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Abstract: Tumor heterogeneity makes combination chemotherapy one of the preferred modes
of treatment regimens. In this work, sequential exposure of two anticancer agents, paclitaxel
(Tx) followed by topotecan (TPT), was shown to have a synergistic effect on non-small cell
lung cancer (NSCLC) cell line, NCI-H460. In order to improve patient compliance, the afore-
mentioned concept was translated into a drug delivery system comprising of poly(d,l-lactide-co-
glycolide) (PLGA)—chitosan composite particles. TPT-containing chitosan micro-/nanoparticles
were prepared by the facile technique of electrospraying and encapsulated within PLGA
microparticles using emulsion-solvent evaporation technique for delayed release of TPT. The
formulation containing Tx- and TPT-loaded composite particles demonstrated synergism when
exposed to NCI-H460 cellular aggregates (tumoroids) generated in vitro. Overall, the results
of this study demonstrated the potential of the formulation containing Tx and PLGA—chitosan
(TPT-loaded) composite particles for the treatment of lung cancer.

Keywords: drug delivery system, solid tumor, paclitaxel, topotecan, sequential admini-

stration

Introduction

Tumor heterogeneity and adaptability have limited the application of conventional
single anticancer agent treatment regimen. As a consequence, there has been a gradual
shift toward combination treatment protocols that involve the use of two or more che-
motherapeutic agents with different modes of action. Further, it has been demonstrated
that some anticancer agents such as paclitaxel (Tx) improve response rates following
combination with other anticancer agents as compared to the single-agent (only Tx)
regimen.!? In most cases of combination treatments, the drugs act on dividing cells,
wherein the cancer cell population with reduced sensitivity (or resistance) to one type
of anticancer drug is acted upon by a second drug in order to obtain an improved or
additive/synergistic response.’

In combination chemotherapy, anticancer agents can be administered either simul-
taneously or sequentially, depending on the mode of action of the two drugs and their
toxicity profiles. For example, in a previous study, simultaneous administration of irino-
tecan (topoisomerase | inhibitor) and axitinib (tyrosine kinase inhibitor) demonstrated
enhanced antiproliferative and proapoptotic activities on human dermal microvascular
endothelial cells and pancreatic cancer cells as compared to the individual drugs.* In
another study, sequential exposure of two anticancer agents — Tx, a microtubule-interfer-
ing agent, followed by topotecan (TPT), a topoisomerase-1 inhibitor’ — demonstrated a
synergistic response on a colon cancer cell line.* However, in the aforementioned cases,
these drugs were administered in free form. Administration of anticancer agents in free
form to patients can be associated with certain disadvantages such as poor solubility (in
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case of Tx), poor stability, reduced drug half-life, dose-related
toxicity, increased side effects, reduced patient compliance,
and increased costs to achieve a therapeutic concentration.”
In order to overcome the aforementioned disadvantages, drugs
are usually loaded as cargo in a delivery vehicle that would
release them in a sustained manner.’!! These therapeutic cargo
carriers can enhance the stability (half-life) of the anticancer
drugs and can increase patient compliance by decreasing the
number of doses.®!>* In addition to this, drug carriers can be
modulated to deliver the anticancer drugs to a specific target
site (using targeting molecules or by intratumoral injection),
thereby increasing bioavailability and decreasing systemic
toxicity.'>!'¢ This study involves the development of a drug
delivery system (DDS) that employs TPT and Tx as the drugs
for combination chemotherapy.

Among the various cancer types, lung cancer is the
leading cause of cancer-related deaths throughout the
world.!"” Therefore, this study intended to establish a
DDS for lung cancer treatment. Although a few stud-
ies have reported the application of Tx- or TPT-loaded
microparticles or nanoparticles in the treatment of lung
cancer as single-agent treatment vehicles,'*?' none of
them have employed both Tx and TPT in a single for-
mulation. Since it has been reported that Tx followed by
TPT (sequential administration) was synergistic on colon
cancer cells and lung cancer patients,®?? we proposed
to translate the aforementioned concept in the form of a
core—shell-type DDS. The DDS would provide immediate

3-D tumoroid

Syringe containing
formulation

> PLGA shell

o> Free Tx

TPT-loaded chitosan
micro-/nanoparticles

(Tx preexposure)

release of Tx, followed by a drug-free period (or minimal
TPT release period), which in turn would be followed by
sustained release of TPT (Figure 1). Immediate release of
Tx would be provided by dispersing Tx in a colloidal
suspension of core—shell composite particles. Further,
since the clinical treatment regimen of TPT follows the
cycle of intravenous infusion every day for 5 days,?? it was
hypothesized that the TPT release from the DDS should be
sustained for a period of 5 days.

The core—shell-type particulate DDS was fabricated
using a pH-responsive core made from chitosan, which is a
copolymer of N-acetyl-D-glucosamine and D-glucosamine
units, obtained by alkaline deacetylation of chitin.?
Chitosan has a pK, of 6.2-6.8, which matches the acidic
pH of solid tumors.?* Under mildly acidic pH conditions,
chitosan remains protonated and hence swells, thereby
allowing a faster drug release as compared to neutral/
alkaline pH conditions.? The shell of the formulation was
fabricated using poly(d,l-lactide-co-glycolide) (PLGA),
50:50, which would allow for faster degradation due to
relatively higher glycolic acid content.?® Further, PLGA
has been reported to degrade faster under acidic conditions
(seen in tumors) as compared to neutral pH.?” The degra-
dation products of PLGA (lactic acid and glycolic acid)
would further decrease the local pH, thereby enhancing
drug release from chitosan particles. To the best of our
knowledge, this is the first study that reports the sequential
delivery of Tx followed by TPT using a single depot of Tx
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Figure | Schematic representing the proposed events following administration of formulation containing Tx- and TPT-loaded PLGA—chitosan composite particles to an

in vitro grown 3-D tumoroid.

