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A novel approach used to synthesize antimetabolite-conjugated and intense blue fluorescence-emitting
smart polymeric nanoparticles is reported for the efficient delivery of anticancer drugs and self-
monitoring their effect in drug-resistant metastatic breast cancer cells. Metastatic breast cancer is the
deadliest cancer in women as chemotherapy does not perform well in its treatment. To prepare the
drug-loaded fluorescent nanoparticles, the FDA-approved non-fluorescent poly(p,L-lactide-co-glycolide)
(PLGA) polymer was modified into a newly designed fluorescent PLGA polymer by the covalent
conjugation of the biocompatible fluorophore 1-pyrenebutyric acid (PBA). The fluorescent PLGA-PBA
polymer was then electrosprayed by applying a potential of 8.0 kV to synthesize mono-dispersed
spherical fluorescent nanoparticles (size ~40 nm). The surface of the PLGA-PBA nanoparticles was
conjugated with the potent anticancer drug molecule methotrexate (MTX) through a linker molecule,
ethylenediamine (EDA), to kill cancer cells. The fluorescence, FTIR, NMR, and mass spectroscopy results
of PLGA-PBA and PLGA-PBA@MTX nanoparticles provided proof of the successful synthesis of PBA-
and MTX-conjugated nanoparticles with stable fluorescence for monitoring the in vitro therapeutic
effect. A significant internalization of the PLGA-PBA@MTX nanoparticles was observed inside MTX-
resistant MDA-MB-231 and MCF7 cells predominantly via micropinocytosis. Since MTX is an analog
of folic acid and encourages cell internalization through the FRa receptor, a higher population of
PLGA-PBA@MTX nanoparticles was observed in MDA-MB-231 cells with higher cell cytotoxicity than in
MCEF-7 cells. The amide bond, which links the MTX molecules to the surface of the fluorescent PLGA—
PBA nanoparticles, was found to be sensitive to acidic pH. The controlled release of MTX occurred at
pH 6.0 for ~6 days due to the acid-catalyzed amide bond hydrolysis. The lower ICsq value justified a
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Accepted 7th October 2020 medium compared to that of the free MTX molecule and high apoptosis in the nanoparticle-treated
DOI: 10.1039/d0ma00646g cells were observed. This study presents the usefulness of an engineered nano-formulation in

pH-sensitive drug release and tracking of the therapeutic response, which may provide potential benefit
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1. Introduction

Breast cancer is the second leading cause of cancer-related
death worldwide in women and 6-10% of breast cancer initially
diagnosed is in the metastatic state."” Several new anticancer
drugs (trastuzumab, apatinib, pertuzumab, neratinib, and
olaparib) have been developed during the last few decades to
improve the therapeutic index of the chemotherapy regimen.**
However, the difficulty in the therapeutic use of these drugs is
their poor bioavailability and rapid elimination from circula-
tion, resulting in low accumulation of the drug at the desired
location, which imposes a high dose requirement. Moreover,
the development of drug-resistant behaviour in cancer cells and
the non-specific distribution of the drugs leading to adverse
side effects drastically reduce the therapeutic efficacy.’ To over-
come these limitations, polymeric nanoparticles were developed
as imperative drug delivery vehicles due to their excellent physico-
chemical properties like (a) high drug encapsulation efficiency,
(b) protection of drug molecules from premature degradation,
(c) sustained release of drugs at the desired location, (d) increased
bioavailability by prolonging the blood circulation time, and
(e) passive accumulation at the tumor site by the enhanced
permeability and retention (EPR) effect.® Indeed, the biocompa-
tible nature, stability, and tunable drug release ability in the
physiological environment made the polymer-based nanoparticles
attractive as a preferred drug carrier among all types of US Food
and Drug Administration (FDA)-approved particle-based drug
delivery systems.”

The presence of an imaging agent along with a deliverable
therapeutic agent is useful to monitor the specificity and
therapeutic progress. Loading of both agents in molecular
forms within a single polymeric nanocarrier is challenging, as
it may influence the photostability of the imaging molecules
and have significant impacts on the pharmacokinetic beha-
viour of the drug delivery systems.® Since the drug molecules
have to be released from the carrier, it is necessary to integrate
the imaging molecule as an intrinsic part of the polymer so that
the properties and purpose of both agents prevail. This type
of modification is more familiar in metallic nanoparticles,
especially transition metal nanoparticles, due to their inherent
chemical properties. In contrast, most of the polymer-based
nanoparticles are difficult to modify as they lack the desired
number of suitable functional groups.

