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Localized cancer rates are on an upsurge, severely affectingmankind across the globe. Timely diagnosis and

adopting appropriate treatment strategies could improve the quality of life significantly reducing the

mortality and morbidity rates. Recently, nanotherapeutics has precipitously shown increased efficacy for

controlling abnormal tissue growth in certain sites in the body, among which ligand functionalized

nanoparticles (NP) have caught much attention for improved survival statistics via active targeting. Our

focus was to repurpose the antihelminthic drug, niclosamide (NIC), which could aid in inhibiting the

abnormal growth of cells restricted to a specific region. The work here presents a one-pot synthesis of

niclosamide encapsulated, hyaluronic acid functionalized core–shell nanocarriers [(NIC-PLGA NP)HA] for

active targeting of localized cancer. The synthesized nanocarriers were found to possess spherical

morphology with mean size of 150.8 � 9 nm and zeta potential of �24.9 � 7.21 mV. The encapsulation

efficiency was found to be 79.19 � 0.16% with a loading efficiency of 7.19 � 0.01%. The nanohybrids

exhibited extreme cytocompatibility upon testing with MDA-MB-231 and L929 cell lines. The rate of

cancer cell elimination was approximately 85% with targeted cell imaging results being highly

convincing. [(NIC-PLGA NP)HA] demonstrates increased cellular uptake leading to a hike in reactive

oxygen species (ROS) generation, combating tumour cells aiding in the localized treatment of cancer

and associated therapy.
1. Introduction

Cancer is dened as group of distinctive disorders characterized
by the uncontrolled multiplication of cells.1 Cancer cells have
an increased tendency to proliferate and spread to other body
parts eventually displacing healthy cells leading to fatalities.2

Though attempts to destroy the abnormal cell division were
implemented in late 40's nothing seemed successful.3,4

Numerous factors like metabolism, age, immune system, drug–
drug interactions and several interpersonal variations are the
foremost factors which contribute to this dreadful disorder.5,6

Considering this fact, there is no gold standard protocolized
treatment to combat this life threatening disorder.7–9 To deal
with this matter, the science of manipulating individual atoms
and molecules, “Nanotechnology”, has come forward with the
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design of drug carriers and various other systems to diagnose,
cure and mitigate cancer.10,11 Nanotherapy is the novel mode of
treatment strategy applied for curing cancer and there is a need
to address various concerns in pharmacotherapy such as; the
property of substance and its optimization, and safety issues at
the nanolevel.12 An ideal nanocarrier to combat cancer should
respond to stimuli13 able to attach with imaging specimens,
biomarkers, genetic material and should be inert with drugs
presenting high encapsulation efficiency.9,14 Even the nano-
carriers suffer from various hurdles such as; sophisticated
design, time-consuming process, high cost products, low
product yield, poor cellular internalization and therapeutic
ability if not synthesized vigilantly.15,16 Nanomedicine platforms
were considered to be a therapeutic arsenal for cancer treat-
ment with tremendous impact years ago with the advent of
Doxil and Myocet, being clinically approved along with lipo-
somal formulations.17 With regard to localized cancer therapy,
controlled release of chemotherapeutics has paved the way for
destruction of tumour development.18 In this work, we proposed
the synthesis of niclosamide (NIC) loaded, poly-lactic-co-glycolic
acid (PLGA) nanoparticles (NP) further functionalized with
hyaluronic acid for effective targeting.