Note: The up arrows indicate an increase in BcL-xL phosphorylation and topoisomerase | levels.
Abbreviations: 3-D, three-dimensional; PLGA, poly(d,I-lactide-co-glycolide); TPT, topotecan; Tx, paclitaxel.
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dispersed in a suspension of PLGA—chitosan composite
particulate delivery system.

Materials and methods

Materials

TPT and Tx were received as gift samples from Cipla,
India, and their stock solutions were prepared in double
distilled water and dimethyl sulphoxide (DMSO),
respectively. Chitosan (low viscosity) (=200 mPa-s) and
D-,L-glyceraldehyde were procured from Sigma-Aldrich, St
Louis, MO, USA, and PLGA (50:50) (0.16—0.24 dL/g) was
procured from Boehringer Ingelheim, Ingelheim, Germany,
and used as received. Non-small cell lung cancer (NSCLC)
cell line, NCI-H460, was procured from National Center
for Cell Science, Pune, India, and was maintained at 37°C
and 5% CO, in RPMI-1640 media (Sigma-Aldrich). The
media was supplemented with 10% fetal bovine serum
(Invitrogen, Carlsbad, CA, USA), 10 mM 4-(2-Hydroxy-
ethyl)piperazine-1-ethanesulfonic acid (HEPES) buffer
(Hi-Media, Mumbai, India), 100 mM sodium pyruvate
(Hi-Media), 100 U/mL penicillin (Hi-Media), 100 pg/mL
streptomycin (Hi-Media), and 0.25 ug/mL amphotericin B
(Hi-Media).

Cytotoxicity studies with TPT and Tx

Cell viability was determined using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as
reported previously.?® Details of cell viability experiments
are mentioned in the supplementary material. For all combi-
nation treatment experiments, the nature of drug interaction
was analyzed by plotting isobolograms and determining
combination index (CI) values.”3° CI values were calculated
using the formula,

Cl=C,, /IC , + Cyyy /IC

T TPT,x' ~ ~x, TPT

where C;,  and Cp;
in combination, respectively (simultaneous or sequential), to
cause x% (50% in this case) cell death; and IC .,
are concentrations of Tx and TPT used individually to cause
the same effect, ie, 50% cell death. CI value of less than

1 indicates synergism, equal to 1 indicates additive effect,

are concentrations of Tx and TPT used

. and ICX’ T

and greater than 1 indicates antagonism.

Preparation of chitosan micro-/
nanoparticles

Chitosan micro-/nanoparticles were fabricated by a one-
step electrospraying technique as reported previously.3
Electrospraying was chosen since it is known to provide

high encapsulation efficiencies of therapeutic molecules.****
Details of electrospraying experiments are mentioned in the
supplementary material.

Characterization of chitosan micro-/

nanoparticles

Morphology of chitosan micro-/nanoparticles was char-
acterized using scanning electron microscopy. For this,
the samples deposited on a collector plate were sputter
coated with gold and imaged using an FEI Quanta 200 at
a working distance of 10 mm and an accelerating voltage
of 20 kV.

For size and zeta potential analysis, the samples were
dispersed in deionized water using a probe sonicator
(VCX-750, Sonics and Materials, Newton, CT, USA), and
the experiments were performed using a Zeta Sizer (ZS90,
Malvern Instruments, UK).

X-ray diffraction (XRD) studies were performed on TPT-
loaded and unloaded chitosan micro-/nanoparticles in order
to characterize the crystallinity of TPT within the chitosan
micro-/nanoparticles, with an XRD pattern of plain TPT
acting as control. The experiments were performed using
ARL-XTRA (Thermo Electron Corporation, Waltham, MA,
USA), and data were collected over an angular range of
7°-40° (20) at a scanning rate of 3° per minute with a step
size of 0.05°.

Coating of chitosan micro-/nanoparticles
Chitosan micro-/nanoparticles were coated with PLGA
using oil-in-water emulsion-solvent evaporation technique.
Prior to the coating of chitosan micro-/nanoparticles with
PLGA, they were cross-linked using D-,L-glyceraldehyde
as described previously.* The details of these experiments
can be found in the supplementary material.

Characterization of PLGA—chitosan

composite particles

The morphology of PLGA—chitosan composite particles
was characterized using scanning electron microscopy
(refer “Characterization of chitosan micro-/nanoparticles’),
transmission electron microscopy (TEM), Fourier transform
infrared spectroscopy (FTIR), and size and zeta potential
(refer “Characterization of chitosan micro-/nanoparticles’).
The details for TEM and FTIR studies can be found in the
supplementary material.

Encapsulation efficiency and drug release
Encapsulation efficiency and drug release experiments
from the chitosan micro-/nanoparticles and PLGA—chitosan
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composite particles were performed, the details of which are
mentioned in the supplementary material.

Bioactivity of chitosan micro-/
nanoparticles and PLGA—chitosan

composite particles

To assess the stability of TPT in TPT-loaded chitosan
micro-/nanoparticles and compatibility of chitosan micro-/
nanoparticles (following exposure to high solvent concentra-
tion and high voltages during electrospraying), NCI-H460
cells were exposed to TPT-loaded and unloaded particles in
separate experiments, details of which can be found in the
supplementary material. In order to provide a more appropri-
ate simulation of the tumor microenvironment, NCI-H460
tumoroids grown on chitosan—gelatin (CG) hydrogels were
used for testing the bioactivity of the composite DDS.¥’
It has been reported previously that these tumoroids are
similar to tumors grown in vivo in terms of factors involved
in tumor growth, tumor cell — extracellular matrix interac-
tion, tumor invasion and metastasis, and drug resistance.’’
Therefore, these tumoroids can act as a bridging gap between
the conventional two-dimensional (2-D) culture and tumors
grown in vivo. The details of this study can be found in the
supplementary material.

Statistical analysis

All quantitative results were expressed as mean * standard
deviation. Statistical analysis was performed using Student’s
t-test. All values of P<<0.05 were considered to be statisti-
cally significant.

