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ABSTRACT

Objectives: Indole and its derivatives are gaining importance because of their anti-cancer activity. Here, we have
reported the synthesis and characterization of novel polymeric poly D, L-lactide-co-glycolide (PLGA) indole
nanoparticles, and investigated their cytotoxic potential against A549 lung cancer cells. Materials and methods:
Nanoparticles were synthesized by solvent emulsion-diffusion-evaporation method. Size determination was done
by Transmission Electron Microscopy (TEM), encapsulation efficiency using UV-Vis spectra, release kinetics using
dialysis, measurement of drug-polymer interaction by Fourier Transform Infra Red Spectroscopy (FTIR) and surface
charge by zeta potential. Cell viability of lung cancer cells (A549) was determined by (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay and morphological analysis. Results: Nanoparticles were spherical
in shape with an average diameter of 65 nm, encapsulation efficiency was found to be about 78% and zeta potential
was —15.2mV. Drug-loaded nanoparticles showed sustained release kinetics fitting well in exponential Higuchi and
Zero order Model. FTIR studies showed a broadening of the peak of PLGA indole nanoparticles at 2100-3400 cm!
indicating the formation of drug-loaded nanoparticles. These nanoparticles showed about 95% cytotoxicity against
A549 lung cancer cell lines. Results were supported by visible morphological changes in cells. Conclusion: PLGA
encapsulated Indole nanoparticles were stable, having sustained release and good cytotoxic potential.
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INTRODUCTION

Cancer has emerged as a debilitating complex disease
over the last many decades. Although advances in research in
some cancers have led to the successful prognosis of the disease,
in most cases especially in advanced stages, it continues to
remain incurable. Development of new generation of drugs with

minimal side effects continues to be the mainstay of all research
work undertaken to combat this deadly disease. The advent of
nanotechnology has brought new hope in cancer treatment by
targeted delivery, increased half-life, better stability and sustained
release of the drug and hence helped in mitigating the problem of
side effects (Hariharan ef al., 2006). There are reports of different
classes of nanoparticles that might serve as potential anti-cancer
agents themselves. The class of nanoparticles ranges from
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transition metal oxides (Pandey et al., 2016; Tarnuzzer et al., 2005;
Sankar et al., 2014), chitosan derivatives (El-Sayed et al., 2017) to
ceramics (which includes hydroxyapatite nanoparticles) (Kundu
et al., 2013). However, an alternate and popular approach in the
field of nanomedicine is by either encapsulating the anti-cancer
agent or adsorbing it in delivery vesicles i.e. nanoparticles (Mirza
and Siddiqui). The agents that are used for encapsulating the drugs
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should be biocompatible in nature, and therefore, polymers have
gained much importance. PLGA (Poly D, L-lactide-co-glycolide)
is one such polymer widely used in drug delivery. These have
been reported to have biocompatible nature, sustained release and
non-immunogenic properties. Alternatively, other agents have
also been experimentally proven to have efficient anti-cancer
activities, however, the hydrophobic nature of the majority of
such compounds restricts their bioavailability and lack of proper
targeting reduces their efficacy and brings about undesirable side
effects.

Natural products have served over the ages as potential
anti-cancer agents like curcumin, quercetin, Vitex agnus-castus
extract, etc. (Ghosh et al., 2012, Ghosh et al., 2010, Ibrahim
et al, 2017) in lieu of their potent antioxidant capabilities.
Nitrogen, containing aromatic heterocycles, makes a major class
of natural compounds that have medicinal applications. Among
the aromatic nitrogenous heterocycles that serve as potential
scaffolds for experimental anti-cancerous drug design, indole
and its derivatives constitute a very important clan (Patel et al.,
2012; Chu et al., 2011). Indole and its derivatives have shown
promising anti-cancer activities rendering them of high interest
to researchers (Patel er al., 2012). Indole conjugated Gold
nanoparticles have been reported to function as anticancer agents
when used individually and in combination with therapeutic doses
of ionizing radiation (Jain et al., 2012). Indole has been found
to regulate several microbial processes like motility, biofilm
formation, quorum sensing, among others (Li and Young 2013;
Lee et al., 2009; Kim et al., 2010).

