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Site-Specific Delivery of Doxorubicin Using Cell-Penetrating

Peptide for Lung Cancer Chemotherapy
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ABSTRACT

Recent studies have focused heavily on tumor-oriented nanocarriers mediated by cell-
penetrating peptides (CPPs). However, the loss of CPPs in normal tissues and enzymatic
degradation in circulation frequently prevented the use of CPPs in vivo. To alleviate these
limitations, CPPs needed to be kept immobilized before they arrived at the intended target
for receptor-mediated endocytosis (RME). In this study, we developed CAR/DOX-Liposomes
with doxorubicin hydrochloride (DOX) entrapped in the hydrophilic core of liposomes using
a thin film hydration method, and CAR peptide was subsequently conjugated through SPDP
chemistry on the surface of liposomes as targeting moiety to develop and improved targeted
cancer chemotherapy. The prepared liposomes were characterized and evaluated for different
parameters which were recorded to be vesicle size 275.2+5.65 nm, polydispersity index
0.260+0.85, Zeta-potential -33.90+2.42 mV, and % entrapment efficiency 83.96+2.56 %. In
addition, Transmission electron microscopy (TEM), and Atomic Force Microscopy (AFM) studies
were conducted to assess morphology and in vitro drug release performed. Further, the Cell
line study of the CAR/DOX-Liposomes was studied over the lung cancer cell line HOP-62 and
the comparison IC, values were determined. The study establishes that CAR/DOX-Liposomes
offer specific delivery of DOX to the heparan sulfate receptor(s) exclusively overexpressed on
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the cancer cells.
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INTRODUCTION

Cell annexation is an innate biological mechanism that cells use
to form and constrain the structure of their extracellular matrix
in order to develop, regenerate, and safeguard bodily tissues.'
Cancer is a disease that is frequently detected in people of all
ages. Currently, the major category of cancers is breast cancer,
lung cancer, prostate cancer, cervical cancer, colon cancer, skin
cancer, oral cancer, etc.”? The treatment for cancer and prognosis
thereafter is critically dependent on an early diagnosis. There
are several conventional treatment methods available, including
radiation, chemotherapy, and surgical intervention. The cancer
cell generates its environment for its growth which includes
excess cell proliferation, low pH, hypoxia, formation of neo-blood
vessels (neoangiogenesis), high temperature, high enzymatic
activity, etc. Different nanotechnological drug delivery system(s)
including liposomes,* vesosomes,’ nanoparticles, mesospheres,’
nanosponges,® superparamagnetic iron oxide nanoparticles
(SPIONs), quantum dots’, etc., have been explored as the delivery
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platform for bioactive(s) i.e., doxorubicin, paclitaxel, cisplatin,
methotrexate, etc. These drugs could be targeted to the site of
action using nanomodules resulting in an improved therapeutic
index. DOX is an anthracycline antibiotic used to treat
leukemia, lung cancer, breast cancer, and ovarian malignancies.
DOX mechanisms as an anticancer agent are as follows: (i)
production of free radicals and the resulting impairment of
cellular membranes, proteins, and DNA; and (ii) interaction
with DNA and disruption of topoisomerase-II-mediated DNA
repair. Semiquinone, an unstable metabolite that is produced
from DOX in a process that produces reactive oxygen species,
is formed when DOX is oxidized. This process causes DNA
damage, oxidative stress, and the activation of apoptotic pathways
in cells." For a site-specific delivery, the ligand is selected which
directly targets the cancer site and inhibits the cancer cell growth,
with subsequent programmed cell death. The CAR-peptide'"'
which is a cell-penetrating peptide was selected for the delivery
of DOX-loaded liposomes. CAR peptide is a nonapeptide having
a series of 9-amino acid CARSKNKDC"" specifically binds with
the heparan sulfate receptor over-expressed on the cancer cells of
lung carcinomas and reportedly also inhibits the neoangiogenesis
by binding in a site-specific manner.
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The present study reports on the development of a biodegradable
system based on liposomes for efficient chemotherapy of lung
cancer tissue. Studies were conducted to characterize the
developed formulation(s) for vesicle size, zeta potential, PDI,
%EE, and cumulative drug release. Additionally, MTT assay
experiments for the cytotoxic capability of the proposed system
were conducted using the HOP-62 lung cancer cell lines.