Results and discussion
Combination of TPT and Tx on lung

cancer cell lines

The first set of experiments was performed to determine the
concentrations of TPT and Tx to be used in combination
therapy on the lung cancer cell line, NCI-H460. Figure 2A
and B show concentration-dependent death of NCI-H460
cells following treatment with TPT and Tx, respectively.
The half maximal inhibitory concentration (IC, ) values for
TPT and Tx at the end of 24 hours were found to be 200 and
40 nM, respectively. The data indicated that NCI-H460 cells
were more sensitive to Tx than to TPT.

The combination experiments were performed on NCI-
H460 cells based on the IC, values obtained in the previ-
ous experiment. NCI-H460 cells (Figure 2C) demonstrated
antagonism when exposed to a simultaneous treatment of

TPT and Tx as compared to the individual treatments. This
was probably because either of the drugs may be responsible
for 1) decreased uptake of the second drug by cancer cells,
2) reduced binding of the second drug to its target site,
3) modulating cellular response to the second drug, or
4) modulating the ability of each other to damage cells.*

On the other hand, sequential delivery of Tx preexposure
followed by a drug-free incubation period and then TPT
exposure was synergistic on NCI-H460 cells (Figure 2D).
In particular, treatment of NCI-H460 cells with only TPT
(0.1-10 nM) led to no cell death as compared to control
cells. However, when these cells were pretreated with Tx
(0.1-100 nM), followed by a drug-free incubation period
(19 hours), and then treated with TPT (0.1-10 nM), there
was a significant increase in cell death (P<<0.05) as com-
pared to the additive effect of individual treatment groups.
This was probably because of the following reasons:¢
1) Tx preexposure led to phosphorylation of an antiapoptotic
protein BcL-xL that makes NCI-H460 cells more vulnerable
to TPT and, as a consequence, apoptosis;>** 2) Tx preexpo-
sure also resulted in an increase in topoisomerase 1, which
is the substrate for the second drug, TPT (enhanced topoi-
somerase 1 levels may be because of the increased stability
of topoisomerase-1 enzyme or RNA due to their interaction
with Tx); and/or 3) the drug-free incubation period allowed
an increase in the percentage of cells in S phase of cell cycle,
thereby increasing the probability of TPT—topoisomerase
1-DNA complexes and, eventually, cell death.

Further analysis of the effect of the combination of TPT
and Tx on NCI-H460 cells was performed using the isobole
method*-° (Figure 3). Tx and TPT concentrations that led to
50% cell death were plotted on the X- and Y—axes, respectively,
and the diagonal line joining these two points represented the
zero isobole. Simultaneous treatment of Tx and TPT at con-
centrations that led to a 50% reduction in NCI-H460 cells as
compared to control cells were on the right side of the zero
isobole line. Therefore, when provided simultaneously, the
concentrations of TPT and Tx that led to 50% cell death were
relatively higher (37.5 and 7.5 nM, respectively) as compared
to the individual treatment of TPT or Tx, thereby demonstrat-
ing that the simultaneous treatment was antagonistic. The
Cl values were found to be 2.5 for NCI-H460 cells, indicating
antagonism, corroborating data obtained from the viability
assay (Figure 2C). On the other hand, concentrations of Tx
and TPT that led to 50% decline in NCI-H460 cell viability
when provided sequentially were on the left side of the zero
isobole line, thereby showing that the sequential treatment
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Figure 2 Cell viability of NCI-H460 cells.

Notes: (A and B) Cell viability (percentage of control) of NCI-H460 cells at the end of 24 hours following treatment with increasing concentrations of TPT (A) and Tx
(B). n=3. (C) Cell viability (percentage of control) of NCI-H460 cells at the end of 48 hours (24-hour drug incubation, followed by 24-hour drug-free incubation) following
combination (simultaneous) treatment with TPT and Tx (ratio 5:1). n=3. (D) Cell viability (percentage of control) of NCI-H460 cells at the end of 72 hours (treatment with Tx
[5 hours], followed by drug-free incubation period [19 hours], followed by treatment with various concentrations of TPT [24 hours], followed by drug-free incubation period
for 24 hours). *Indicates significance (P<<0.05) between additive effect of Tx and TPT when treated individually vs their sequential treatment. n=3.

Abbreviations: TPT, topotecan; Tx, paclitaxel.
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Figure 3 Isobologram of TPT and Tx on NCI-H460 cells demonstrating equitoxic
doses of TPT and Tx either alone or in combination (simultaneous or sequential).
Notes: The diagonal line connects IC,; values of TPT and Tx and represents
zero interaction isoboles. Values on the right side of the diagonal line indicate an
antagonistic interaction between the drugs (simultaneous treatment), while those
on the left side of the diagonal line indicate a synergistic interaction (sequential
treatment).

Abbreviations: ICSO, half maximal inhibitory concentration; TPT, topotecan; Tx,
paclitaxel.

was synergistic. The CI value for sequential administration
of Tx followed by TPT was found to be 0.04 for NCI-H460
cells, indicating synergism and corroborating data obtained
from the viability assay (Figure 2D).

Taken together, these results indicated that simultaneous
treatment of Tx and TPT was antagonistic, whereas sequen-
tial administration of Tx followed by TPT (with a drug-free
incubation period in between) demonstrated synergism on
NCI-H460 cells.