Till now, experimental work has been primarily done
with indole derivatives like Indole-3-acetic acid (IAA), Indole-3-
carbinol for their putative anti-cancer properties. Indole and its
derivatives are potent inhibitors of tubulin polymerization as well
as DNA topoisomerases, leading to their screening as anti-cancer
drugs. Indole-3-carbinol has been found to be effective against
MCEF-7 cell line, both in vitro and in vivo (Wang et al., 2013).
These derivatives have shown better results and fewer side effects
compared to conventional chemotherapeutic drugs against various
cancer cell lines (Wang et al., 2013; Kim and Milner, 2005; Luo
etal.,2013).

However, reports suggest that Indole-3-carbinol have
a tendency to oligomerize in acidic and even neutral conditions.
This oligomerization reduces its bioavailability following oral
administration, and finally in the gastric conditions of the stomach
(Kim and Milner, 2005). To overcome this problem, chitosan
nanoparticles of indole-3-carbinol have been prepared to improve
the stability of the compound for better efficacy (Luo et al., 2013).
PLGA nanoparticles of Indole-3-Acetic acid have been reported
to be effective against breast, colon, and prostate cancer cell lines
(Shaikh et al., 2009). Since indole derivatives have been shown
to be effective against human cancers; indole also seems to be
very promising for being an effective anti-cancer agent. However,
keeping in mind the instability of indole and its derivatives,
encapsulating indole in nanoparticles should work better in
in-vitro and in vivo conditions.

Till now, there is no report available on the preparation
of nanoparticles of indole itself. Here, we report an emulsion-
diffusion-evaporation method for the preparation of PLGA
encapsulated indole nanoparticles with controlled size and

sustained release properties fitting well with exponential Higuchi
model and zero order model of drug release kinetics (Gouda et
al., 2007; Thakkar et al., 2009). These nanoparticles have shown
efficient anti-cancer activities by increasing cell cytotoxicity
against A549 lung cancer cell line.

MATERIALS AND METHODS

Materials

Polylactide-co-glycolide (PLGA) (Resomer RG 85:15H),
Polyvinyl alcohol (PVA, MW:30000-70000), Indole were purchased
from (Merck, India). A549 cell line used in the study was obtained
from NCCS, Pune Dulbecco’s modified Eagle’s medium (DMEM),
(GIBCO, USA) supplemented with 10% fetal bovine serum and 5 mg/
ml ciprofloxacin (Sigma, USA) was used for cell culture. Cells were
cultured in a humidified incubator at standard condition of 18% O,
and 5% CO, at 37°C for an appropriate period of time using similar
procedure (Pandey et al., 2016).

Preparation of PLGA encapsulated indole nanoparticle

A modified emulsion-diffusion-evaporation method was
used to make the nanoparticles using the similar procedure as
described by Ghosh et al. (2010). In brief, 50 mg of PLGA was
dissolved in Sml of ethyl acetate at room temperature. Indole (5
mg) was dissolved in 2 ml of ethyl acetate. The organic solution
of PLGA and drug in ethyl acetate was then emulsified with 10
ml of an aqueous phase containing 2% polyvinyl alcohol (PVA).
The resulting o/w emulsion was stirred at room temperature for
three hours before homogenizing at 15,000 rpm for 5 min with
a high-speed homogenizer. The organic solvent was removed by
constant stirring on a water bath set at room temperature. The
suspension was centrifuged at 105,000 g in Sorval RC 5B Plus
using the rotor sorval T-865 for one hour. Nano pellet was washed
and resuspended in PBS buffer.

