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Abstract
The present study aims to evaluate the efficacy of octa-arginine (R8)-modified PEGylated
liposomal doxorubicin (R8-PLD) for the treatment of non-small cell lung cancer, for which the
primary treatment modality currently consists of surgery and radiotherapy. Cell-penetrating
peptide R8 modification of Doxorubicin-(Dox)-loaded liposomes was performed by post-insertion
of an R8-conjugated amphiphilic PEG-PE copolymer (R8-PEG-DOPE) into the liposomal lipid
bilayer. In vitro analysis with the non-small cell lung cancer cell line, A549 confirmed the
efficient cellular accumulation of Dox, delivered by R8-PLD compared to PLD. It led to the early
initiation of apoptosis and a 9-fold higher level of the apoptotic regulator, caspase 3/7 (9.24±0.34)
compared to PLD (1.07±0.19) at Dox concentration of 100 µg/mL. The treatment of A549
monolayers with R8-PLD increased the level of cell death marker lactate dehydrogenase (LDH)
secretion (1.2 ± 0.1 for PLD and 2.3 ± 0.1 for R8-PLD at Dox concentration of 100 µg/mL)
confirming higher cytotoxicity of R8-PLD than PLD, which was ineffective under the same
treatment regimen (cell viability 90 ± 6 % in PLD vs. 45 ± 2 % in R8-PLD after 24 h). R8-PLD
had significantly higher penetration into the hypoxic A549 tumor spheroids compared to PLD. R8-
PLD induced greater level of apoptosis to A549 tumor xenograft and dramatic inhibition of tumor
volume and tumor weight reduction. The R8-PLD treated tumor lysate had a elevated caspase3/7
expression than with R8-PLD treatment. This suggested system improved the delivery efficiency
of Dox in selected model of cancer which supports the potential usefulness of R8-PLD in cancer
treatment, lung cancer in particular.
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1. Introduction
Lung carcinoma is the most frequent cancer in the world, with an incidence of 1.5 million
new cases per year, accounting for approximately one-third of all cancer-related deaths [1;
2]. Non-small cell lung cancer (NSCLC) is prevalent (85 %) among all lung cancer types.
65–80 % of all lung cancer patients are diagnosed at an advanced stage of local carcinoma
or metastasis [3; 4]. Surgery remains the most successful treatment option for patients with
early detection of the disease [1]. However, the rate of recurrence is 90 % in the first five
years after surgery [2; 5; 6]. There is only a 5 % absolute benefit of adding chemotherapy to
surgery, a minimal gain in overall patient survival rates [7; 8; 9; 10; 11]. Another
chemotherapy-related problem is that the relapsed tumors acquire resistance to the
administered chemotherapy. Therefore, there is a significant unmet need for developing
more effective treatment regimens for NSCLC.

The platinum containing drugs, cisplatin and carboplatin are considered the first choice of
chemotherapy for NSCLC [12]. Paclitaxel or docetaxel in combination with either of the
two platinum drugs is used as a second-line treatment [13; 14]. Doxorubicin, alone, or in
combination, are currently in clinical trials for advanced stages of NSCLC [15; 16; 17].
However, treatment with Dox is associated with numerous side-effects including severe
cardiotoxicity [18; 19].

The use of liposomes has advantages in cancer treatment due to their enhanced permeability
and retention related to their small size (~100 nm) that allows passage through leaky tumor
blood vessels and accumulation preferentially in the tumor [20; 21]. In this regard,
liposomes need to be modified to impart the property of long systemic circulation that leads
to eventual accumulation in the tumor. Nonetheless, the nano carrier's drug load has to be
released at the tumor site, has to be efficiently cellular-internalized and followed by release
from endosomes to demonstrate drug efficacy [22]. For long circulation, liposomes are
coated with hydrophilic polymers, mainly polyethylene glycol (PEG). However, the PEG-
modified liposomes leads to reduced cellular internalization.

Long-circulating pegylated liposomal Doxorubicin (commercially available as Doxil® or
Lipodox®) is an example of a "stealth" liposome, an indispensible treatment means for
metastatic, breast and ovarian cancers [23]. Doxil® represents an improved formulation of
free drug with better pharmacokinetic profile and reduced cardiotoxicity. However, its
therapeutic efficacy is not dramatically increased and adverse side-effects remain, indicating
a further improvement of this formulation. Addressing the issue of poor cellular
internalization is one of the approaches used to improve the therapeutic window of the drug.

Intracellular or organelle-specific targeting is an emerging concept for improvement of drug
action of the nanocarriers [22; 24; 25; 26]. Since the nanocarriers utilize energy-dependent
endocytosis as a major pathway for cellular internalization rather than random diffusion
typical for small drug molecules, a cell penetration enhancer would dramatically improve
their cytoplasmic delivery [27; 28; 29; 30]. In this regard, many peptide sequences have
been identified that cause translocation of a variety of cargos across the cell membrane [28].
Poly-arginine, a relatively short cell-penetrating peptide, with an optimum chain length of 8-
arginine units has been successfully utilized for intracellular delivery of therapeutics [31; 32;
33; 34]. A possible internalization pathway of the R8-modified liposomes has also been
investigated [35].