Characterization of TPT-loaded chitosan

micro-/nanoparticles

Figure 4A shows a scanning electron micrograph of TPT-loaded
chitosan micro-/nanoparticles demonstrating a smooth rounded
morphology. The size of chitosan micro-/nanoparticles was
642.6£14.9 nm, with a polydispersity index of 0.283+0.012.
Further, due to the presence of amine groups in chitosan, the
zeta potential of chitosan micro-/nanoparticles was positive
and determined to be 34.67+0.71 mV, indicating that the
particles would be relatively stable in a suspension. XRD
was performed to determine the crystallinity of TPT within
TPT-loaded chitosan micro-/nanoparticles. Figure 4B shows
the XRD patterns of TPT, chitosan micro-/nanoparticles, and
TPT-loaded chitosan micro-/nanoparticles. Peaks in the XRD
pattern corresponded to most of the characteristic peaks in crys-
talline form of TPT hydrochloride.*! However, no such peaks
were observed in TPT-loaded chitosan micro-/nanoparticles
or unloaded chitosan micro-/nanoparticles. Absence of peaks
attributed to noncrystallinity of TPT in the TPT-loaded chitosan

PS: 642.6£14.9 nm
ZP: 34.67+0.71 mV

B
TPT

£

s

- TPT-Ch-P
=

(2]

c
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<
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] 1 1 T
0 10 20 30 40

Angle (26)

Figure 4 Characterization of chitosan micro-/nano-particles.

Notes: (A) Scanning electron micrograph of TPT-encapsulated Ch-P synthesized
by the electrospraying technique (scale bar: 10 um). Inset represents a higher
magnification (scale bar: 2.5 um). (B) X-ray diffraction pattern of TPT, Ch-P, and
TPT-loaded Ch-P.

Abbreviations: au, arbitrary units; Ch-P, chitosan micro-/nanoparticles; PS, particle
size; TPT, topotecan; ZP, zeta potential.

micro-/nanoparticles and indicated that TPT was homog-
enously dispersed and present at the molecular state within
chitosan micro-/nanoparticles.*> Drug encapsulation efficiency
of TPT-loaded chitosan micro-/nanoparticles was estimated to
be approximately 100% for 1:20 of TPT:chitosan and 90.09%
for 1:10 of TPT:chitosan. The high encapsulation efficiencies
can be attributed to the hydrophilic nature of TPT and the
favorable interaction between TPT and chitosan.

TPT release from chitosan micro-/

nanoparticles
TPT release from chitosan micro-/nanoparticles was per-
formed under two different pH conditions, pH 6.8 and 7.4

submit your manuscript

3002

Dove

International Journal of Nanomedicine 2015:10


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

PLGA—chitosan composite particles for treatment of lung cancer

(due to the difference in pH between normal and tumor
tissue?*). Under both pH conditions studied, TPT from
chitosan micro-/nanoparticles showed a burst release for
the first 10 hours (Figure 5). This could be attributed to the
presence of adsorbed TPT on the surface of chitosan micro-/
nanoparticles that was readily released into the medium as
a result of desorption. TPT release was faster in phosphate-
buffered saline (PBS) (pH 6.8) as compared to PBS pH 7.4,
indicating the influence of pH on TPT release from chitosan
micro-/nanoparticles. This was probably because, at pH 6.8
and below, chitosan exists as a polycation (pK_ for chitosan
is between 6.2-6.8).* Therefore, pH 6.8 (PBS) caused pro-
tonation of chitosan chains, whereas pH 7.4 (PBS) resulted
in deprotonation of chitosan chains. The protonation in turn
resulted in enhanced repulsion between amine groups of chito-
san, which led to swelling of chitosan particles and faster TPT
diffusion, thereby resulting in enhanced TPT release at pH 6.8
(PBS) as compared to pH 7.4 (PBS).* It was also observed that
the release profile of TPT from chitosan micro-/nanoparticles
at pH 6.8 and 7.4 reached a plateau after 40 hours, which could
be attributed to drug saturation or drug instability.

Hence, it can be concluded that chitosan micro-/
nanoparticles would allow for faster drug release in tumor
tissue (mildly acidic) as compared to healthy tissues.

Bioactivity of TPT released from chitosan

micro-/nanoparticles

TPT was encapsulated within chitosan micro-/nanoparticles
by electrospraying and thus was under the influence of high
voltage and high solvent concentrations during the electro-
spraying process. As a result, its bioactivity could be adversely
affected. Since this study was intended to develop a particulate

-=- PBSpH 6.8 PBS pH 7.4

70

Cumulative release (%)

6 20 40 60 80 100 120 140
Time (hours)
Figure 5 In vitro release kinetics of TPT from TPT-encapsulated chitosan micro-/

nanoparticles in PBS; pH 6.8 and 7.4. n=3.
Abbreviations: PBS, phosphate-buffered saline; TPT, topotecan.

delivery system for the treatment of lung cancer, bioactivity
of TPT encapsulated in chitosan micro-/nanoparticles was
tested on non-small lung cancer line, NCI-H460, as a func-
tion of time. It was observed that with increase in incubation
period, there was a decrease in cell viability in NCI-H460 cells
(Figure 6). Therefore, TPT released from chitosan micro-/
nanoparticles was active in spite of the harsh conditions used
during electrospraying and was being released in a continuous
manner that resulted in increased cell death with increase in
time. However, the placebo particles caused minimal cell
death, indicating their cytocompatibility. Further, the active
lactone form of TPT is more stable under acidic pH conditions
and hence predominates under such conditions.’ Since the
conditions used to synthesize chitosan micro-/nanoparticles
and the tumor pH are acidic in nature, TPT is expected to be
stable and retain its activity during the electrospraying process
as well as in solid tumors.