Our approach was in choosing FDA approved biomaterials
for designing the nanoformulation so as to prevent complica-
tions of toxicity. Study here discusses the synthesis,
This journal is © The Royal Society of Chemistry 2019
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View Article Online
characterizations and efficacy of NIC encapsulated PLGA
nanocarrier functionalized with hyaluronic acid to combat
against cancer. PLGA has been utilized in the study due to its
commonness being used in prolonged clinical and biomedical
applications.19 PLGA has good biocompatibility, degradability,
and is an ample nanocarrier in exhibiting controlled drug
delivery.20 Moreover, owing to exibility in surface properties of
PLGA, it could be tuned with respect to the biomedical appli-
cations.21 Moreover, PLGA has gained US-FDA approval to be
used as a safe biomaterial.22,23 Despite merits, PLGA suffers
from demerits like; poor colloidal stability, low product yield,
uncontrolled particle morphology, low cargo capacity, fast
aggregation, slow degradation, poor cellular uptake which are
the major issues to be discussed requisitely.24 To overcome
these limitations we have surface modied PLGA nanoparticles
with hyaluronic acid to further promote active targeting.25 PLGA
NPs were synthesized via emulsion solvent evaporation method
and functionalized using hyaluronic acid. Hyaluronic acid (HA)
is a linear mucopolysaccharide, which plays a vital role in
extracellular matrix. HA is available in different molecular
weights of which, higher molecular weight HA is preferred over
others due to its anti-angiogenic,26 anti-inammatory27 and
high CD44 binding capacity.28 HA modication of nanocarriers
has led to enhancement in drug delivery, to actively target CD44
overexpressed cancer cells and suppress them further impeding
its progression.29,30

The drug of choice employed for the study was well known
FDA approved anthelmintic drug, niclosamide.31 NIC is
a teniacide with reported activities to be involved in inhibiting
signaling pathways to serve against cancer progression,
whereby creating a multi-purposing or repurposing of an
existing drug. The drug used is cost effective that formulate an
affordable formulation when compared to most of rst choice
of drugs used in cancer treatments. Moreover, the drug has
shown promising anti-cancer activity against 60 different
human cancer cell lines.32 The signicant therapeutic action of
NIC with regard to cancer therapy is in blocking of multiple
intracellular signalling pathways like STAT3, Wnt/b-catenin,
mTORC1, NF-kB, and Notch.33–37 Therefore, an efficient drug
delivery system that can deliver this drug to the target site needs
to be developed. Therefore, our basic research strategy was in
the developing cost effective, readily available biomaterials
being synthesized in a facile one pot strategical approach to
ght against cancer leading to complete tumour suppression
and further hindering its progression to specic sites of the
body.

2. Materials and methods
2.1 Materials

Polymer poly (lactic-co-glycolic) acid (PLGA) (50 : 50, 17 kDa)
was obtained as gi sample from Corbion Purac Biomaterials
(Gorinchem, Netherlands). Hyaluronic acid (MW 1000–1600
kDa) was purchased from Kumar Organic Products Ltd. (Ban-
galore, India). Niclosamide and uorescein isothiocyanate
(FITC) were acquired from Sigma-Aldrich (St. Louis, USA).
Polyvinyl alcohol (PVA) (85–125 kDa molecular weight, 86–89%
This journal is © The Royal Society of Chemistry 2019
degree of hydrolysis) was purchased from S. D. Fine-Chem
Limited (Mumbai, India). Organic solvents (HPLC grade);
ethyl acetate, and acetone were bought from Merck Pvt., Ltd.
(Mumbai, India). The MDA-MB-231 and L929 cells were
procured from the cell repository at National Centre for Cell
Science (NCCS), Pune, Maharashtra, India. Dulbecco's
phosphate-buffered saline (DPBS), Dulbecco's modied Eagle's
medium (DMEM), fetal bovine serum (FBS), streptomycin,
trypsin and cellulose dialysis bag were purchased from
Himedia (Mumbai, India). 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), 20,70-dichlorouorescin
diacetate (DCFDA), propidium iodide and RNase A were
purchased from Sigma-Aldrich (St. Louis, United States). All
other chemicals used in the study were of analytical grade
purchased fromMerck Pvt., Ltd. (Mumbai, India) and were used
as received without further alteration. Experiments were per-
formed in triplicates for conrmation of results.