In this study, we have utilized R8 modified liposomes to enhance the penetration of lung
cancer cells. R8-conjugated amphiphilic poly(ethylene glycol)-dioleoyl
phosphatidylethanolamine (PEG-DOPE) conjugate, R8-PEG-DOPE was incorporated in the
lipid bilayer of PLD. PEG-DOPE copolymer is much used for liposomes modification due
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to its biocompatibility and non-immunogenicity [20]. The hydrophobic lipid moiety in the
conjugate could be easily embedded in the liposomal bilayer to allow surface modifications.
The PEG-spacer imparts easy R8-accessibility for the cell surface interaction. The
therapeutic efficacy of R8-modified Pegylated liposomal Doxorubicin (PLD) was assessed
in human alveolar adenocarcinoma cell line to evaluate the potential benefit of R8-PLD in
the debilitating NSCLC treatment.

2. Materials and methods
2.1. Materials

Octa-arginine peptide (R8, MW. 1267.46 Da) was synthesized by the Tufts University Core
Facility (Boston, MA). Pegylated Liposomal Doxorubicin (Lipodox®, 2 mg/mL of Dox)
was purchased from Sun Pharmaceutical India Ltd (Gujarat, India). 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000](ammonium salt)
(PEG-2K-DOPE), 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) was purchased
from Avanti Polar Lipids (AL, USA). NPC-PEG-2K-NPC was purchased from Laysan Bio
(AL, USA). thiazoyl blue tetrazolium bromide (MTT) was purchased from Sigma-Aldrich
(St. Louis, MO). Micro BCA protein assay kit, Apo-ONE® Homogeneous Caspase-3/7
Assay and CytoTox 96 Non-Radioactive Cytotoxicity Assay kits were purchased from
Promega (Madison, WI). Annexin V Alexa Fluor® 488 conjugate, Annexin-binding buffer
5X concentrate and Hoechst 33342 were purchased from Molecular Probes Inc. (Eugene,
OR). Para-formaldehyde was from Electron Microscopy Sciences (Hatfield, PA).
Fluoromount-G was from Southern Biotech (Birmingham, AL). The Trypan blue solution
was obtained from Hyclone (Logan, UT).

2.2. Cell lines
The human alveolar adenocarcinoma cell line, A549 was purchased from the American
Type Culture Collection (Manasas, VA). Dulbecco's modified Eagle's media (DMEM) and
heat-inactivated fetal bovine serum (FBS) were obtained from Gibco (Carlsbad, CA).
Concentrated penicillin/streptomycin stock solution was from CellGro® (Herndon, VA). All
other chemical and solvents were of analytical grade, purchased from Sigma-Aldrich and
used without further purifications. A549 cells were grown in DMEM with 2 mM L-
glutamine, supplemented with 10 % (v/v) heat-inactivated fetal bovine serum, 100 units/mL
penicillin G and 100 µg/mL streptomycin. Cultures were maintained in a humidified
atmosphere at 37 °C and 5 % CO2.

2.3. Synthesis of R8-PEG-2K-DOPE
For this purpose, pNP-PEG2K-DOPE was synthesized and purified according to an
established procedure with modification [24; 36]. Briefly, into the solution of NPC-PEG2K-
NPC (1 g, 0.5 mmol) in chloroform, a DOPE (37.2 mg, 0.05 mmol) solution in chloroform
mixed with 20 µL of triethylamine was added drop wise. The reaction mixture was stirred
overnight at room temperature. On the following day, the reaction mixture was evaporated
using a rotary evaporator and freeze-dried to remove traces of solvent. The dry, crude
reaction mixture was dissolved in HCl solution (0.01 M) and purified by gel filtration
chromatography using a Cl4B column. A HCl solution was used as an eluent. The pure
fractions were freeze-dried, weighed and dissolved in chloroform to obtain a 10 mg/mL
solution for storage at −80 °C. For the synthesis of R8-PEG2K-DOPE, into a solution of
pNP-PEG2K-DOPE (10 mg, 3.9 µmol) in chloroform (1.0 mL), R8 (7.4 mg, 5.86 µmol) and
triethylamine (10 µL) dissolved in DMF (200 µL) was added. The reaction mixture was
stirred overnight at room temperature. The chloroform was evaporated by rotary evaporation
and freeze-dried. The dry reaction mixture was dissolved in PBS, pH 8.4 and stirred at room
temperature for 4 h and dialyzed against water using a cellulose ester membrane (MWCO.
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2000 Da) overnight. The dialysate was freeze-dried to obtain a solid white fluffy product
which was dissolved in methanol at 5 mg/mL and stored at −80 °C.