Physicochemical characterization of nanoparticles

Encapsulation efficiency

To estimate the encapsulated drug in the nanoparticles,
the pellets were dissolved in ethyl acetate and kept for three days at
4°C. The O.D was measured at A,___(Indole) 545 nm using a unicam
UV-Vis spectrophotometer. The percentage of encapsulation was
calculated from the absorbance value.

Particle size analysis

The nanoparticle suspension was sonicated properly,
and then a drop was added to a carboncoated copper grid, dried
and observed under Transmission Electron Microscopy (TEM)
for particle size analysis. TEM was performed at an accelerating
voltage of 300 kV. Photomicrographs were obtained using TEM
(Tecnai G2 30, FEI, Netherlands) using the same procedure as
described by Ghosh et al. (2010).

Release kinetics

This was carried out in a phosphate buffer saline (PBS)
medium, according to the method of Shaikh ez al. (2009). A small
amount of nanoparticle suspension was kept in a dialysis bag
and the bag was immersed in a sink (PBS solution) at 37°C with
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moderate shaking. At different time periods, a known amount of
the sink solution was withdrawn and the absorbance was taken at
280 nm using a UV-Vis spectrophotometer. The amount withdrawn
was replaced by fresh medium. This experiment was performed in
triplicate and the mean value was taken.

Mathematical model fitting of the release kinetics data

Different mathematical models were utilized to understand
drug release kinetics of indole from PLGA nanoparticle. Here, the data
was fitted to Zero order, First order and Higuchi model (both in linear
and exponential mode) respectively (Dash et al., 2010). For Zero
order model, the working equation taken was C,= C + Kt (Dash et
al., 2010)

Ct= amount of drug released at time ¢,

C =initial concentration of drug at time ¢ =0,

0
K = zero-order rate constant.

Fgr the First order model, the equation used was DC/dt =
K C.

K, is the first order rate constant, expressed in time™! or per
hour (Dash et al. 2010).

However, one of the most prominent models used in
current day drug release kinetics is the Higuchi model which is
based on both diffusion and dissolution of the drug (Subal, Patil
et al. 2007). The classical basic Higuchi equation is represented
by O = (Dy/7(2C - 6.C)C.t)""

Where, O = cumulative amount of drug released in time t/
unit area, C, = initial drug concentration, C = drug solubility in the
matrix and D = diffusion coefficient of the drug molecule in the matrix.
In all of these aforementioned models, suitable parameters were
plotted and from the value of R? the fitting of the data to a particular
model was analyzed.

Fourier transform infrared spectroscopy (FTIR) analysis

Fourier transform infrared spectroscopy (FTIR) was
used for detecting any possible drug-polymer interaction. For the
FTIR analysis, the nanoparticle samples were dried and grounded
with KBr pellets and analyzed on a Nicolet IR 200 (Thermo
Electron Corp, US).

Surface charge

The nanoparticles were sonicated properly and their
surface charges were measured using a zeta sizer (ZetasizerNanoZs;
Malvern Instruments, Malvern, UK).

Cytotoxicity analysis

The cytotoxic potential of the PLGA-Indole nanoparticles
was assessed using MTT assay (3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide) as described previously by (Pandey
et al., 2016). Wells containing complete medium, nanoparticles
and MTT reagent without cells were used as blanks.

Cell morphology

About 3 x 10*cells were seeded in four-well chamber
slide, and, after overnight culture, treated with PLGA indole
nanoparticles (10 pg/ml, 30 pg/ml, 50 pg/ml) for 6 days at 37°C.
Cells were then quickly washed with 1 ml PBS and visualized by
a Zeiss Axiovert (Germany) 40 C microscope at a magnification
of 40X.

Statistical analysis

The mean and standard error was calculated for
cytotoxicity analysis and release kinetics data. Student’s ‘t-test’
was used for the statistical validation of cytotoxicity data. P <0.05
was taken as the minimum level of significance.