2.2 Preparation of HA functionalized PLGA nanoparticles

Niclosamide encapsulated PLGA nanoparticles (NIC-PLGA NP)
were prepared by emulsion solvent evaporation method.38

Briey, 25 mg of PLGA and 2.5 mg of NIC was dissolved in 5 mL
of ethyl acetate to give organic phase. This organic solution was
added dropwise into 10mL of aqueous phase containing 1%w/v
PVA under gentle stirring. Subsequently, the emulsion formed
was sonicated for 10 min at 40% amplitude (3 s on and 2 s off
cycle). The emulsion obtained was subjected to magnetic stir-
ring for 4–5 h assuring complete evaporation of ethyl acetate.
The obtained dispersion was taken in a dialysis bag (MWCO 12
kDa) and kept for dialysis in millipore water for 4 h to remove
the unentrapped drug. The uniform dispersion of nanoparticles
formed were stored at 4 �C. The particles upon lyophilisation
were utilized for further studies. Simultaneously, drug loaded
PLGA NP with HA coating [(NIC-PLGA NP)HA] were prepared by
using the same method, additionally incorporating 0.1% w/v
HA in the aqueous phase. Bare PLGA NP and [(PLGA NP)HA]
were also prepared for result comparison. On the other hand,
FITC loaded PLGA nanoparticles FITC-PLGA NP and [(FITC-
PLGA NP)HA] were prepared by replacing drug with dye (with
10% loading ratio) to aid in carrying out cell uptake studies.

2.3 Characterization of nanoparticles (NP)

2.3.1 Hydrodynamic diameter, zeta potential, encapsula-
tion and loading efficiency. Hydrodynamic diameter, poly-
dispersity index (PDI) and zeta potential (surface charge, z) of
the developed NP were measured using Zetasizer Nano ZS 90
(Malvern Instruments Ltd., Worcestershire, UK). The mean
hydrodynamic diameter (nm) of NP was measured by dynamic
light scattering (DLS) at 25 �C. The polydispersity index (PDI)
was recorded for all samples to dene the homogeneity of NP.
The zeta potential of NP was measured using Laser Doppler
Anemometry (LDA) to determine the electrophoretic mobility
and particle stability. Nanoparticles were calculated for their
encapsulation efficiency using direct method, where a weighed
amount of drug loaded nanoparticles were dispersed in ethanol,
followed by sonication for 5 min (40% amplitude) and kept in
RSC Adv., 2019, 9, 26572–26581 | 26573
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shaker for 24 h.39–42 Subsequently, the nanoparticles were
centrifuged at 15 000 rpm for 15 min at 4 �C. Then the super-
natant was collected and analysed for quantication of drug at
336 nm using UV spectrophotometer (Lambda 25, Perki-
nElmer). The percentage entrapment efficiency (EE) and
loading efficiency (LE) were calculated using the following eqn
(1) and (2):43

Entrapment efficiencyðEEÞ%

¼ Total amount of drug in the nanoparticles� 100

Total amount of drug taken
(1)

Loading efficiencyðLEÞ%

¼ Total amount of drug in nanoparticle� 100

Yield of nanoparticle
(2)

2.3.2 SEM imaging. Field Emission Gun-Scanning Electron
Microscope (FEGSEM, JEOL JSM-7600 F) was used to observe
the surface morphological characteristics of the prepared set of
NP; PLGA NP, (NIC-PLGA NP), [(PLGA NP)HA] and [(NIC-PLGA
NP)HA]. Approximately, 10 mL of NP were drop-casted on the
carbon tape placed over brass studs and were allowed to dry
overnight at ambient temperature. Further, these dried samples
were subjected to platinum sputter coating and measurements
were recorded at an accelerating voltage of 10 kV.

2.3.3 Transmission electron microscopy (TEM). The
transmission electron microscope (TEM, JEM 2100 JEOL Ltd.,
Tokyo, Japan) was used to observe the coating of HA onto the
prepared [(NIC-PLGA NP)HA]. Around 10 mL of sample was
drop-casted on to copper grid coated with a thin lm of carbon
followed by air-drying the grid at room temperature. Subse-
quently, the samples were observed under a voltage of 200 kV.
(NIC-PLGA NP) served as the control.

