine (DAB), and images were taken at 40�magni-
fication under a microscope.

PC-SA Liposome Radiolabeling Experiments

Radiolabeling of PC-SA liposomes was done by following a previously
reported method.68 Nitrogen purging prior to mixing was carried out
to degas all solutions. To 100 mL of 99 mTc (74 MBq) in saline, 5 mg of
solid sodium borohydride was added directly with continuous stir-
ring, followed by immediate addition of 500 mL of the liposome solu-
tion (25 mg/mL PC-SA with respect to PC was dissolved in Tris-HCl
buffer [pH 7.4]). The solution was stirred for 45 min at RT. The con-
tents were filtered using a 0.22-mm filter (Millipore, Carrigtwohill,
Ireland), transferred into an evacuated sterile sealed vial, and used
for further experiments.

Quality Control and Stability Study

Quality control was performed by following a method described
earlier.69 The labeling efficiency of 99 mTc to PC-SA liposomes was as-
sessed by ascending instant thin-layer chromatography (ITLC) using
silica gel (SG) plates. The ITLC-SGwas performedusing acetone as the
mobile phase. Approximately, 2–3 mL of the radiolabeled complex was
applied at the bottom point, 1.0 cm from the end of an ITLC strip. The
strip was developed until the solvent front reached 8.5 cm from the
origin. The labeling efficiency was estimated after dividing the ITLC
sheets into two equal halves and counting the radioactivity of each
segment using ag ray spectrometer (GRS 23C, Electronic Corporation
of India). The stability of 99 mTc-LP was checked for 6 hr at RT. The
labeling efficiency was calculated using the following equation:

Labelling Efficiencyð%Þ=
½ðTotal counts--counts of free pertechnetateÞ=Total counts�

� 100%:

(Equation 1)

Tumor Imaging by Gamma Scintigraphy

Imaging studies were performed on B16F10 tumor-bearing C57BL/6
mice at Thakurpukur Cancer Research Centre (Regional Radiation
Monitoring Centre, Kolkata, India) under a dual-head gamma
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camera (GE Hawkeyes, Pittsburgh, USA). 99 mTc-PC-SA liposomes
(approximately 100 mCi) were injected s.c. at the site of the tumor
(volume, 4,000mm3) of the mouse. The animal was placed in a typical
position for planar imaging under a small field of view of the exper-
imental gamma camera, suitable for both planar and tomographic im-
aging. A whole-body image acquisition study was done at 5 min, 1 hr,
2 hr, and 6 hr after injection, and the scan time was 1 min. Image data
were obtained and analyzed using a gamma camera (GE Hawkeyes)
fitted with a low-energy, high-resolution, all-purpose collimator using
the static procedure of the Xeleris Workstation (Functional Imaging)
system.

Clinical Samples

Fresh peripheral blood samples were donated by 3 AML and 3 acute
promyelocytic leukemia patients with stable phase of the disease,
admitted to theEmployee State Insurance (ESI)Hospital (Sealdah,Kol-
kata) before receiving any treatment. Peripheral blood samples were
collected with due approval from the human ethics committee of the
respective institutes, and all experiments with human blood were
conducted under an approved institutional human ethics committee
protocol. hPBMCs were isolated by density sedimentation onHistopa-
que-1077 as described previously,64 resuspended in RPMI medium
supplemented with 10% FBS, and checked for viability by MTT assay.

In Vivo Studies on K562 Xenografts

K562 cells were suspended to 1 � 107 cells/mL in Matrigel (1 volume
of cells with 1 volume of coldMatrigel). Nude femalemice 6 to 7 weeks
of age (National Institute of Nutrition, Hyderabad, and National
Institute of Immunology, New Delhi, India) were given injections
of 0.1 mL of this suspension. On days 7 and 16, mice were adminis-
tered s.c. 60 mg/kg of PC-SA liposomes alone, 2.8 mg/kg of free DOX,
and 2.8 mg/kg of DOX entrapped in 60 mg/kg of PC-SA liposomes.
Untreated mice served as a control. On day 24, mice were sacrificed
and photographed, and tumor volume was measured.