The majority of polymeric nanoparticles are fabricated using
biocompatible polymers to reduce undesirable systemic toxicity
from the drug transporter.” Among them, the PLGA polymer
has attracted significant interest as an efficient drug delivery
nanosystem due to the presence of hydroxyl and carboxyl end
groups on both sides of the polymer chain along with an ester-
bonded backbone of lactic acid and glycolic acid monomer
units, which can be used for stable conjugation of the imaging
agents as well as the drug molecules.™® Yoo et al. conjugated
drug-cum-imaging doxorubicin molecules with the p-nitro
phenyl chloroformate-activated terminal hydroxyl group of
PLGA to introduce a 10-fold more cytotoxic effect in HepG2
cells than free doxorubicin after 72 h."* Liu et al. developed

3034 | Mater. Adv., 2020, 1, 3033-3048

View Article Online

Materials Advances

biodegradable PLGA nanoparticles, which were conjugated
with an imaging molecule, rhodamine B, and a targeting agent,
folic acid, at the copolymer end by the esterification reaction
for target-specific imaging application.’> C. W. Liu and
W. J. Lin reported the conjugation of PEG-bis-amine with PLGA
followed by epidermal growth factor (EGF) receptor-targeting
NR7 peptide and FITC molecules to synthesize doxorubicin
encapsulated nanoparticles. They observed a faster pH-
dependent in vitro doxorubicin release but stable FITC linkage
to monitor the therapeutic response in SKOV3 cells.”* Thus,
conjugation of imaging and therapeutic agents in a single
PLGA platform is becoming an essential method that could
be beneficial to execute multiple tasks at a time for better
theranostic performance.

Inspired by the above example, we proposed a novel synth-
esis of 1-pyrenebutyric acid (PBA)-conjugated PLGA polymer
using ethylenediamine as a linker molecule to fabricate a stable
fluorescent nanoparticle with strong blue emission. The cova-
lent conjugation of the PBA molecule with PLGA polymer would
reduce the risk of premature loss of the fluorescent molecules
and stabilize the fluorescence intensity at the imaging site. PBA
is a biocompatible fluorophore, used in various bioimaging
applications, as reported elsewhere.'*'*> One of the examples
reported by Wang et al. is the synthesis of 1-pyrenebutyric acid
(PBAC)/B-cyclodextrin (B-CD) fluorescent nanoparticles for
the fluorometric quantification of calf thymus DNA with a
detection limit of 0.01 pg mL~ """

Another objective of the present work is to load suitable drug
molecules into the system so that the drug can be released to
attain an effective drug concentration in drug-resistant meta-
static breast cancer cells at a low therapeutic dose. To achieve
this goal, an antimetabolite of folic acid, methotrexate (MTX),
is applied to conjugate on the surface of the synthesized
fluorescent PLGA-PBA nanoparticles. This potent anticancer
molecule specifically interacts with reduced folate carrier (RFC)
and, to some extent, with folate receptor o (FRa), which is
overexpressed on the basolateral surface of cancerous tissues
such as breast, ovarian and lung carcinoma.'®"” Despite revolu-
tionary discoveries, cancer treatment still faces some challenges,
including the variable expression of the tumor-specific receptors
within a particular tumor tissue, which leads to tumor hetero-
geneity and the gradual development of resistance to the drugs,
a frequently observed phenomenon in breast cancer.'®'® This
problem can be resolved if the drug encounters the cancer cells in
multiple ways and internalizes inside the cell by both cell-surface
biomarker-dependent and independent pathways, which warrants
investigation. If internalization happens through both pathways,
there is the possibility of an increased uptake of nanoparticles
inside the cancer cells that could enhance the therapeutic effect.