MATERIALS AND METHODS

Lipids i.e. dipalmitoylphosphatidylcholine (DPPC),1,2-Distearoyl-
sn-glycero-3-phosphorylethanolamine (DSPE), 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene
glycol)-2000] (ammonium salt) (DSPE-PEG-2000), cholesterol,
were purchased from Lipoid GmbH. Frigenstr, Ludwigshafen,
Germany. N-succinimidyl 1,3-(2-pyridyl dithiol) propionate
(SPDP), purchased from CovaChem, LLC., USA. Doxorubicin
hydrochloride (DOX) was received as a gift sample from Neon
Laboratories Ltd., Mumbai, India. CAR peptide was purchased
from Synpeptide co. Ltd., China. Sephadex G-25, Triton X-100,
DMSO, and other chemicals were purchased from Sigma-Aldrich
Powai, Mumbai, India. All Analytical-grade chemicals were used
as supplied by the manufacturer(s).

Preparation of DOX-loaded CAR-conjugated liposomes

The liposomes were prepared using the thin film hydration
method.”'® In this process, lipids DPPC, cholesterol, DSPE,
and DSPE-PEG-2000 in a ratio of 65:25:5:5 was used for the
preparation of liposomes shown in Figure 1. The lipids were
dissolved in a solvent mixture of chloroform and methanol
(90:10). The solvent was evaporated under a vacuum using a
rotatory vacuum evaporator (Rotavap, REMI) until a dry film was
formed. Ammonium sulfate (250 mM) was then used to hydrate
the dry film.” The ammonium sulfate-loaded multilamellar
vesicles (MLVs) were thus formed. The prepared MLVs were
then transformed into Small Unilamellar Vesicles (SUVs) by
using a sonication process. In an ice bath (to avoid overheating),
the prepared MLVs were sonicated for 6 min applying a cycle of
20s ON and 20s OFF which resulted in the formation of SUVs.
After sonication, for the removal of excess salt, the formulation
was dialyzed for 24 hr against a solution of HEPES buffer
(145 mM NaCl, 10 mM HEPES, pH 7.4). DOX (10 mg aqueous
solution in PBS) was then added, under moderate stirring for
30 min at 55°C. DOX-loaded liposomes were dispersed in SPDP
in Dimethyl formamide (DMF) (30 uL) solution and incubated
at room temperature for nearly 30 min. Then the excess SPDP
was removed by applying ultracentrifugation for 355000 g for
1 hr at 4°C. The sedimented pellet was redispersed in phosphate
buffer saline (PBS). To the dispersion of amino-functionalized
phospholipids, DOX-loaded liposomes, CAR peptide (2 mg in
200 uL) was added and incubated for 1 hr at room temperature.
The excess CAR was separated by centrifugation at 355000 g for
1 hr. The pelleted CAR functionalized loaded with DOX
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Figure 1: Method of Preparation of DOX-loaded liposomal system

liposomes were redispersed in PBS and stored at 4°C temperature
until they were used for characterization.'®"

Fourier transform infrared spectroscopy (FTIR)

The developed system was characterized by FTIR spectroscopy
using Bruker Tensor-37, FTIR. Prior to IR tests, samples of DOX
and CAR/DOX-Liposomes were vacuum-dried for 12 hr. The
dried sample was set used for further IR spectral analysis.?

Vesicle size, zeta-potential, and PDI

The particle size, polydispersity index (PDI), and zeta potential
were determined using Quasi elastic light scattering techniques.
CAR/DOX-Liposomes suspension was diluted with 1:100
distilled water and analyzed by photon correlation spectroscopy
(PCS) using a NanoPlus Zeta/nanoparticle analyzer (Version
5.01, Particulate Systems, Norcross, GA, UK).

Transmission electron microscopy (TEM)

The CAR/DOX-Liposomes were observed under TEM (Tecnai,
Japan). A drop of the sample was placed on a copper grid coated
with carbon and dried under air to form a uniform film of the
sample. Subsequently, the film was negatively stained using 1%
(w/v) Phosphotungstic acid (PTA). After the film of the sample
was completely dried, it was examined using a transmission
electron microscope. The microphotograph was captured at the
appropriate magnifications.