Toxicity Tests across In Vivo Models

For toxicity tests, normal healthy Swiss albino mice were injected
i.v. with a single dose of free irinotecan HCl (20 mg/kg), PC-SA
only (22 mg/mouse), or PC-SA (22 mg/mouse)-associated CPT
(20 mg/kg), and C57BL/6 mice were s.c. injected twice with the lipo-
somal formulations as used for therapy. After 2 weeks, 300 mL of the
blood was collected through the tail vein. Urea, creatinine, aspartate
amino transferase (AST, also called SGOT), alanine aminotransferase
(ALT, also called SGPT), and alkaline phosphatase from serum were
analyzed on day 15 after treatment using diagnostic kits (Randox Lab-
oratories, Northern Ireland). Toxicity studies were carried out on
normal healthy mice and not on tumor-bearing mice because these
toxicity parameters are already elevated in tumorigenic mice, and,
thus, it is difficult to compare the toxicity of the formulations.70

Histological Analysis of Organ Toxicity

Liver, lung, brain, kidney, spleen, and heart samples collected after
15 days from mice injected with PC-SA (22 mg or 222 mg),
20 mg/kg of irinotecan HCl, and 20 mg/kg of CPT entrapped in
22 mg PC-SA were fixed in 10% buffered formalin, processed through
conventional histological techniques, and stained with H&E. Micro-
scopy was performed using an optical microscope equipped with a
camera.

Statistical Analysis

Testing was performed using GraphPad Prism 5 software (https://
www.graphpad.com) software. Statistical significance (***p <
0.0001, all other p values as stated) was calculated using Student’s
t test in the case of two comparison groups and ANOVAwith Tukey’s
correction in the case of more than two comparison groups. SDs are
given. Log rank testing was used to analyze survival data.
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SUPPLEMENTARY FIGURES 

 
 

Figure S 1: Chemical structure of PC and SA, AFM analysis of PC-SA liposome (a) 

Chemical structure of phosphatidylcholine (b) and stearylamine. (c) AFM images presented as 

two-dimensional graphics showing the clean spherical shaped PC-SA liposome. Topography 

flattened and amplitude-flattened views of liposomes are shown. (d) 3D image of PC-SA 

liposome by AFM studies. (e) Horizontal cross sections indicating the height of the liposome 

from the substratum, i.e., the mica sheet.  

 



 

 

 

Figure S 2:  No killing effect of neutral liposome, PC-Chol, on cancer cell lines. Cell viability 

of B16F10, rat C6 glioma, K562 and U937 cells following incubation with increasing 

concentrations (20-140 µg/ml) of PC-Chol liposomes with respect to PC for 2 h. All data 

represent the mean of three separate experiments with error bars indicating the standard error of 

the mean. 

 

 

 



 

 

 

Figure S 3:  Size distribution and zeta potential of PC-SA liposomes following incubation 

with PC-PS liposomes for 30 mins. (a) Size distribution of negatively charge PC-PS liposomes 

(7:2 molar ratio). (b) Size distribution of PC-SA liposome (7:2 molar ratio) incubated with PC-

PS liposome (7:2 molar ratio). (c) Zeta potential of PC-PS liposome. (d) Zeta potential of PC-SA 

liposome incubated with PC-PS liposome.  

 

 

 



 

 

Figure S 4: Effect of different cationic liposomes on B16F10 cells.  (a) Viability of B16F10 

cells after treatment with graded concentrations of 7:2 molar ratio of PC-SA, PC-CTAB, PC-

DTAB, PC-DDAB and PC-DOTAP liposomes with respect to PC for 2 h. Data represent the 

mean of three separate experiments with error bars indicating the standard error of the mean. 

(b)  Interaction of  Rhodamine B PC-CTAB  liposomes for 2 h with cancer cell line B16F10 in 

presence or absence of annexin V or anti-PS antibodies. Cells were visualized under confocal 

microscope (Leica TCS SP8, software LAS-X), Scale bar: 10 μm. 