2.3.4 FTIR and XRD analysis. Nanoparticles PLGA NP,
(NIC-PLGA NP), [(PLGA NP)HA] and [(NIC-PLGA NP)HA] were
subjected to FTIR analysis using (3000 Hyperion Microscope
with vertex 80 FTIR system). Spectrum recording was done from
4000 to 400 cm�1. Samples were pelletized by grinding with KBr
of infrared grade and analyzed for the presence of functional
groups. The peaks obtained were compared and contrasted with
the individual compounds peak. X-ray diffraction studies of the
nanoparticles were performed at 37 �C employing X-ray Rigaku
Smart Lab powder X-ray diffractometer at 2q ranging from 10–
80� utilizing Ka copper radiation. The obtained data were
plotted and analyzed for their phase identication.44

2.3.5 Thermogravimetric analysis (TGA). Thermal stability
of NIC, PLGA NP, (NIC-PLGA NP), and [(NIC-PLGA NP)HA] were
analysed by Diamond TG/DTA, PerkinElmer, USA. The lyophi-
lized nanoparticles (�2 mg) were placed in aluminium pans
and thermograms were recorded under ow of nitrogen at
a heating rate of 10 �C min�1 in the range from 25–500 �C.

2.3.6 In vitro drug release. The in vitro release proling of
NIC from following formulations; (NIC-PLGA NP), and [(NIC-
PLGA NP)HA] were performed in phosphate buffer saline
(PBS) (pH 7.4). Briey, 3 mL of the nanoparticulate suspension
26574 | RSC Adv., 2019, 9, 26572–26581
was transferred into a dialysis tube (MWCO 12 000 Da) which
was then placed into 12 mL of buffer medium containing 0.5%
w/v Tween 80. Further, the whole setup was placed in a shaker
incubator maintained at a temperature of 37 � 2 �C at 100 rpm.
Sample volume of 2 mL was withdrawn at predetermined time
intervals followed by replacing the same amount with fresh
buffer to maintain the sink condition. Quantication of the
released drug was carried out using UV spectrophotometric
analysis at a detection wavelength of 336 nm and calculated as
per the following eqn (3) as follows:

Percentage niclosamide released ð%Þ

¼
Amount of niclosamide released at particular

interval of time� 100

Amount of niclosamide encapsulated in the nanoparticle
(3)

2.4 Cell culture studies

2.4.1 Cytotoxicity assay. Cytotoxicity studies of the nano-
particulate formulations were performed on MDA-MB-231,
metastatic triple negative breast cancer cells and L929,
healthy mouse broblast cells. MTT assay was performed to
evaluate the in vitro cytotoxicity of the prepared set of NP.
Briey, 100 mL of cell suspension containing 5 � 103 cells per
well were seeded in 96 well plate and allowed to incubate at
37 �C for 24 h in 5% CO2 for cell attachment. Subsequently, the
cells were treated with NIC, (NIC-PLGA NP), (PLGA NP), [(PLGA
NP)HA] and [(NIC-PLGA NP)HA] containing an equivalent
amount of drug ranging from 2 to 10 mM and incubated at 37 �C
for 48 h in 5%CO2. Aer 48 h, themedia was discarded and cells
were washed with PBS. Further, 10% of MTT reagent was added
to the cells and incubated for 4 h at 37 �C respectively. Aer
which, media was removed, and 100 mL of DMSO was added to
dissolve the formazan crystal. Subsequently, the absorbance of
the individual wells were recorded aer incubation of 15 min
under dark condition using Tecan Innite M200 Pro microplate
reader at 570 nm and background control at 620 nm. The
percentage cell viability was calculated using the following eqn
(4). Similarly, biocompatibility of bare (PLGA NP) and [(PLGA
NP)HA] were checked on MDA-MB-231 and L929 cells in varying
concentration from 50 to 250 mg mL�1.