Fabrication of PLGA—chitosan composite

particles

For the sequential delivery system to be effective, there is a
need for a drug-free incubation period between the two drug
treatments. The strategy employed in this work to enable the
drug-free incubation time of approximately 19 hours was to
coat the chitosan particles with relatively fast hydrolytically
degrading polymer — PLGA (50:50). For the synthesis of
PLGA-coated chitosan composite particles, chitosan micro-/
nanoparticles were cross-linked with D-,L-glyceraldehyde
to prevent TPT loss from chitosan particles while coating.
The encapsulation efficiency of TPT in chitosan micro-/
nanoparticles decreased to 27.95% following cross-linking

100

80

- Placebo Ch-P (NCI-H460)

60 =+ TPT-Ch-P (NCI-H460)

of control

40

20

Cell viability as percentage

0 20 40 60 80 100 120
Time (hours)

Figure 6 Bioactivity (cell viability) of TPT-loaded Ch-P (0.05 mg/mL) on NCI-H460
cells. n=3.
Abbreviations: Ch-P, chitosan micro-/nanoparticles; TPT, topotecan.
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as compared to uncross-linked particles. This was probably
because of the loss of the adsorbed TPT on chitosan particle
surface during cross-linking and washing procedures.
Figure 7A shows a scanning electron micrograph of
PLGA-coated chitosan particles. The average size of com-
posite particles was approximately 2,134+67.5 nm, with a
polydispersity index of 0.343%0.024. The large difference
in particle size between composite particles (2,134467.5 nm)
and chitosan particles (642.6+£14.9 nm) indicated the possible
presence of multiple chitosan particles within one PLGA
microparticle. This speculation was further supported by the
presence of undulations on the surface of PLGA—chitosan
composite particles, which were probably due to multiple chi-
tosan particles within one PLGA particle.* These undulations/
blebs were absent in plain PLGA (data not shown) or chitosan
particles (Figure 4A). In order to confirm PLGA coating on
chitosan micro-/nanoparticles, TEM of composite particles
was performed. Presence of a darker shell around a lighter
core indicated the presence of a PLGA shell around chitosan
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Figure 7 Characterization of PLGA-chitosan composite microparticles.

micro-/nanoparticles core (Figure 7B). TPT encapsulation
efficiency of PLGA—chitosan composite particles was 13.96%
as against 27.97% in glyceraldehyde-cross-linked chitosan
particles. The decrease in TPT loading in coated particles as
compared to uncoated could be attributed to the hydrophilicity
of TPT that led to the loss during coating process.

Further, FTIR of chitosan micro-/nanoparticles, PLGA,
and PLGA—chitosan composite particles (TPT loaded and
unloaded) was performed to demonstrate the presence of
PLGA coating on chitosan micro-/nanoparticles (Figure 7C).
The characteristic peak of the ester bond (C=0 stretch) of
PLGA was observed at 1,760 cm™“*® for PLGA and PLGA-
coated chitosan composite particles (TPT loaded and unloaded)
and was absent in chitosan micro-/nanoparticles. This con-
firmed the presence of PLGA in composite particles.

Zeta potential of PLGA—chitosan composite particles
decreased from a positive value of +34.6+0.7 mV to a negative
value 0f —6.991+2.44 mV (Figure 7D), further corroborating the
presence of PLGA coating on chitosan micro-/nanoparticles.

B
PLGA shell
Chitosan core

w)

Zeta potential (mV)
S

Ch-P PLGA-Ch-P

Notes: (A) Scanning electron micrograph of PLGA-Ch-P (scale bar: 2 um). (B) Transmission electron micrograph of PLGA-Ch-P. The PLGA shell is indicated by the darker
exterior due to the presence of iron oxide particles (6 nm) (scale bar: 0.5 um). (C) FTIR analysis of PLGA-Ch-P (unloaded and TPT loaded), Ch-P, and PLGA powder. Arrow
indicates peak at 1,760 cm™ corresponding to the C=0O stretch that is characteristic of PLGA. (D) Zeta potential of Ch-P and PLGA-Ch-P. n=3.

Abbreviations: Ch-P, chitosan micro-/nanoparticles; FTIR, Fourier transform infrared spectroscopy; PLGA, poly(d,l-lactide-co-glycolide); PLGA-Ch-P, poly(d,-lactide-

co-glycolide)—chitosan composite microparticles; PS, particle size; TPT, topotecan.
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Taken together, the results of this study confirmed the
presence of PLGA coating on chitosan micro-/nanoparticles
resulting in the formation of PLGA—chitosan composite
particles.

TPT release from PLGA—chitosan

composite particles

Since the goal of this study was to devise a DDS that enables
delayed release of TPT from PLGA—chitosan composite
particles, a drug release study was performed in PBS at
two pH values, pH 6.8 (similar to tumor tissue pH) and 7.4
(physiological pH) (Figure 8), as explained in “TPT release
from chitosan micro-/nanoparticles” section. It was observed
that only 23.7%24.1% of TPT was released during the first
24 hours at pH 6.8 (pH of tumor tissue) and 16.4%13.1% at
pH 7.4 (physiological pH), thereby preventing the initial burst
release as observed in uncoated particles (Figure 5). With
increase in time of incubation, there was an increase in TPT
release from PLGA-coated chitosan composite particles over
a period of 144 hours, probably attributed to the erosion pro-
cess. As observed for chitosan micro-/nanoparticles (Figure 5),
the drug release from composite particles was also faster at
pH 6.8 as compared to pH 7.4, due to increased protonation
of chitosan at pH 6.8 as against de-protonation at pH 7.4
(Figure 8). Higher drug release at pH 6.8 can also be attributed
to faster degradation of PLGA, whose degradation is known
to be catalyzed in an acidic environment.?’ The sensitivity of
PLGA and chitosan to an acidic environment led to an overall
increase in TPT release kinetics at pH 6.8 as compared to pH
7.4. This was clearly evident from the cumulative release at
the 144-hour time point, which was 56.4%15.9% at pH 7.4
and 90.66%%8.9% at pH 6.8. Further, during the first 6 hours
when Tx would be administered, approximately 12.5%13.5%

100 -=- PBS pH 6.8

PBS pH 7.4

Cumulative release (%)
(&)
o

0 20 40 60 80 100 120 140 160
Time (hours)

Figure 8 In vitro release kinetics of TPT from PLGA-chitosan composite
microparticles in PBS; pH 6.8 and 7.4. n=3.

Abbreviations: PLGA, poly(d,l-lactide-co-glycolide); PBS, phosphate-buffered
saline; TPT, topotecan.

TPT was released at pH 6.8 and 7.2%12.1% TPT was released
at pH 7.4, indicating minimal interaction between Tx and
TPT, which would otherwise lead to antagonism.