2.4. Modification of liposomes
Using the post-insertion method, [37; 38; 39] we decorated Lipodox® with R8-PEG2K-
DOPE conjugate. The inserted conjugate was 2 mol % of the total lipids. Briefly, Lipodox®
(1.0 mL) was added into the dry lipid film of PEG2K-DSPE (0.90 mg, 0.45 µmol) or R8-
PEG2K-DOPE (1.64 mg, 0.45 µmol). The liposomal suspension, PLD and R8-PLD were
vortexed for complete hydration of the lipid film and stirred overnight at 4 °C.

2.5. Characterization of liposomes
Surface-modified liposomes (PLD and R8-PLD) were analyzed for size and zeta-potential.
The liposomal size and size distribution was measured by dynamic light scattering (DLS)
using a Coulter® N4-Plus Submicron Particle Sizer (Coulter Corporation, Miami, FL).
Liposome surface charge was measured using a Zeta Phase Analysis Light Scattering
(PALS) Ultrasensitive Zeta Potential Analyzer instrument (Brookhaven Instruments,
Holtsville, NY).

2.6. Cell association of liposomes
Cell association of liposomes was assessed by FACS analysis. After the initial passage in
T-75 cm2 tissue culture flasks (Corning Inc., NY), A549 cells (0.4×106/well) were seeded in
6-well tissue culture plates. The following day, the cells were incubated with PLD or R8-
PLD at a Dox concentration of 6 µg/mL in 2 mL of serum-free media for 1 h and 4 h
incubation periods. The media were removed, the cells washed several times, trypsinized,
suspended in 1 mL PBS and then centrifuged at 1000 RPM for 5 min. The cell pellet was
suspended in PBS, pH 7.4 before analysis of the cells labeled with Dox fluorescence using a
BD FACS Caliber flow cytometer. The cells were gated using forward (FSC-H)-versus side-
scatter (SSC-H) to exclude debris and dead cells before analysis of 10,000 cell counts.

2.7. Cellular internalization of liposomes
Cellular uptake of liposomes was analyzed by visualization with confocal microscopy. After
the initial passage in tissue culture flasks, A549 cells (4× 104) were grown on circular cover
glasses placed in 12-well tissue culture plates in complete media. The following day, cells
were incubated with PLD or R8-PLD at a Dox concentration of 6 µg/mL for 1.5 h in serum-
free media. After the incubation period, the cells on the cover-slips were washed 4 times
with PBS, treated with Hoechst 33342 at 5 µg/mL for 5 min, washed thoroughly and fixed
with 4 % para-formaldehyde for 10 min at room temperature. The cover-slips were again
washed with PBS and mounted cell-side down on superfrost microscope slides with
fluorescence-free glycerol-based mounting medium (Fluoromount-G) and viewed with a
Zeiss LSM 700 Confocal Laser Scanning Microscope equipped with UV (ex/em. 385/470
nm) and rhodamine filter (ex/em. 548/719 nm) for imaging. The z-stacked images (Z 1–15,
slice thickness, 0.75 µm) were obtained by capturing serial images of the x-y planes by
varying the focal length of the same to image along consecutive z-axes. The LSM picture
files were analyzed using Image J software. Nuclear localization of the Dox signal delivered
by PLD or R8-PLD was assessed by determining Pearson's and Mander's coefficients of
colocalization using Image J software.

2.8. Formation of spheroids
Spheroids of 800–900 µm diameter were formed from 10,000 A549 cells in 96-well plates
according to Yang et al. with modifications as follows [40; 41]. A549 cells were maintained
as monolayers before detachment with trypsin to generate a single-cell suspension. Then,
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10,000 cells in 100 µL of media were added to each well of a 96 well plate previously coated
with 50 µL of DMEM 1.5 % agarose. Finally, the plates were centrifuged 15 min at 1,500
rcf to form spherical cell mass which was incubated for approximately 4 days with no
medium change. Spheroid formation was monitored using a Nikon Eclipse E400 microscope
at 10 X magnification and with a Spot Insight 3.2.0 camera with Spot Advanced software
(Spot Imaging). Spheroids of 800–900 µm size were used for experiment.

2.9. Liposomal penetration of spheroids
Spheroids were incubated with PLD and R8-PLD at a Dox concentration of 100 µM for 1 h
or 4 h, washed with PBS and viewed with a Zeiss LSM 700 Confocal Laser Scanning
Microscope equipped with rhodamine filter (ex/em. 548/719 nm) using a 10X objective. The
Z-stacked images of spheroids (z 1–16) were obtained by capturing serial images of the x-y
planes by varying the focal length to image along consecutive z-axis. The LSM picture files
of spheroids were analyzed for quantifying the mean intensity using Image J software.

2.10. Annexin V assay
The procedure for Annexin V labeling was carried out according to the manufacturer's
protocol. A549 cells were seeded in 12-well plates at 8×104/well. After incubation of A549
cells for 4 h with PLD or R8-PLD at a Dox concentration of 15 µg/mL, the cells were
incubated for an additional 18 h, trypsinized, washed with cold binding buffer, and re-
suspended in Annexin V-Alexa Fluor 488 conjugate (15 µL)-added binding buffer (200 µL)
for 15 min in darkness. The cells were diluted with binding buffer at total volume 400µL and
analyzed immediately by flow cytometry.