Cell viability ð%Þ ¼ Mean OD ðsampleÞ
Mean OD ðnegative controlÞ � 100 (4)

2.4.2 Confocal laser scanning microscopy. Confocal
microscopy was performed to investigate the internalization and
targeting ability of HA-coated PLGA NP towards the proteins on the
cell membrane inMDA-MB-231 cells. In short, 1� 105 cells per well
were seeded in 12-well plates and incubated at 37 �C for 24 h in 5%
CO2 to allow the attachment of cells on the sterile glass coverslip
which was placed at the bottom of each well. FITC-PLGA NP and
[(FITC-PLGA NP)HA] (equal to 20 mM of niclosamide loaded nano-
particles) were added to cells and incubated for 12 h at 37 �C. The
cells were then washed with 1 mL of PBS to remove the dead cells
This journal is © The Royal Society of Chemistry 2019
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and remaining cells were xed with 1 mL of 3.7% of formaldehyde
for 15 min. The formaldehyde solution was then removed from
wells and eachwell was againwashedwith PBS. The imaging of cells
was carried out under confocal laser scanning microscope (Zeiss
Axio-Observer Z1 microscope).

2.4.3 Internalization, ROS and cell-cycle analysis using
ow cytometry. Cells (2 � 105 cells per mL) were seeded in T-25
asks and allowed to reach 70–80% conuency. For internaliza-
tion, FITC-PLGA NP and [(FITC-PLGA NP)HA] (equal to 20 mM of
NIC loaded nanoparticles) were added to cells and then incubated
for 24 h at 37 �C in 5% CO2. The cells were then washed with PBS
and harvested aer treatment with trypsin solution followed by
centrifugation. The pellet obtainedwas redispersed in 500 mL of PBS
for internalization study using ow cytometer (BD FACS Aria, USA).
Similarly, cells were treated with NIC, (NIC-PLGA NP) and [(NIC-
PLGA NP)HA] containing drug equivalent of 20 mM and incubated
for 24 h for ROS and cell cycle analysis. Oxidative stress inside the
MDA-MB-231 cells, a peroxidase sensitive uorescent probe 20,70-
dichlorodihydrouorescein diacetate (DCFDA) was used due to its
extreme sensitivity to track changes in redox state of cells over
period of time. Cells were treated with DCFDA solution prepared in
PBS (2 mM) and kept in the incubator for 10 min at 37 �C. For cell
cycle analysis, aer completing the treatment period, the cells were
washed with PBS, harvested with trypsin solution and xed in 1 mL
of 70% chilled ethanol. The xed cells were then centrifuged for
5 min, discarding the ethanol. The pellet was further treated with
500 mL of PBS containing PI (50 mg mL�1) and RNase A (100 mg
mL�1) and kept in dark for 15 min. A minimum of 10 000 events
was recorded for each sample inow cytometry and the results were
analyzed using Flowjo V10.1R7 soware.

3. Results and discussion
3.1 Preparation of nanoparticles

NIC drug loaded hyaluronic acid functionalized PLGA nano-
particles [(NIC-PLGA NP)HA] were synthesized using emulsion
solvent evaporation method as shown in (Fig. 1). The func-
tionalized coating of nanoparticles using HA was attained via
physisorption upon sonicating the prepared nanodispersion
under mild stirring. Coating emanated extreme targeting for
localized cancer therapy exhibiting more negative surface
charge with zeta potential of �24.9 � 7.21 mV, when compared
with the uncoated (NIC-PLGA NP) being �11.2 � 5.02 mV (ESI
Fig. S1†). It was noticed that the layer of HA has raised the
Fig. 1 Schematic representation showing synthesis and cellular
uptake of [(NIC-PLGA NP)HA].

This journal is © The Royal Society of Chemistry 2019
surface charge to more negative when compared to that of
uncoated (NIC-PLGA NP), which is likely attributed with its
negative surface charge.45 The prepared [(NIC-PLGA NP)HA]
nanodispersion were found to exhibit a hydrodynamic diameter
of 201.8 � 3.6 nm with a PDI value of 0.164 conrming the
monodispersed of the prepared dispersion (ESI Fig. S2†).
Further conrmation of size was performed using SEM imaging
which revealed the spherical morphology of [(NIC-PLGA NP)HA]
with a size 150.8� 9.9 nm and that of (NIC-PLGA NP) to be 129.2
� 10 nm (Fig. 2A and B). The subtle hike in the particle size of
[(NIC-PLGA NP)HA] when compared with (PLGA NP) might
occur due to drug encapsulation and that of (NIC-PLGA NP) due
to surface functionalization which is seen in SEM imaging.
Besides, TEM analysis ensured the functionalization with HA in
[(NIC-PLGA NP)HA] (Fig. 2C). The synthesized nanoparticles
were analyzed for their encapsulation efficiency which was
found to be 79.19 � 0.16% and that of loading efficiency to be
7.19 � 0.01% (ESI Table S1†).