Taken together, the results of this study indicated that
the PLGA coating led to a decrease in burst release of TPT
(irrespective of the pH) and that TPT released from coated
particles was higher at pH 6.8 than at pH 7.4.

Bioactivity of formulation (Tx + TPT-
loaded PLGA—chitosan composite

particles)

Bioactivity of the formulation on NCI-H460 tumoroids gen-
erated on three-dimensional (3-D) CG scaffolds (Figure S1)
was analyzed. In the first set of experiments, these tumoroids
were exposed to a simultaneous treatment of TPT and Tx
(ratio 5:1) and compared with individual TPT and Tx treat-
ment. It was observed that the simultaneous treatment was
antagonistic (Figure S2), thereby corroborating the results
obtained on 2-D TCPS surfaces (Figure 2C). In the next set
of experiments, the tumoroids grown on CG scaffolds were
exposed to sequential treatment of Tx, followed by TPT
(5 hours of Tx preexposure, followed by a drug-free incuba-
tion period of 19 hours, followed by 24-hour treatment with
TPT), and compared to individual treatment of Tx and TPT
(matched for concentration and duration). Tx exposure fol-
lowed by TPT treatment was demonstrated to be synergistic
on 3-D tumoroids (Figure 9) and corroborated the results
obtained on 2-D TCPS (Figure 2D). After demonstrating
synergism using free drugs, the same study was performed
using the developed formulation (Tx + TPT-loaded PLGA—
chitosan composite particles). It was observed that the
NCI-H460 tumoroids demonstrated enhanced cell death fol-
lowing exposure to the formulation as compared to the additive
effect of Tx (free drug) and TPT (PLGA-coated TPT-loaded
chitosan composite particles) when provided individually
(P<<0.05) (Figure 9). It should be noted that the formulation
was not able to provide a completely drug-free incubation
period in between, leading to 23.7%+4.1% TPT release at pH
6.8. This could have adversely affected the synergism between
Tx and TPT since their simultaneous treatment is antago-
nistic (Figure 2C). However, the formulation demonstrated
synergism probably due to minimal interaction between Tx
and TPT during the first 5 hours of Tx preexposure. Further,
even though the decline in tumoroid viability following treat-
ment with sequential administration of free drugs or drugs
in formulation was insignificant, it should be noted that the
formulation would be administered as a single dose that can
significantly increase patient compliance. More specifically,
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Figure 9 Cell viability (percentage of control) of NCI-H460 tumoroids generated
on 3-D chitosan—gelatin scaffolds following treatment with Tx (5 hours), TPT (after
24 hours), Tx followed by TPT, TPT-loaded PLGA—chitosan composite microparticles,
and combination of Tx- and TPT-loaded PLGA—chitosan composite particles.
Notes: Tx and TPT concentrations were 100 and 500 nM, respectively. *Indicates
significance (P<<0.05) between additive effect of Tx and TPT when treated individually
vs their sequential treatment. *¥Indicates significance (P<<0.05) between additive
effect of Tx- and TPT-loaded PLGA—chitosan composite particles (Tx + PLGA-TPT-
Ch-P) when treated individually vs their combination on NCI-H460 tumoroids. n=3.
Abbreviations: 3-D, three-dimensional; Ch-P, chitosan micro-/nanoparticles;
PLGA, poly(d,l-lactide-co-glycolide); TPT, topotecan; Tx, paclitaxel.

the formulation could possibly avoid six intravenous injections
(one for Tx and five for TPT) for the same dose. Further, since
this formulation is being proposed for loco-regional therapy
(intratumoral administration), it is expected that the systemic
toxicity caused by intravenous administration of free drugs
will be significantly minimized. This would lead to increased
bioavailability at tumor site and decreased side effects. This
DDS can especially find applications in inoperable obstruc-
tive NSCLC (ie, tracheal malignant neoplasms that cannot be
resected by surgery)? in the form of intratumoral injections
that could result in a decrease in tumor size thereby rendering
them operable. Further, in another study, it has been reported
that tumor priming through apoptosis-inducing agents such
as Tx and docetaxel has resulted in altered tumor architecture
(in terms of interstitial space) and drug transport (convec-
tive transport and diffusion), thereby resulting in enhanced
subsequent delivery of drug/nanoparticle.** Similar tumor
priming could possibly play a role in enhanced cell death
using the developed formulation. These advantages, combined
with increased patient compliance, demonstrated the clinical
potential of the developed formulation for chemotherapy-
based treatment of lung cancer.

Conclusion
This work involved the development of a drug delivery formula-
tion that allows for combination treatment with Tx and TPT in

a sequential manner. It was shown that independent exposure
of the two drugs (free-state) demonstrated a concentration-
dependent toxicity on a NSCLC line, NCI-H460. Further,
simultaneous exposure of Tx and TPT on NCI-H460 cells
demonstrated antagonism. On the other hand, sequential admin-
istration involving preexposure of Tx followed by a drug-free
incubation period and then TPT exposure showed synergism.