2.11. Cytotoxicity studies
MTT assay—For cytotoxicity assays including MTT, LDH release and caspase assay,
A549 cells were seeded into 96 well microplates at a density of 5×103 and 3×103 cells/well
for 24 and 48 h respectively in phenol red-free DMEM media. On the following day, the
cells were incubated with PLD or R8-PLD at Dox concentrations of 0–100 µg/mL for 4 h.
Media was removed and the cells were incubated for an additional 24 and 48 h in fresh
complete media. After the incubation period, the media was removed and the cells were
treated with 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)
solution (5 mg/mL) in serum-free DMEM for 4 h. At the end of the incubation period, cell
viability was estimated by the ability of the cells to reduce the yellow dye, MTT to a purple
formazan product. The media was replaced with 100 µL of SDS solution (20 %) in 0.01 N
HCl for 4 h to dissolve the formazan crystals. The absorbance was read at 570 nm using a
microplate reader (Synergy HT multimode microplate reader, Biotek Instrument, Winooski,
VT). Blank readings obtained from the treatment well with no cells were subtracted from
each reading.

LDH release—The A549 cells were treated with PLD or R8-PLD at a Dox concentration
range of 0–100 µg/mL for 4 h followed by removal of the media and further incubation for
24 and 48 h. Released lactate dehydrogenase (LDH) in the media was measured with a
Cytotox 96 Non-Radioactive Cytotoxicity Kit (Promega) following manufacturer's
instruction. LDH release was normalized to total LDH content following cell lysis with a
medium containing 0.9 % Triton X-100. The plate was read with a Multi-mode microplate
reader (Synergy HT; Biotek; absorbance. 340 nm).

Caspase assay—After the treatment of A549 cells with PLD or R8-PLD at Dox
concentration range of 0–200 µg/mL for 4 h and incubating the cells for additional 24 and 48
h in phenol red-free complete medium, the samples were analyzed using the Apo-ONE
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Homogeneous Caspase 3/7 Assay (Promega) following manufacturer's instructions. Briefly,
following the incubation period, caspase substrate was diluted in Apo-ONE Homogeneous
Caspase-3/7 Buffer and 100 µL added to cells in 100 µL media and kept at room temperature
with additional gentle shaking. The plates were read after 4 h using the microplate reader at
ex/em. 499/521 nm. The values were directly proportional to the amount of apoptotic
induction. A blank (all reagents without cells) reading was subtracted from each reading.

For the determination of caspase 3/7 level in the A549 tumor xenograft, tumors were lysed
using a hand-held tissue homogenizer (Qiagen, CA, USA) in PBS, pH 7.4 at 0 °C and
protein content was measured using micro BCA protein assay using manufacturer's protocol.
25 µg of protein in 100 µL (PBS, pH 7.4) was added to wells of a 96-well plate. Samples
were analyzed immediately as above.

2.12. Animals
Immunodeficient NU/NU nude mice (4–6 weeks old) were purchased from Charles River
Laboratories, MA, USA. All animal procedures were performed according to an animal care
protocol approved by Northeastern University Institutional Animal Care and Use
Committee. Mice were housed in groups of 5 at 19–23 °C with a 12 h light-dark cycle and
allowed free access to food and water.

2.13. In vivo tumor xenograft
A subcutaneous tumor was initiated by inoculating A549 human alveolar adenocarcinoma
cells (2×106suspended in 100 µL PBS) over the left flank. The time for the appearance of
the tumor was usually 7 days. However, after an initial phase of slow growth, tumors
increased grow and reached a volume of 400 mm3 after 60 days from implantation. The
length and width of the tumor was measured by calipers at 3 days interval and the tumor
volume was calculated using the formula: (width2 × length)/2. Treatment was started when
the tumors reached a size of 400 mm3.

2.14. Assessment of tumor volume reduction and TUNEL assay
To measure the pro-apoptotic effect following PLD or R8-PLD treatment, the TUNEL assay
was performed on the frozen tumor sections. Mice (n=3 in each group) bearing tumor of
~400 mm3 volume were injected twice with PLD or R8-PLD at a Dox dose of 2 and 10 mg/
Kg at day 1 and 3 respectively. The tumor volume was measured on days 1, 3, and 6. The
animals were euthanized with CO2on day 6 and the tumors were isolated. The tumors were
washed quickly with PBS, pH 7.4, weighed and frozen immediately after the extraction by
immersing in tissue freezing media and stored at −80 °C. Tumor slices (8 µm) were cryo-
sectioned using Cryotome Cryostat, mounted on superfrost plus slides, fixed in 4 %
paraformaldehyde for 10 min at RT, permeabilized with proteinase K (20 µg/mL) for 15 min
at RT. A TUNEL assay was performed on the sections using the FragEl™ DNA
fragmentation detection Kit following manufacturer's instructions for frozen sections. The
TUNEL positive cells were detected by fluorescence microscopy equipped with a FITC-
filter. Four random images obtained from two different tumors for each treatment group
were analyzed using Spot advanced software.