3.2 FTIR and XRD analysis

Functional groups present in the system were analyzed using
FTIR analysis. The peaks seen at 1285 cm�1, 1515 cm�1,
1613 cm�1 and 1650 cm�1 corresponds to the characteristic
peaks of the drug niclosamide which is shown in (Fig. 3A).46

Peaks at 1740 cm�1 and 1750 cm�1 indicates the characteristic
peak of bare PLGA NP which corresponds to the carbonyl group
and the latter carbonyl ester bond as already reported in the
literature.47 The peak widening of [(NIC-PLGA NP)HA] at
3420 cm�1 could be clearly dened which is due to drug
incorporation into the nanocarrier. For hyaluronic acid the
stretching frequency at 1640 cm�1 attributes to carbonyl group
of HA.48 The same peak seen in the composite nanocarrier
establishes the presence of hyaluronic acid functionalization in
the system. The XRD pattern represents sharp peaks of NIC
conrming its crystalline nature as shown in the (Fig. 3B).49

While, the free nanoparticles shows relatively simple peaks. In
[(NIC-PLGA NP)HA] formulation the drug peak is being
moderately simple, which could be accounted due to the drug
residing inside the molecular dispersion, which is affected by
weak forces of attraction. This conrms the fact that the crys-
talline drug could alter its nature when present inside the
nanodispersion.

3.3 Thermogravimetric analysis

The physical and chemical nature of the nanoparticulate
formulation was measured as a function of temperature and
plotted (Fig. 4A). The gure explains the thermal decomposition
of [(NIC-PLGA NP)HA] to be initiated at 220 �C. While, that of
the pure drug, niclosamide is seen to decompose at 230 �C,
where initial weight loss might be due to the release of water
molecule. The subtle peak shi could be advocated due to the
stronger and even molecular contact between the drug and
functionalized nanocarrier. While, decomposition temperature
of pure drug and (NIC-PLGA NP) are found to remain in the
similar range. Therefore, evidences suggests the inuence of HA
has shied the peaks due to stronger interactions, while
RSC Adv., 2019, 9, 26572–26581 | 26575
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Fig. 2 SEM images of (A) NIC-PLGA NP and (B) [(NIC-PLGA NP)HA]; TEM image of (C) [(NIC-PLGA NP)HA].
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without functionalization might be of less molecular interac-
tions which may further affect the stability of the system.
Functionalizing the drug loaded nanocarrier has reported to
exhibit low rate of degradation with improved stability than the
non-functionalized carrier molecule.

3.4 Drug release

The samples were assessed for drug release proling and the
release was calculated using UV spectrophotometer at a wave-
length of 336 nm. The release study was carried out in pH 7.4
because the mean pH of extracellular tumor cells ranges from
5.7–7.8 and to show that it could also benet as a prophylactic
cancer treatment. Evidences states that niclosamide is seen to
get released with an acidic pH trigger.50–52 Drug release from the
fabricated nanoparticles was carried in PBS at a pH 7.4 con-
taining 0.5% w/v of tween 80 as surfactant to maintain the sink
condition (Fig. 4B). NIC release from (NIC-PLGA NP) is seemed
to initially follow burst release further continued by constant
pace release exhibiting 40.93 � 1.02% in 24 h. Whereas, NIC
from [(NIC-PLGA NP)HA] exhibited slow and sustained release
compared to (NIC-PLGA NP) with a release percentage of 27.4 �
2.34% in 24 h. The reason for the slow release could be attrib-
uted to the hydrophobic nature of the drug in addition; the
release might also depend on the time taken to surpass the
functionalized nanocarrier. NIC release from [(NIC-PLGA NP)
HA] is found to completely release from the nanoparticulate
Fig. 3 (A) FTIR spectra of NIC, PLGANP, [(PLGANP)HA], NIC-PLGA NP an
NIC-PLGA NP and [(NIC-PLGA NP)HA].