RESULTS AND DISCUSSION
Physicochemical characterization

Transmission electron microscopy (TEM) analysis

The PLGA-indole nanoparticles formed were spherical
in shape with an average diameter of 65 nm (Figure la). The
nanoparticles formed did not exhibit any agglomeration. The
small size of nanoparticles is crucial for increased cellular activity
as the cellular uptake and biological functions of colloidal systems
are largely controlled by particle size where a reduced size results
in a significantly better uptake of these nanoparticles by the tumor
cells and increased half-life in plasma (Murugan et al., 2015).

Encapsulation efficiency

High encapsulation efficiency of the drug encapsulated
nanoparticles is preferable for efficient use of the drugs used to
prepare the nanoparticles. This is also important since it requires
a lesser amount of nanoparticles to achieve a particular effective
dose, thus, reducing the chances of any possible toxicity that
might result from the agent used to encapsulate the nanoparticles.
The encapsulation efficiency of the nanoparticles was found to
be 78%, indicating better encapsulation of indole in PLGA as
compared to the other reported nanoparticles of indole derivatives
till date (Luo et al. 2013).

Release kinetics

Release kinetics is an important parameter of
nanomedicine as it indicates its efficacy and stability. Effective
anti-cancer treatment demands sustained release of the drugs.
An early burst release is sometimes preferable, followed by
a sustained release. The initial burst release gives maximum
relief immediately and the following sustained release is
desirable to avoid repeated administration (Preetha et al., 2015).
However, generally, the most preferable release pattern for a
drug encapsulated in a nanoparticle is sustained release over a
prolonged period of time. Here, in this work release pattern of
the PLGA encapsulated indole nanoparticles showed a sustained
release over a period of 20 days (Figure 1b). After 20 days, the
cumulative release was 50%. The sustained release pattern is
desirable for nanoparticles in treating cancer cells as the drug
works much better than the nanoparticles showing only burst
release kinetics. The chitosan nanoparticles of indole-3-carbinol
& 3,3’-diindolemethane synthesized by Luo et al. (2013)
showed a burst release within the first half-an-hour, followed
by a sustained release, about 80% over a period of only seven
hours. Indole nanoparticles showed a sustained release pattern
persisting over a period of 20 days and without any burst release,
confirming the much better stability of the nanoparticles as
compared to previous reports till date (Luo et al., 2013).

Mathematical model fitting of the release kinetics data
Release kinetics data of indole was fitted against Zero
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order model, First order model, Higuchi model (linear and
exponential mode) respectively (Figure 2). R* values of all them
were analyzed, and it was found that the exponential Higuchi
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Fig. 1: Physicochemical Characterization of PLGA encapsulated indole nanoparticles showing Transmission Electron Micrographs (TEM) (a) release kinetics in in vitro
conditions (PBS at 37°C), results are replicated in triplicates (b) and FTIR-spectrum (c) a) PLGA-Indole nanoparticles, b) Indole, ¢) PLGA.
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Fig. 3: (a) In vitro cell cytotoxicity (MTT Assay) exhibited by PLGA-Indole nanoparticles on A549 cells, after 2 days (a,) and 6 days (a,) incubation. (* = P < 0.05 vs.
DMSO control). [Each bar represents a minimum of 18 data points from three biological replicates and six technical replicates analyzed of each biological replicate.
The standard deviation is negligible in most cases.] (b) Representative microphotograph of DMSO treated control cells and PLGA-Indole nanoparticle-treated cells on

A549 cells after 6 days of incubation at 60X magnification.