2.15. Statistical analysis
The data were tested for statistical significance using Student's t-tests. p values, calculated
with the Graph Pad prism 5 software (GraphPad Software, Inc, San Diego, CA). All
numerical data are expressed as mean ± SD, n=3 or 4, from 3 different experiments. Any p
values less than 0.05 was considered statistically significant. *, **, *** in figures indicated p
values < 0.05, 0.01 and 0.001, respectively.
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3. Results
3.1. Physico-chemical characterization of liposomes

The particle size of PLD and R8-PLD was 84.5 ± 10.9 nm and 90.5 ± 27.6 nm respectively.
R8-PLD demonstrated an increased zeta potential of −11.34 ± 3.87 mV compared to PLD
with zeta value of −47.53 ± 3.82 mV.

3.2. Cell association of liposomes
The cell association of liposomes were quantified by detecting cell associated Dox
fluorescence using FACS analysis. R8-modification on the liposomal surface increased the
cellular association compared to unmodified liposomes (Figure 1). The geometric mean of
fluorescence indicating cell association, was significantly higher for R8-PLD at both tested
time points. A representative dot plot in Figure 1A shows the shift of the labeled cell
population fluorescence compared to untreated cells. The mean cellular fluorescence at 1 h
R8-PLD treatment was 11.46 ± 0.33 and increased to 15.5 ± 0.30 at 4h whereas the
fluorescence values for PLD were 9.21 ± 0.17 and 10.67 ± 1.95, respectively (Figure 1B).

3.3. Cellular Internalization of liposomes
Confocal laser scanning micrographs of PLD and R8-PLD-treated cells at a fixed X-Y plain
with varied Z-axis are shown in Figure 2A. The micrographs of center slices (Z7-Z9)
showed higher cellular internalization of Dox in R8-PLD compared to PLD. Localization of
the Dox signal to the nucleus was observed in the merged pictures as indicated by purple
signal, whereas most of the Dox signal delivered via PLD was in the cytosolic compartment.
The averaged Pearson's and Mander's coefficients obtained by the Image J analysis of the
three center z-stacked images were 0.40 ± 0.10, 0.49 ± 0.03 for PLD and 0.71 ± 0.04, 0.9 ±
0.11, respectively (Figure 2B)

3.4. Accumulation of liposomes in spheroids
Spheroids are a robust model to study the tumor penetration behavior of drugs/drug delivery
systems in cancer since spheroids to a great extent mimic both the architecture of tumors and
the penetration barriers of solid tumors where drugs are mostly confined to the outer cell
layers. The Z-stacked images of spheroids showed higher accumulation of R8-PLD
compared to PLD at both the time points (Figure 3). The formulations had limited
penetration in 1 h. However, R8-PLD demonstrated very high accumulation in the center
zone of the spheroids at 4 h, as shown by the center slice (100 µm from top). Mean intensity
(arbitrary units) of the Dox signal in the center slice of the PLD and R8-PLD treated
spheroids, quantified by Image J analysis was 29.7 ± 1.2, 71.7 ± 1.5 for 1 h and 105 ± 5,
178.6 ± 3.2 for 4 h, respectively.

3.5. Assessment of early apoptosis
Binding of the fluorescently labeled Annexin V to the cell surface-bound early apoptotic
marker, phosphatidyl serine is used to detect early apoptosis. Initiation of apoptosis causes
translocation of phosphatidyl serine from inner cytoplasmic membrane to the outer surface.
The FACS analysis result demonstrating the comparison of up-regulation of this early
apoptotic marker upon treatment with PLD and R8-PLD has been illustrated in Figure 4.
After treatment, both PLD and R8-PLD initiated apoptosis, demonstrating a shift in the cell
population as shown by the increased labeling of the cells with the Annexin V-Alexa
Fluor-488 conjugate. However, R8-PLD treated cells had significantly higher total
geometric mean fluorescence (182.67 ± 10.8) compared to PLD treated cells (129.80 ±
5.36). The lower right quadrant was additionally gated to analyze the phosphatidyl serine
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expression, 8.7 ± 1.5 % of the cell population was there for R8-PLD compared to 3.6 ± 0.5
% for PLD.