26576 | RSC Adv., 2019, 9, 26572–26581
formulation at 72 h with a release percentile of 55.53 � 2.37%.
The saturation in release might be due to decreased diffusion of
the hydrophobic drug, which gets partitioned through the
functionalized nanocarrier, possibly there had been some
physical and chemical interactions occurring between the drug-
functionalized nanocarrier interfaces.

3.5 Cytocompatibility assay

The blank nanoparticles PLGA NP and [(PLGA NP)HA] didn't
show any toxicity to both the MDA-MB-231 and L929 cells up to
themaximum concentration of 250 mgmL�1 which ensured that
the nanoparticles are biocompatible (ESI Fig. S3†). The in vitro
cytotoxicity of the prepared drug loaded functionalized poly-
meric nanoparticles on MDA-MB-231 for 48 h shown in Fig. 5A.
Results indicated that the cancer cells when treated with [(NIC-
PLGA NP)HA] showed signicant cell death (32%, 83%) at the
concentration of 2 and 10 mM respectively than (NIC-PLGA NP)
(27%, 73%) and NIC in DMSO (21%, 72%). The targeted [(NIC-
PLGA NP)HA] showed greater anticancer activity against cancer
cells due to the potent targeting ability of HA compared to NIC-
PLGA NP. Meanwhile, niclosamide in DMSO, (NIC-PLGA NP),
[(NIC-PLGA NP)HA] exhibited similar cytotoxicity (cell viability
70%) on healthy L929 cells, even at the highest concentration of
10 mM (Fig. 5B). These results conrmed that niclosamide and
[(NIC-PLGA NP)HA] were specic towards cancer cells than
normal cells. The reason for [(NIC-PLGA NP)HA] was specic
d [(NIC-PLGANP)HA]; (B) XRD pattern of NIC, PLGA NP, [(PLGA NP)HA],

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (A) TGA thermogram of NIC, PLGA NP, [(PLGA NP)HA], NIC-PLGA NP and [(NIC-PLGA NP)HA]; (B) in vitro drug release study of NIC-PLGA
NP and [(NIC-PLGA NP)HA] in PBS pH 7.4. Data are expressed as mean � SD (n ¼ 3).
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towards MDA-MB-231 cells can be attributed to overexpression
of CD44 receptors on their surface.
3.6 Cellular uptake and quantication studies

The cellular uptake of nanoparticles in MDA-MB-231 breast
cancer cell line was examined using confocal microscopy by
loading FITC into PLGA NP. The (Fig. 6A and B) is found to
exhibit green uorescence only in the cell membrane of cells
treated with [(FITC-PLGA NP)HA]. Whereas, green uorescence
was observed in cytoplasm of the cells treated with (FITC-PLGA
NP). It could be the fact that HA selectively binds to CD44
receptors overexpressed on the surface of MDA-MB-231 cells
and are selectively uptaken through receptor-mediated endo-
cytosis.42,43 Previous literature reports have extensively
compared different molecular weights of HA and concluded
that high molecular weight HA exhibits increased CD44
receptor binding capacity than lower molecular weight HA.53

Likewise, the high molecular weight of HA used in the study
supports in improving the CD44 receptor binding capacity.54

The quantication cellular internalization analysis performed
Fig. 5 In vitro cell viability analysis of NIC in PBS, NIC in DMSO, NIC-PLGA
Each value represents the mean � SD (n ¼ 3). Statistical analysis was per
****P # 0.0001.