 



 

Figure S 5: PC-SA killing activity is Caspase, MAPK and PI3K dependent. (a,c, e, and g) 

B16F10 and (b, d, f and h) K562 cells were treated with graded doses of PC-SA liposomes (20-

140 μg/ml) with respect to PC in the presence or absence of 10 μM  of pancaspace inhibitor Z-

VAD-fmk, ERK inhibitor PD98069, p38 inhibitor SB203680 and  AKT inhibitor LY294002.   

All data represent the mean of triplicate experiments, with error bars indicating the s.e.m. 



 

Figure S 6: Transmission electron microscopy of U937 cells treated with PC-SA liposomes 

for 4 h. U937 cells were incubated for 4 h under standard conditions with medium alone (a), and 

140 µg/ml (b) of PC-SA liposomes with respect to PC. Representative of electron micrograph of 

140 μg/ml treated cells revealed extensive vacuolization and membrane breakage as well as 

depletion of electron-dense cytoplasmic material indicating that cell death is in process. Scale 

bars: 2000 nm (a), 1000 nm (b). 

 

 

Figure S7: Acute toxicity study. Histopathology of vital organs (brain, kidney, heart, liver, 

spleen and lungs) in normal and 220 mg of PC-SA liposome treated (within 24 h) Swiss albino 

mice 15 days after i.v. administration.  Scale bar 50 μm and magnification 40x. 



                                                        

Figure S 8:  No increase in body weight between day 0 and 21 of EAC innoculated Swiss 

albino mice treated with PC-SA-CPT. Mice were innoculated with EAC cells i.p on day 0 and 

on day 3. Mice were treated with 22 mg of PC-SA, 20 mg/kg body weight of irinotecan HCl and 

20 mg/kg body weight of CPT entrapped in 22 mg of PC-SA. Body weights of the mice were 

recorded on day 0 and 21 and increase in body weights were calculated. All data represent the 

mean of triplicate experiments, with error bars indicating the s.e.m. 

 

            

Figure S 9: Toxicity study of brain, lungs and heart in normal Swiss albino mice. 

Histopathological examinations of the tissues of  brain, lungs and heart in normal,  22 mg PC-SA 

liposome, 20 mg/kg irinotecan HCl and 20 mg/kg CPT entrapped in 22 mg of PC-SA liposome 

treated Swiss albino mice 15 days after i.v. administration.  Scale bar 50 μm and magnification 

40x. 



 

Figure S 10: Uptake of PC-SA-DOX and free DOX by B16F10 tumor cells: Confocal 

microscopy (Leica TCS SP8, software LAS-X) of B16F10 tumor cells  taken out at 2, 4 and 8 h 

time points from B16F10 tumor induced C57BL6 mice injected s.c. with 4 mg/kg of free DOX 

or 4 mg/kg of DOX entrapped in 11 mg of PC-SA liposome. Scale bar 10 µm.  



 

Figure S 11: Immunohistochemical analysis of tumor and normal tissue sections for 

expression of CD31 (marker used in vascular tumor). Tumor tissue sections obtained from 

B16F10 tumor induced C57BL6 mice treated on days 7 and 16 of tumor induction with 60 mg/kg 

of PC-SA, 2.8 mg/kg of DOX and 2.8 mg/kg of DOX entrapped in 60 mg/kg of PC-SA mice and 

normal tissue section underwent immunohistochemical analysis for the expression of CD31 and 

visualized under microscope (magnification, 40x, Scale bar: 20 µm). 

 

 

 

 

 

 



 

Figure S 12: Uptake of PC-SA liposome by endothelial cells and tumor cells: Confocal 

microscopy (Leica TCS SP8, software LAS-X) of endothelial cells (marked red EC) and tumor 

cells (marked TC) isolated from B16F10 tumor induced in C57BL6 mice and injected at the 

tumor site with PC-SA-FITC (green) liposome. Nuclei are stained with DAPI (blue). Scale bar: 

10µm. 

 



Supplementary Table 1 

Time (hour) 99mTc-PC-SA liposome Labelling Efficiency (%) 

1 96.41 ± 0.18 

2 95.53 ± 0.29 

3 93.81 ± 0.34 

4 90.66 ± 0.27 

 

Supplementary Table 1. Stability of 99mTc-PC-SA lipsome at room temperature at different 

time points, values represent mean ± Standard Error (SE) (n = 3). 
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