3.6. Assessment of cell viability by MTT assay
To determine whether the initiation of apoptosis leads to decreased cell viability, an MTT
assay was performed (Figure 5). A statistically significant decrease in cell viability was
observed with R8-PLD treatment compared to PLD at Dox concentration of 6.25 µg/mL and
greater. R8-PLD treatment showed a ~55 % decrease in cell viability compared to ~10 %
with PLD at the highest used Dox concentration of 100 µg/mL (% cell viability for R8-PLD
treatment was 45.35 ± 2.14 %, compared to 89.6 ±5.9 % for PLD at 100 µg/mL of Dox
concentration). Slow decrease in the cell viability (62.89 ± 1.95 % to 45.35 ±2.14 % at 24 h
and 53.5 ± 5.71 % to 46.10 ± 2.56 % at 48 h) was observed with R8-PLD treatment at Dox
concentration between 6.25 and 100 µg/mL.

3.7. Assessment of other cell death markers
Release of lactate dehydrogenase (LDH) in the media by apoptotic/necrotic cells and up-
regulation of apoptotic protein, caspase 3/7 in the cells were quantified (Figure 6). The R8-
PLD-treated cells had significantly higher level of LDH release compared to PLD at all
tested Dox concentrations. There was a Dox-concentration dependent increase in LDH
release in R8-PLD-treated cells. No noticeable increase in LDH release was observed in
PLD treatment even at highest Dox concentration of 100 µg/mL (Figure 6A). There was 1.9-
fold increase in the level of LDH release in R8-PLD compared to PLD at Dox concentration
of 100 µg/mL. Figure 6B illustrates caspase 3/7 activity after PLD and R8-PLD treatment.
At a Dox concentration of 200 µg/mL, the R8-PLD treatment increased caspase 3/7 level
5.5-fold compared to PLD treatment (13.72 ± 0.15 for R8-PLD vs. 2.48 ±0.54 for PLD).
Likewise, a LDH release profile of the Dox concentration-dependent increase in the caspase
3/7 protein level was observed in R8-PLD.

3.8. Assessment of in vivo therapeutic efficacy
The tumor volumes and weights of post-mortem tumors were measured. The initial tumor
volume at day 1 was 397.4 ± 5.9, 405.0 ± 3.5, 397.8 ± 4.7 mm3which was increased at day 3
to 496.38 ± 10.5, 475.70 ± 15.2 and 451.25 ± 8.2 mm3 for PBS, PLD and R8-PLD treated
mice, respectively. On the day of euthanize (day 6), strong suppression of tumor volume was
observed with R8-PLD treatment. On day 6, the tumor volumes reached to 674.16± 20.5,
600.00 ± 25.0, 368.56 ± 18.5 mm3 for PBS, PLD and R8-PLD treatment, respectively. The
tumor weight after isolation was 0.5802 ±0.20, 0.5561 ± 0.1 and 0.355 ± 0.05 g for PBS,
PLD and R8-PLD treatment, respectively. Detection of apoptotic cells by TUNEL assay, the
measurement of the level of caspase 3/7 in PLD, R8-PLD or PBS-treated solid A549 tumors
were detected. in the apoptotic cells in tumor sections by TUNEL staining. The cell-nuclei
of tumors treated with PBS or PLD treatment exhibited no green fluorescence attributable to
FITC-labeled TdT, while the tumors treated with R8-PLD had significantly higher amounts
of green dots representative of apoptotic nuclei (Figure 7). The level of caspase 3/7
expression in R8-PLD-treated tumor lysate was significantly higher (1.1 fold) compared to
PBS and PLD treatment. Thus, R8-modified PLD allowed for a strong pro-apoptotic effect
of Dox in an in vivo mouse A549 tumor xenograft model.

4. Discussion
Determining an effective treatment strategy for cancer including NSCLC is challenging as
among all the patients with lung cancer, 55 % are diagnosed at an advanced stage. Surgery,
radiotherapy and chemotherapy are being utilized as treatment options for lung cancer with
high chances of relapse [42]. Platinum-based chemotherapy is the first-line chemotherapy
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for NSCLC patients. Other cytotoxic agents such as docetaxel, pemetrexed, gefetinib are
options for second or third-line therapy. However, the high incidence of relapsed tumor
growth necessitates work on development of an effective chemotherapeutic treatment
regimen [4]. Dox, combined with platinum-based therapy or radiotherapy is currently in
clinical trials for locally advanced NSCLC.[ 43; 44; 45] Dox is one of the most effective
anticancer drugs ever developed and considered a first-line chemotherapeutic [46].
However, Dox, like other chemotherapeutic drugs, has many adverse effects, the most
debilitating is cumulative dose-dependant cardiotoxicity.[ 18; 19] Pegylated liposomal
Doxorubicin (PLD) (commercially available as Doxil®, Lipodox®), is a nano-sized Dox-
loaded carrier, which accumulates specifically in tumor sites by the enhanced permeability
and retention effect, reduces the toxicity of free Dox [20; 21; 23; 47; 48]. Coating of
liposomes with biocompatible, non-immunogenic polymer PEG imparts non-recognition by
plasma serum opsonins that renders prolonged plasma circulation, which is advantageous for
tumor targeted nanocarrier accumulation via EPR effect. However, PEGylation hinders
intracellular delivery in the cancer cells after accumulation at the tumor site and the
maximum therapeutic benefit of Dox is not achieved. This necessitates further modification
of PLD for cytosolic delivery to improve the effectiveness of this highly potent anticancer
drug.