Fourier transform infrared spectroscopy (FTIR) analysis

FTIR analysis is an important technique in determining
any drug-polymer interaction. It is also helpful in judging
the effective formation of drug encapsulated nanoparticles. A
comparison of FTIR spectra of the free drug, polymer and the
polymer encapsulated drug generally presents a good assessment of
the extent of encapsulation through the peak shifting of functional
groups. Here in this work, the FTIR analysis (Figure 1c¢) revealed
no major shift as well as no loss of functional peaks of the spectra
of drug-loaded PLGA nanoparticles compared to that of indole
and native PLGA, indicating no major drug-polymer interactions
that can change the effective nature of any functional group. A
similar observation was reported by Ghosh et al. (2012) for PLGA
encapsulated curcumin nanoparticles. The broadening of the peak
of PLGA encapsulated indole nanoparticles at the region 2100-
3400 cm™ is indicative of interaction of secondary N-H group of
indole with encapsulating PLGA moiety, suggesting the successful
formation of PLGA encapsulated indole nanoparticles.

Surface charge

Zeta potential of the nanoparticles was found to be —15.2
mV (Figure 1d). Previous reports on A549 cells showed that these
cells indicated mean ZP of —10.2 mV with a deviation of £19.7
mV (Honary et al., 2007). This suggests that these negatively
charged nanoparticles bind to some specific cationic sites of the

cell membrane in a cluster-wise manner (Patila e al., 2007). High
cellular uptake of negatively charged nanoparticles, therefore,
seems to be a combination of non-specific adsorption and cluster
formation of nanoparticle on cell membrane surface.

Cytotoxicity analysis

The cytotoxic potential of PLGA indole nanoparticles
against non-small cell lung cancer cell lines was studied. The
nanoparticles significantly decreased the viability of A549 cell
lines in a dose-dependent manner (Figure 3) from 85% to 10%
in two days and from 75% to 15% in 6 days. The IC, value for
PLGA indole nanoparticles in A549 was found to be ~50 pg/ml
and ~30 pg/ml respectively for 48 hours (two days) and 144 hours
(six days) treatment (Figure 3a). The prolonged incubation of
A549 cells with 50 pg/ml of indole PLGA nanoparticles, showed
an increase in cellular cytotoxicity from 50% to 95% suggesting
a better effect of nanoparticle due to sustained release (Figure 3a,
and Figure 3a,). It was observed that indole PLGA nanoparticles
caused appreciably higher cytotoxicity to A549 cells at all doses
as compared to DMSO control, the results were statistically
significant at P < (0.05.

Cell morphology

The photomicrographs of the A549 cells treated with
different concentration of PLGA indole nanoparticles showed
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changes in a cellular structure like reduced cell size, pyknosis,
karyorrhexis, indicating the cytotoxic effect of nanoparticles.
The decrease in a number of viable A549 cells with increasing
concentrations of PLGA indole nanoparticles (10 pg/ml, 30 pg/
ml, 50 pg/ml) as compared to untreated cells too suggested potent
cytotoxicity as shown by the nanoparticles.

CONCLUSIONS

Stable and biocompatible PLGA encapsulated indole
nanoparticles were successfully synthesized. The nanoparticles
showed considerably small particle size with good encapsulation
efficiency and sustained release properties fitting very well in
exponential Higuchi model and Zero order model. TEM and FTIR
analysis confirmed the formation of the drug-loaded nanoparticles.
These nanoparticles showed about 95% cytotoxicity to A549
cancer cells at 50 ng/ml concentration after six days. Use of high
concentration of anticancer drugs is seen to have significant side-
effects in patients. Hence, there is a need to develop effective
drug delivery systems containing low amounts of the anticancer
drug with sustained release properties. The data obtained in our
experiments suggest that effective cytotoxicity is achieved with
a reduced concentration of the anti-cancer drug in the PLGA
nanoparticles on increasing the duration of incubation of these
nanoparticles with the cancer cells. This is a promising therapeutic
intervention achieved with our formulation.

These highly stable PLGA encapsulated indole
nanoparticles appear to be potentially promising anti-cancerous
agents. Further in vitro and in vivo studies need to be performed to
assess and characterize its function in vitro and in vivo.

ABBREVIATIONS
PLGA: poly D, L-lactide-co-glycolide;
TEM: Transmission Electron Microscopy;
FTIR: Fourier Transform Infra Red Spectroscopy;
MTT: (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide.
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