Atomic force microscopy (AFM)

Using an NSC 12(c) cantilever (MikroMasch, Silicon Nitride
Tip) using Nano DriveTM version 8 software, the CAR/DOX-
Liposomes was also seen using AFM in the acoustic AC mode
(also referred to as tapping mode). A steel disc with an adhesive
coating was given a drop of CAR/DOX-Liposomes. The dried
sample was then pushed into a nitrogen atmosphere after
allowing the drop to evaporate. The samples were examined
using an atomic force microscope before photomicrographs were
obtained at the proper magnification.
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% Drug entrapment efficiency

The high-speed centrifugation technique was used to determine
the of CAR/DOX-Liposomes. CAR/DOX-
Liposomes suspensions (1 mL) were centrifuged using a lab
centrifuge (Sigma 2-16 PK Labmate (Asia)) for 3 min at 2,000
rpm. The liposomal pellet was lysed using 0.1% Triton X-100

drug content

and the liberated drug was analyzed spectrophotometrically
using Shimadzu UV mini 1240 at 480 nm.* The drug entrapment
efficiency was calculated using the formula:

Amount of drug in liposomes
% drug entrapment efficiency = %100
Total amount of drug used in the

liposomal formulation

In-vitro drug release study

In-vitro release study was carried out in phosphate buffer saline
(PBS) at pH 7.4. The 10 mg of DOX was dispersed in 1 mL of
PBS (pH 7.4) and then sonicated to produce the free DOX
nanosuspension. In a dialysis bag, the drug release experiment
was conducted (nitrocellulose membrane, Molecular weight cut-
off 12,000 Da). Half an hour before the release study, the dialysis
bag was activated by treatment with phosphate buffer solution.
The nanosuspension of DOX and the suspension of CAR/DOX-
Liposomes (SUVs) were placed in the equivalent amount into
different two sets of dialysis-based bags. The bags were emersed
in PBS (100 mL) stirred and maintained at 37°C for 72 hr. The
samples from dissolution media were taken periodically. The
volume of the media was maintained by replacing the withdrawn
volume with freshly prepared PBS. At 480 nm, the absorbance
was measured using a UV-Visible spectrophotometer.

Cytotoxicity analysis

Free DOX and CAR/DOX-Liposomes were all tested for
cytotoxicityon HOP-62cellsusingthe MTT3-(4,5-dimethylthiazol-
2- yl)- 2,5- diphenyltetrazolium assay. HOP-62 cell lines (2x10°/
well) were plated in a 96-well microtiter plate and allowed to
adhere for 24 hr. Freshly prepared media was added and the cells
were treated with different concentrations (1, 5, 10, 20, 40, 80 ug/ml)
of free DOX, and CAR/DOX-Liposomes and the culture medium
treated group was considered as control, incubated at 37°C
for 24 hr in a CO, incubator. After being washed with PBS 7.4,
the cells were treated with the MTT reagent (5 mg/mL) and
allowed to co-incubate for 4 hr. Subsequently, co-incubation of
the formazan crystals formed was dissolved by adding 100 uL of
DMSO. The absorbance was then measured using a microplate
reader at 570 nm. Cells treated with PBS served as controls. The
degree of cytotoxicity was evaluated followed by IC, for 24 hr
of treatment, and the data were recorded with a mean standard
deviation (+SD).
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Statistical Analysis

All data are presented as meant SD and were analyzed by
ANOVA (GraphPad Prism version 8.0, GraphPad Software, San
Diego, CA). In statistical analysis, p-value less than 0.05 was
considered statistically significant.

RESULTS AND DISCUSSION
Preparation and characterization of CAR/DOX-Liposomes

The liposome in the present study was essentially prepared using
selected lipids (DPPC, CH, DSPE) along with DSPE-PEG-2000.
Thelatter was used for the PEGylation of liposomes. The liposomes
were initially prepared as MLVs using the conventional lipid film
hydration method". The MLVs were subjected to sonication in
order to transform into SUVs. The initial hydration is affected by
using an ammonium sulfate solution (250 mM). After removal
of excess ammonium sulfate by dialysis, ammonium sulfate
loaded liposomes suspension was added with DOX solution
and incubated at 55°C for 1 hr. The temperature correspondence
to the transition temperature (TG) of the lipid mixture used in
the preparation of liposomes. At TG and due to concentration
gradient DOX diffused into the aqueous core of liposomes and
got entrapped as sulfate complex, thus leading to excessively
high entrapment efficiency of 83.96+2.56 %. The free DOX was
separated from the DOX-loaded liposomes using centrifugation.
They were redispersed and activated through SPDP chemistry.
This results in the activation of the amino group of DSPE. After
removal of excess SPDP by centrifugation, the pelleted amine-
activated DOX-loaded SUVs were co-incubated with CAR at
25°C for 1 hr in order to allow CAR conjugation. The CAR/
DOX-Liposomes were separated and used for further studies.