In an attempt to promote cellular internalization, we surface-modified PLD with the cell-
penetrating octa-arginine (R8) peptide. The relatively short, synthetic R8 peptide resembles
the peptide sequence of HIV-1TAT peptide. This highly charged basic peptide has
demonstrated efficient cell transport properties [31; 32; 34; 35]. The R8-conjugated
amphiphilic PEG-DOPE co-polymer was successfully inserted into the liposome's lipid
bilayer. This modification of the surface of PLD with a cationic peptide increased the
positive charge on the surface of R8-PLD compared to PLD. However, the size remained
unchanged. As expected, R8-PLD had a time-dependent higher cell association compared to
PLD, as estimated by tracking the cell associated Dox fluorescence. The cellular
internalization, PLD- and R8-PLD-treated cells visualized under confocal microscopy using
z-stacked imaging indicate that R8-PLD had a higher cytosolic Dox delivery compared to
PLD and indicated the co-localization of Dox at its nuclear site of action. Higher co-
localization coefficients (Pearson's and Mander's) in R8-PLD treated cells obtained by
Image J analysis of the center slices clearly pointed out the higher intracellular Dox-delivery
efficiency of R8-PLD compared to PLD. Even though, R8 has been recognized as a cell
penetration enhancer in previous studies, however, the intracellular trafficking of R8 after
cellular internalization remain relatively unexplored. While investigating intracellular
trafficking of D, and L-enantiomer of R8, Fretz et al reported that D-R8 was additionally
bound to the nucleolus, whereas both of them translocated in the cytoplasm and labeled
nucleus [49]. Therefore, the enhanced Dox delivery to the nucleus by R8-PLD compared to
PLD could be due to enhanced intracellular delivery coupled with R8-mediated nuclear
targeting. However, the role of R8 as a promoter for nuclear delivery needs detailed
investigation.

Over the past several years, spheroids, a 3D multilayer, sphered cell culture system has
garnered much attention as an important tool to study several drug developmental stages
including drug transport, binding, therapy resistance as well as cell invasion in cancer.[ 41;
50; 51; 52; 53] Spheroids supplement monolayer-based assays as they better mimic the
complexities of the tumor tissues. The multicellular spheroids resemble avascular tumor
modules of solid tumors, the cells in spheroids resorting to an in vivo-like differentiation
pattern due to the resemblance in pathophysiological milieu conditions such as extracellular
matrix assembly as well as cell-matrix and cell-cell interactions [50]. Due to similarities of
spheroids with in vivo tumor tissues, spheroids have been considered as an inevitable tool to
utilize in the therapeutic development before turning to whole animal studies [50; 51; 54;
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55; 56]. We studied liposomal accumulation in spheroids and demonstrated that R8-PLD
had allowed for much higher Dox penetration compared to PLD as follows from the
enhanced Dox signal in the center slices of the z-stacked images (Figure 3). The higher
cellular uptake of R8-PLD led to higher apoptosis mediated by Dox compared to PLD. The
result demonstrated that the R8-PLD treated cells have higher expression of the protein
phosphatidyl serine compared to PLD. The resultant induction of early apoptosis was
consistent with higher cytotoxicity. The result demonstrated that R8-PLD induced higher
Dox-mediated cytotoxicity compared to PLD. The induction of apoptosis is indicated by the
elevated release of cell death marker LDH and the up-regulation of the pro-apoptotic
protein, caspase 3/7. R8-PLD demonstrated higher release of LDH and up-regulation of
caspase 3/7 in A549 monolayer compared to PLD. The in vivo experiment using A549
tumor xenograft demonstrated that R8-PLD significantly reduces the tumor growth
compared to the PLD treatment. Higher induction of apoptosis by R8-PLD treatment was
demonstrated by TUNEL assay compared to PLD. Tumor lysate of R8-PLD treated A549
tumor bearing mice had increased caspase 3/7 expression compared to PLD treatment due to
the higher intracellular Dox delivery achieved by R8-PLD over PLD.