This concept was then translated into a drug delivery
formulation that allowed for Tx preexposure followed by
a delayed release of TPT. For this, TPT was successfully
encapsulated within a chitosan core by electrospraying tech-
nique. Since chitosan is pH responsive and swells under acidic
conditions, chitosan micro-/nanoparticles demonstrated
higher TPT release at acidic pH (tumor microenvironment) as
compared to neutral conditions. TPT-loaded chitosan micro-/
nanoparticles further demonstrated a decrease in NCI-H460
cell viability with an increase in incubation period, thereby
indicating that TPT bioactivity remained unaltered in spite
of high solvent/voltage conditions used during the process of
electrospraying. TPT-loaded chitosan micro-/nanoparticles
were successfully coated with PLGA (to enable a drug-free
incubation period) by emulsion-solvent evaporation tech-
nique. The size of PLGA-coated chitosan composite particles
was approximately 2,134467.5 nm as against 642.6114.9 nm
for chitosan micro-/nanoparticles, indicating the possible
presence of multiple chitosan particles within a single PLGA
particle. Presence of a dark shell around the chitosan core in
TEM, C=O0 stretch in FTIR study, and drop in surface charge
of coated particles (from +34.6 to —6.99 mV) after coating
together confirmed the presence of PLGA coating. Cumula-
tive TPT release from the coated particles was restricted to
23.7%%4.1% (as against 58.5%+4.3% in uncoated particles)
for the first 24 hours and gradually increased to 90.66%%8.9%
at the end of 144 hours. The developed formulation compris-
ing Tx- and TPT-loaded composite particles, when tested
on an in vitro 3-D tumor model, demonstrated synergism as
compared to the additive effect of Tx (free-state) and TPT
(PLGA-coated TPT-loaded chitosan composite particle)
when treated individually. Although a drug-free incubation
period would have been desirable in the first 24 hours, the
developed formulation showed a synergistic effect in spite
of the TPT release (approximately 23%) during the first
24 hours. Such a formulation that provides a sequential
delivery of Tx, followed by TPT at the target site, would
increase drug half-life and patient compliance and improve
treatment (ie, reduced side effects, improved efficiency,
reduced cost to patient, reduced time in hospital for patient,
and better utilization of hospital resources). Taken together,
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the formulation (Tx and PLGA-coated TPT-loaded chitosan
composite particles) demonstrates potential to be used as a
single depot combination therapy for lung cancer treatment.
Although in our studies we demonstrate this combination
treatment modality for lung cancer, it can be extrapolated to
all other cancer types that use Tx and TPT in their treatment
protocol.*
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Supplementary materials
Cell viability — MTT assay

Cell viability was determined using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay, which involves the conversion of MTT
dye (Sigma-Aldrich, St Louis, USA) to a purple-colored
formazan product, an indicator of cell metabolic activity/
viability. Briefly, 5x10° cells were treated with increasing
concentrations of topotecan (TPT) and paclitaxel (Tx).
Following 24 hours of drug treatment, cell culture medium
was removed and the cells were washed with 1x phosphate-
buffered saline (PBS) (pH 7.4). They were then incubated
with MTT dye (0.5 mg/mL in serum-free media) for 4 hours
at 37°C. Following incubation, the media were removed
and insoluble formazan crystals were dissolved in DMSO.
The absorbance was then recorded using a microplate reader
(Tecan, Sunrise) at 570 nm, with a reference wavelength of
650 nm. Cell viability of drug-treated samples was normal-
ized and represented as percentage with respect to untreated
control. The half maximal inhibitory concentration (IC,))
values (drug concentrations that resulted in 50% decline
in cell viability) obtained using the toxicity data of TPT
and Tx on lung cancer cell lines were the ratios used for
simultaneous treatment experiments. For sequential expo-
sure of Tx and TPT, NCI-H460 cells were exposed to Tx
for 5 hours, followed by a drug-free incubation period for
19 hours and then incubation with increasing concentrations
of TPT for 24 hours. For all combination experiments (Tx and
TPT for simultaneous, and TPT for sequential experiments),
cells were treated with the drugs for 24 hours, following
which they were incubated in drug-free medium for another
24 hours before performing the MTT assay.

Preparation of chitosan micro-/

nanoparticles

Briefly, chitosan was dissolved in acetic acid (Merck, India)
and was transferred to a glass syringe, connected to a syringe
pump (Harvard Apparatus, 11 Plus), and subsequently elec-
trosprayed to form micro-/nanoparticles under the influence
of high voltage (gamma high voltage). For the synthesis of
TPT-loaded chitosan micro-/nanoparticles, the drug was
added to the polymer solution prior to electrospraying (1:10
and 1:20 ratio of TPT:polymer) and then electrosprayed.
The optimized parameters for the synthesis of drug-loaded
chitosan micro-/nanoparticles were chitosan concentration,
1.5% (w/v); acetic acid concentration, 90% (v/v); electro-
spraying distance, 12 cm; electrospraying voltage, 25 kV;
needle gauge, 26 G; and flow rate, 0.1 mL/h.

Coating of chitosan micro-/nanoparticles
For coating of chitosan micro-/nanoparticles with PLGA, it
was speculated that while PLGA solution forms particles dur-
ing the oil-in-water emulsification, it entraps chitosan micro-/
nanoparticles within, thereby resulting in the formation of
PLGA-—chitosan composite particles. For this, PLGA was dis-
solved in chloroform, and chitosan micro-/nanoparticles were
dispersed in chloroform. Prior to dispersion in poly(vinyl
alcohol) (PVA) which was dissolved in water, the aforemen-
tioned solutions were mixed together and emulsified in PVA
for different rotation speeds and time periods. The emulsions
were then stirred to allow for chloroform evaporation, cen-
trifuged, washed twice with distilled water to remove PVA,
and then freeze-dried to obtain powdered PLGA—chitosan
composite particles. Various parameters for PLGA coat-
ing on chitosan micro-/nanoparticles were optimized by
one-at-a-time optimization method. The parameters that
were optimized were PLGA concentration (1%—2% w/v),
homogenization speed (5,000—15,000 rpm) (IKA, T25 Ultra
Turrax), PVA concentration (1%—-5% w/v), and time of
homogenization (515 minutes). The optimized parameters
were 2% PVA (w/v) and 2% PLGA (w/v) homogenized for
5 minutes at 10,000 rpm.

For cross-linking of chitosan particles prior to coating,
0.6 mg of glyceraldehyde per milligram of chitosan micro-/
nanoparticles was added to the chitosan micro-/nanoparticle
suspension under magnetic stirring for 2 hours at 5°C. Fol-
lowing this, the particles were centrifuged at 10,000 rpm for
10 minutes, washed with acetone (precooled at 5°C), and
then vacuum dried.