FTIR analysis

The FTIR spectrum of the DOX and CAR/DOX-Liposomes
samples is shown in Figure 2. The primary distinctive bands of
the drug in the liposomes were visible, particularly those that
resulted from the following: The carbonyl stretching vibration
-C=0 at 1734 cm’, the -CH, bending vibration -CH, at 1470 cm!,
the symmetric and antisymmetric PO stretching vibrations, and
the -CH, symmetric and antisymmetric stretching vibrations
of the acyl chain at 2,850 cm™ and 2920 cm™, respectively are
banding vibrations at 1090 cm™ and 1220 cm™, respectively. The
confirmation of the CAR conjugation with the amino group of
DSPE is confirmed by the peak of -NH-CO- at 1685 cm™.

FTIR analysis of different peaks there appears to be consistent
and corresponds to those reported in the literature for SPDP and
CAR. However, the disappearance of the peak that corresponds
to -COOH of CAR and -NH, of DSPE suggests the formation
of a covalent link between the -NH, group of DSPE and the
carboxylic terminal of SPDP that subsequently conjugates with
CAR peptide. However, no peak correspondence to the hydrogen
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link was recorded. Thus, It may be inferred that there is no link
between DOX and phospholipids.

TEM and AFM

Further, studies using the TEM demonstrated that CAR/DOX-
Liposomes were spherical. The TEM image of liposomes,
however, appeared opaque, spherical, and uniform in size. The
opaqueness of the electron beams may be accounted for by the
effect of conjugation. The imaging performed using atomic
force microscopy also supported the formation of homogeneous
liposomes. In the micrographs, there was no evidence of liposome
aggregation or fusion, demonstrating that remote loading did
not lead to vesicular deformity or morphological distortion. The
uniform size, spherical, and well-defined shape of CAR/DOX-
Liposomes are evident in three-dimensional images from (3D)
AFM.?' The CAR/DOX-Liposomes were microscopically (TEM
and AFM) shown in Figure 2.

Vesicle size, zeta-potential, and PDI

The average vesicle diameter of CAR/DOX-Liposomes was found
to be 275.245.65 nm. The polydispersity index of the optimized
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Figure2:(A)FTIRanalysisof DOXand CAR/DOX-Liposomes, (B) Physicochemical
characterization of CAR/DOX-Liposomes; Transmission electron micrograph
(upper left) appeared opaque particulates image which could be due to the
conjugation effect, 3-dimensional atomic force micrograph (upper right),
vesicle size (lower left), zeta-potential (lower right).
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Table 1: Average vesicle size (nm), Zeta-potential (mV), PDl and %
Entrapment efficiency of CAR/DOX-Liposomes (n=3, £SD).

Formulation Average Zeta- PDI %
vesicle size  potential Entrapment
diameter (mV) efficiency
(nm)
CAR/DOX- 275.2+£5.65 -33.90+2.42 0.260+0.85 83.96+2.56
Liposomes

formulation of CAR/DOX-Liposomes was 0.260+0.85. The low
polydispersity index i.e., less than 0.3 as obtained for CAR/
DOX-Liposomes indicates narrow size distribution of liposomes.
The zeta-potential recorded for the CAR/DOX-Liposomes was
-33.90+2.42 mV. The liposomes displayed a negative charge with
optimal potential subscribing, and greater stability. The data are
reported in Figure 2 and Table 1.

% Entrapment efficiency

The enhanced 83.96+2.56% drug entrapment efficiency was
measured. In case of active loading is facilitated due to s gradient-
dependent diffusion of ammonium sulfate specifically ammonia
gas and likewise influence of DOX within the liposomes core and
formation of protonated DOX following interaction with sulfate
ions could have offered better retention and maintenance of DOX
gradience. The finding is the well agreement with those reported
in the literature.”**

% Cumulative drug release

The drug release was conducted on Plain DOX and CAR/DOX-
Liposomes using dialysis bags with defined and molecular
cutoffs. The study was conducted for 72 hr. It was recorded that
almost 100% drug was diffused out of the bags for plain DOX
nanosuspension, while in the case of CAR/DOX-Liposomes the
release of the drug as DOX was recorded to be constantly slow
when in 72 hr 65.32 £ 1.26 % of the drug was diffused out from
dialysis media (dissolution media). In the case of liposomes,
the release was sustained shown in Figure 3A, which could be
beneficial for improved drug pharmacodynamic effect.”