In conclusion, this study has identified a novel liposomal drug delivery system, R8-modified
PLD, for improved chemotherapy of NSCLC. R8-PLD addresses the issue of poor cell
penetration by PLD to increase its therapeutic efficacy. The study provides a rationale for
the continued invEstigation of R8-PLD as a promising anti cancer therapy.
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Figure 1.
Comparison of cellular uptake of R8-modified and unmodified PEGylated liposomal
doxorubicin by flow cytometry. The A549 cells were incubated with PLD and R8-PLD at 6
µg/mL of Dox for 1 and 4 h, after which the FACS analysis was performed. The cell-
associated Dox fluorescence was measured. (A) Representative dot plot obtained from
FACS analysis showing the cell population labeled with Dox after incubation with PLD or
R8-PLD at 1 h and 4 h time points. (B) Comparison of the geometric mean of fluorescence
of the cells treated with PLD or R8-PLD (left panel) and the representative histogram plot
obtained from histogram statistics of the FACS analysis (right panel). The data are mean
±SD, averaged from three separate experiments. The significance of difference between the
mean was analyzed by Student's t-test, *** indicates p<0.001.
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Figure 2.
Assessment of cellular internalization by confocal microscopy. (A) Confocal laser scanning
micrographs of A549 cells obtained from z-experiment. A549 cells were incubated with
PLD or R8-PLD for 90 min, were taken at a fixed XY plane along a consecutive Z-axes
(Z-5, 7, 9, 11 from total 16 slices). The nuclei were stained with Hoechst 33342. The lower
panel represents merged pictures of Dox and Hoechst 33342 fluorescence. Scale bar: 20 µm.
(B) Assessment of nuclear localization of Doxorubicin delivered by PLD and R8-PLD. The
merged (nuclei stained and PLD/R8-PLD treated) pictures of the center z-slices were
analyzed with Image J software and the colocalization coefficients were obtained. The data
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are mean ± SD, averaged from 3 images of the same treatment. *, p<0.05, paired Student's t-
test.

Biswas et al. Page 16

Cancer Lett. Author manuscript; available in PMC 2014 July 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Accumulation of PLD and R8-PLD in A549 spheroids by confocal laser scanning
microscopy. (A) Selected Z-stacked micrographs of A549 spheroids, taken at consecutive Z-
axes were shown. (B) Graphical representation of mean intensity of the Doxorubicin signal
of the center slice (100 µm inside from top) of PLD and R8-PLD dosed spheroids quantified
with Image J software. The cells were treated with PLD and R8-PLD at 100 µM of Dox for
1 and 4 h. Images were selected out of 16 Z-slices. Scale bar: 200 µm. The data in figure B
are mean ± SD, averaged from 9 different regions of interest from the images of two
spheroids. ***, p<0.001, paired Student's t-test.
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Figure 4.
Comparison of up-regulation of an early apoptotic marker, phosphatidyl serine, upon
treatment with PLD and R8-PLD by flow cytometry. The A549 cells were treated with PLD
or R8-PLD at 30 µg/mL of Dox for 4 h, then incubated for 18 h in complete media. The cells
were treated with Annexin V-Alexa Fluor 488 conjugate, the ligand of phosphatidyl serine.
The phosphatidyl serine receptor translocates from cytoplasm to the outer cell surface on the
initiation of apoptosis. The labeling of cells with Annexin V-Alexa Fluor 488 conjugate was
measured by FACS analysis. (A) Representative dot plot showing the cell population with or
without Annexin V labeling. (B) Geometric mean of fluorescence of PLD/R8-PLD dosed
cells treated with or without Annexin V Alexa Fluor 488 conjugate, and (C) Representative
histogram plot of cells treated with PLD or R8-PLD followed by Annexin V-Alexa 488.
Data in (B) are mean ± SD, averaged from three separate experiments. ** indicates p<0.01,
analyzed by the paired Student's t-test.
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Figure 5.
Assessment of Dox-induced cell death of A549 cells treated with PLD and R8-PLD. Cells
were incubated with PLD or R8-PLD at a Dox concentration of 0 to 100 µg/mL for 4 h
followed by the incubation period of 24 and 48 h before cell viability was measured. The
data are mean ± SD, averaged from three separate experiments. ***, p<0.001, paired
Student's t-test.
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Figure 6.
The effect of PLD and R8-PLD on Dox-induced LDH release (A) and caspase 3/7 activity
(B) in A549 cells. The cells were treated with PLD or R8-PLD at varied Dox concentration
for 4 h, media removed and cells incubated for 48 h in complete media before analyzing the
media for LDH release and the cell lysate for caspase 3/7 activity. Each bar represents mean
± SD of n=3 from 3 separate experiments. The significance of differences between the
means was analyzed by the paired Student's t-test. ***indicates p<0.001.
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Figure 7.
Assessment of the in vivo therapeutic efficacy of R8-modified PLD compared to unmodified
PLD i.v. in A549-tumor xenograft. (A) Tumor volume and weight (arrows indicate
treatment). (B) Apoptosis analysis. Apoptotic cells were detected in frozen tumor sections,
determined by TUNEL assay and visualized by fluorescence microscopy. The upper panel
shows the sections stained with Hoechst 33342 and the right panel shows the TUNEL
staining. Magnifications-20X objectives. (C) Measurement of caspase 3/7 level in A549
tumor. The tumors isolated from the treatment groups of PBS, PLD or R8-PLD were
homogenized, centrifuged and a tumor lysate equivalent to 25 µg of proteins was analyzed
using the Apo-ONE Homogeneous Caspase 3/7 Assay kit. ** and ***, P<0.01 and 0.001,
unpaired Student's t test. *** indicates p<0.001 compared to PBS.
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