Characterization of PLGA-coated

chitosan micro-/nanoparticles

For TEM, chitosan micro-/nanoparticles were emulsified
along with PLGA in a solution of 2% PVA containing iron
oxide nanoparticles (~6 nm). The samples were placed on a
TEM grid (Tedpella, USA) following solvent evaporation
and subsequent washing steps (to remove PVA) and imaged
using a Tecnai 20 U Twin transmission electron microscope.
For FTIR studies, chitosan micro-/nanoparticles, PLGA, and
PLGA-coated chitosan particles (TPT loaded and unloaded)
were thoroughly milled with KBr and pressed to form pel-
lets, and spectra were then obtained using a Bruker FTIR
Vertex-70.

Encapsulation efficiency and drug release
Chitosan micro-/nanoparticles (TPT-loaded [ratio 1:20]
and unloaded) were dissolved in acetic acid, whereas
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chitosan micro-/nanoparticles (TPT loaded [ratio 1:10] and
unloaded), cross-linked micro-/nanoparticles, and PLGA-
coated chitosan composite particles were dissolved in HCI
(as the cross-linked particles were insoluble in acetic acid)
for encapsulation efficiency and drug-loading experiments.
Using a calibration curve of TPT in acetic acid and HCIl, the
amount of TPT in each type of particle was measured and
was represented using the following formula:

Encapsulation efficiency (%) = (TPT in particles/initial
TPT) x100.

Since HCI was used only for calculating the encapsulation
efficiency of TPT in cross-linked particles, its effect on drug
stability was not evaluated.

For drug release experiments, release kinetics of TPT from
Ch-P and PLGA-coated chitosan composite particles was
studied in 0.1 M PBS (pH 6.8) and 0.1 M PBS (pH 7.4) (which
are tumor tissue and physiological pH respectively) at 37°C
in a water bath shaker at 50 rpm. Drug release experiments
were performed in sink conditions, wherein the sample was
withdrawn at regular time intervals and was replenished with
fresh buffer. Absorbance of the sample was measured using a
UV spectrophotometer (Thermo Electron Corporation, Helios
UV 1). The amount of TPT was determined using previously
plotted calibration curves of TPT in 0.1 M PBS (pH 6.8) and
0.1 M PBS (pH 7.4). TPT release was plotted as percentage
cumulative release (%) as a function of time (h).

Bioactivity of chitosan micro-/
nanoparticles and PLGA-coated

chitosan composite particles

To study the bioactivity of chitosan micro-/nanoparticles,
5x103 cells were treated with 0.05 mg/mL chitosan micro-/
nanoparticles (TPT loaded and unloaded in separate experi-
ments) following 24 hours of seeding in a 96-well plate.
MTT assay was performed at the end of 24, 48, 72, 96, and
120 hours (see “Cytotoxicity studies with TPT and Tx”
section), and the data of cell viability were represented as
percentage of control. For the bioactivity of composite par-
ticles, 1x10° cells suspended in 10 uL volume were seeded
on 3-D chitosan—gelatin (CG) scaffolds. Cells were allowed
to adhere on CG scaffolds for 2-3 hours, following which
500 uL of cell culture media was added to each well. The
cells were allowed to grow for a period of 6 days on the CG
scaffolds (Figure S1), following which the bioactivity of
PLGA-coated chitosan composite particles were studied on

Figure S1 NCI-H460 cell spheroid/tumoroid generated on chitosan—gelatin 3-D
scaffolds at the end of day 6.

Note: Scale bar: 50 um.

Abbreviation: 3-D, three-dimensional.

them. In the first set, NCI-H460 tumoroids were treated with
free Tx (100 nM), free TPT (500 nM), and combination of
free Tx and free TPT (ratio 1:5) (Figure S2). In the second
set, NCI-H460 tumoroids were treated with Tx (5 hours
of preexposure), free TPT, free Tx followed by free TPT
(Tx exposure for 5 hours, followed by drug-free incuba-
tion period of 19 hours, followed by free TPT exposure for
24 hours), PLGA-coated TPT-loaded chitosan composite par-
ticles, and combination of Tx and PLGA-coated TPT-loaded
chitosan composite particles. MTT assay was performed
at the end of 48 hours of incubation, and the values of cell
viability were represented as percentage of control.

sol | 1

Cell viability as percentage
of control
5 8

TPT + Tx
(simultaneous)

Control

Figure S2 Cell viability (percentage of control) of NCI-H460 tumoroids generated
on 3-D chitosan—gelatin scaffolds following treatment with TPT, Tx, and Tx + TPT.
Notes: Concentrations of Tx and TPT were 100 and 500 nM, respectively.
*Indicates significance (P<<0.05) between additive effect of Tx and TPT when treated
individually vs their simultaneous treatment on NCI-H460 tumoroids (n=3).
Abbreviations: 3-D, three-dimensional; TPT, topotecan; Tx, paclitaxel.

submit your manuscript

3010

Dove

International Journal of Nanomedicine 2015:10


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

PLGA—chitosan composite particles for treatment of lung cancer

International Journal of Nanomedicine

Publish your work in this journal

The International Journal of Nanomedicine is an international, peer-
reviewed journal focusing on the application of nanotechnology
in diagnostics, therapeutics, and drug delivery systems throughout
the biomedical field. This journal is indexed on PubMed Central,
MedLine, CAS, SciSearch®, Current Contents®/Clinical Medicine,

Dove

Journal Citation Reports/Science Edition, EMBase, Scopus and the
Elsevier Bibliographic databases. The manuscript management system
is completely online and includes a very quick and fair peer-review
system, which is all easy to use. Visit http://www.dovepress.com/
testimonials.php to read real quotes from published authors.

Submit your manuscript here: http://www.dovepress.com/international-journal-of-nanomedicine-journal

International Journal of Nanomedicine 2015:10

submit your manuscript

Dove

3011


http://www.dovepress.com/international-journal-of-nanomedicine-journal
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
www.dovepress.com

	Publication Info 2: 
	Nimber of times reviewed: 