Cytotoxicity analysis

In vitro cytotoxicity of DOX and CAR/DOX-Liposomes is
determined in HOP-62 (Human Lung Adenocarcinoma) cell
lines. Irrespective of the fact whether it is a free drug or CAR/
DOX-Liposomes the toxicity was explicitly concentration-
dependent. CAR/DOX-Liposomes (~4.46) and DOX (~9.30)
both exhibited IC, . However, there was a remarkable difference
in cytotoxicity as well as IC, in the case of CAR/DOX-
Liposomes recorded. It was significantly higher than plain DOX
when tested on an equivalent dose basis (p<0.05) recorded in
Figures 3B and C. The results as recorded after 24 hr suggest
that over a prolonged period of time there has been continuous
accumulation as well as the sustained cytotoxic release of drug
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Figure 3: (A) Cumulative % drug release from CAR/DOX-Liposomes as
compared to plain DOX through the diffusion-controlled mechanism, the
data are represented as mean tstandard deviation in triplicates. (n=3); (B)
Cytotoxicity assessment using HOP-62 lung cancer cell line for 24 hr (DOX and
CAR/DOX-Liposomes) and (C) IC,; evaluation. (n=3), (p<0.05).

from accumulated carrier drug composites, which could be
accounted for significantly higher toxicity recorded in the case of
CAR/DOX-Liposomes.”® The involvement of receptor-mediated
endocytosis may evaluate no specific activity of CAR peptide
transmitting it to be site-specific activity could be beneficial in
target-oriented chemotherapy using CAR peptide as a targeting
ligand.”” Furthermore, the accumulation of CAR within the cell
may interfere with organelles activities ultimately facilitating
programmed cell death. Thus, the activity of the drug delivered
using CAR could get synthesized as refraction in many folds.
Higher toxicity was recorded in the form of IC_ value.*

CONCLUSION

The present study suggests that the use of DSPE-PEG-2000 and
DPPC, DSPE as lipids could help in the engineering of a long
circulatory liposomal version for surface functionalization in
order to make it site-specific. The active loading procedure could
effectively be used for loading water-soluble ionizable drug
molecules which on protonation get trapped in the hydrophilic
core in incorporated or compromised in diffusion across the
hydrophilic domain of the lipid bilayer. Thus, may be used with
ensured drug payload. This also transformed the liposomes avail
to mitigate drug diffusion. Resulting, in sustained and prolonged
drug release. The CAR peptide which by perse biological activity
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is a non-specific cell-penetrating peptide which could not be
used safely in its free form. However, when it is immobilized
on the surface of liposomes as a targeted moiety it terms to
be site-specific, particularly those which overexpress CD44
receptors for heparan sulfate. The developed system exhibited
very strong cytotoxicity which could be escribed to the receptor-
mediated endocytosis-based drug carrier composite intracellular
accumulation. Subsequently, slow carrier/ carrier moiety released
in the cytosol for bispecific anti-cancer activity is accounted for
drug while other to the CAR peptide. It may safely be assumed
that CAR could have destabilized the endosome before fusion
with the lysosome to reach intact with its liposomal entry into the
cytosol. The developed formulation was recorded to be physically
stable as zeta-potential recorded -33.90+2.42 mV which was
optimal for the physical stability of the suspension. In addition,
the conjugation of CAR, peptide offered an additional barrier
to drug diffusion which could be one of the factors that may be
responsible for slowing the drug diffusion of liposomes.?** In
inference, the study concludes that the developed system holds
very high potential and possibilities to be used in targeted cancer
chemotherapy. However, an elaborated system that has been
conducted on cells has been seminal in the assessment of its
clinical values.
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ABBREVIATIONS

AFM: Atomic force microscopy; CPP: cell-penetrating peptides;
CAR- CARSKNKDC peptide DMSO: Dimethyl sulfoxide; DOX:
Doxorubicin hydrochloride; DMF:Dimethyl formamide; MLVs:
Multilamellar vesicles; MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium assay; PBS: Phosphate buffer saline; PTA:
Phosphotungstic acid; PDI: Polydispersity Index; RME: receptor-
mediated endocytosis; SPDP: Succinimidyl 3-(2-pyridyldithio)
propionate; SUVs: Small Unilamellar SPIONS:
Superparamagnetic iron oxide nanoparticles; TG: Transition

vesicles;

temperature; TEM: Transmission electron microscopy.
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