This journal is © The Royal Society of Chemistry 2019
on MDA-MB-231 cells revealed that [(FITC-PLGA NP)HA]
showed more cellular uptake (79.28%) compared to FITC-PLGA
NP (43.68%). The results obtained are in coordination with the
recent literature. This might be advocated to the ability of HA in
actively targeting cancer cells (Fig. 6C).
3.7 Oxidative stress analysis

ROS generation study was performed with DCFDA dye within
the cancer cells, which leads to the apoptosis of cells. The
production of ROS was found in the following order control
(cells) < NIC < (NIC-PLGA NP) < [(NIC-PLGA NP)HA] (Fig. 6D).
The amount of ROS produced by [(NIC-PLGA NP)HA] (88.2%)
was 4.36, 1.7 times higher than that obtained for NIC (20.2%)
and (NIC-PLGA NP) (51.9%) respectively. Therefore it could be
deduced that the disproportional rise in ROS produced by ([NIC-
PLGA)HA] could induce cancer cell senescence and apoptosis.55

Apoptosis could be further related to hike in mitochondrial
stress, releasing cytochrome C leading to irrevocable incidence
whereby, activating the caspases resulting in complete cell
death.56
NP and [(NIC-PLGANP)HA] in (A) MDA-MB-231 cells and (B) L929 cells.
formed using one-way ANOVA, *P # 0.05, **P # 0.01, ***P # 0.001,

RSC Adv., 2019, 9, 26572–26581 | 26577
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Fig. 6 Confocal microscopic images of cellular uptake of (A) FITC-PLGA NP and (B) [(FITC-PLGA NP)HA]; flow cytometry analysis of (C) cellular
uptake of NIC, PLGA NP, FITC-PLGA NP and [(FITC-PLGA NP)HA] and (D) ROS generation study of NIC, PLGA NP, NIC-PLGA NP and [(NIC-PLGA
NP)HA].
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3.8 Cell cycle analysis

The results of cell cycle analysis reveals that the extent of dead
cells which are exhibited in SubG1 phase, upon treatment with
Fig. 7 Cell cycle analysis of (A) control cells, (B) NIC, (C) PLGA NP, (D) NIC
analysis of cell population in different phases of cell cycle.

26578 | RSC Adv., 2019, 9, 26572–26581
PLGA NP was 0.28%, affirming the compatibility of formulation
(Fig. 7). On the other hand, SubG1 phase was found to increase
signicantly from 8.16% for NIC and 17.88% for (NIC-PLGA
-PLGA NP and (E) [(NIC-PLGA NP)HA]; and (F) comparative quantitative

This journal is © The Royal Society of Chemistry 2019
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NP). Whereas, 60.37% of sudden rise in the Sub G1 Phase was
observed in presence of [(NIC-PLGA NP)HA]. The observed
increase in the Sub G1 phase of [(NIC-PLGA NP)HA] when
compared to other formulations used in the study reveals the
potential of its active targeting.

4. Conclusions

Contributions of nanotechnology in nano-biointeractions and
personalization of nanomedicine in cancer cure has inuenced
mankind inexplicably. Inspite of the importance on extravasa-
tion in nanoparticle delivery, sustained drug delivery to local-
ized abnormal cell growth and even permeation of
nanotherapeutics on localized tumor growth remains pivotal in
eliminating cancer. Niclosamide loaded PLGA nanoparticle
were successfully synthesized via emulsion solvent evaporation
method, which was further functionalized with hyaluronic acid
for active targeting of cancer cells. [(NIC-PLGA NP)HA] exhibited
improved stability with increased ROS production for
combating cancer cell lines. The sustained release with HA
functionalization proved to focus and kill cancer cells selec-
tively. Biocompatibility studies on MDA-MB-231 and L929 cells
proved to be remarkably convincing. Cellular uptake and
quantication analysis results were consistent. However, more
in vivo studies need to be carried out for acquiring knowledge
regarding drug–drug interactions and associated side reactions,
to promote formulation to clinical trials. To put in precise,
[(NIC-PLGA NP)HA] nanoformulation could serve as active tar-
geting agent for destroying abnormal cell division, and incor-
poration of dye in the formulation could help in cancer cell
imaging.
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S. Cohen-Jonathan, E. Munnier, M. Soucé, C. Linassier,
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