Methotrexate can play a dual role—as an anti-proliferative
drug and a as targeting agent, as described by P. T. Wong and
S. K. Choi in their report on folate receptor-positive KB tumor
cells.® The recent findings of Nogueira et al. regarding the
conjugation pattern of the MTX molecule demonstrated
that the carboxylic terminal of the MTX molecule is engaged
in conjugation, leaving the amino-terminal free for receptor
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binding; as a result, the internalization of MTX-conjugates into
epithelial cancer cells through FAa is accelerated.”® Once the
targeted nanoparticles internalized through endocytosis, the
conjugated drug molecules were released from the nano-
particles inside the cell due to the acidic pH of the lysosome.
The released MTX inhibits nucleotide biosynthesis by irreversibly
binding with the key enzymes of the synthesis pathways."”** The
nucleotide deficiency leads to DNA damage by disrupting DNA
synthesis and eventually, cell death.*® We were encouraged by their
study to design a PLGA nanoparticle by making use of the MTX
molecule as a drug and FRo receptor-specific agent to study its
internalization and therapeutic efficacy in the metastatic breast
cancer (MBC) cell line.

In this present study, a novel PBA-conjugated PLGA polymer
was synthesized to develop fluorescent nanoparticles using an
electrospray method. The PLGA-PBA nanoparticles were then
covalently conjugated with MTX molecules through a simple
surface functionalization approach using the ethylenediamine-
mediated aminolysis reaction (Scheme 1). The efficiency as a
drug delivery vehicle and self-monitoring agent of the designed
nanoparticles was explored by studying the conjugation effi-
ciency, pH-dependent drug release kinetics, and therapeutic
efficacy on MTX resistant metastatic breast cancer cells.
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2. Experimental section
2.1 Materials

Poly(p,L-lactide-co-glycolide) (PLGA, acid terminated M,, 24 000-
38000 with 50:50 lactide:glycolide ratio), methotrexate
hydrate (MTX), 1-pyrenebutyric acid (PBA), dialysis kit (Pur-A-
LyzerTM Maxi 12000), paraformaldehyde (reagent grade, crys-
talline), (N-ethyl-N’-(3-(dimethylamino)propyl)) carbodiimide
(EDC), N-hydroxysuccinimide (NHS), dicyclohexyl carbodiimide
(DCC) and phosphate buffer solution (10x, pH 7.4, pH 4.0 and
pH 9.0) were purchased from Merck, India. All other chemicals
like acetone, dichloromethane (DCM), diethyl ether, HPLC
(High-performance liquid chromatography) grade water and
sodium hydroxide were purchased from Merck, India. Human
metastatic breast cancer cell lines (MCF-7 and MDA-MB-231)
were obtained from NCCS (National Center for Cell Sciences)
Pune, India and cultured according to the instructed protocol.
The reagents used in the cellular efficiency study like Dulbec-
co’s modified Eagle medium (DMEM), penicillin-streptomycin
(10000 U mL™ ") (antibiotic) solution, fetal bovine serum (FBS,
certified, heat-inactivated, US origin), phosphate buffer saline
(PBS, pH 7.4), MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide) and ProLong Diamond Antifade Mountant
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Scheme 1 Schematic representation of the PLGA-PBA nanoparticle synthesis from the PBA-modified PLGA polymer and the subsequent preparation of
PLGA-PBA@MTX nanoparticles to demonstrate the therapeutic action by releasing MTX after intracellular delivery.
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were purchased from Gibco (Life Technologies). The reagents
used for cellular internalization pathway blocking study like
lovastatin (CAS Number 75330-75-5), chlorpromazine hydro-
chloride (CAS Number 69-09-0), miloride hydrochloride (CAS
Number 2016-88-8) and acridine orange (CAS Number 10127-02-3)
were purchased from Merck, India. The annexin V Alexa Fluor 488/
propidium iodide staining kit was obtained from Invitrogen, USA.

2.2 General characterization procedure

All the steps for the synthesis of PLGA-PBA@MTX nano-
particles were characterized by fluorescence spectroscopy
(Agilent Technologies, Cary Eclipse) to identify whether the
conjugation of the PBA molecule was successful and stable. The
hydrodynamic size and charge of the fluorescent PLGA nano-
particles before and after MTX conjugation (PLGA-PBA and
PLGA-PBA@MTX) were measured using a particle size analyzer
(Nano Sight NS500). The morphology of the PLGA-PBA nano-
particles and PLGA-PBA@MTX nanoparticles was studied
using various microscopic techniques such as field emission
scanning electron microscopy (FESEM, Model: Zeiss Sigma
HD), atomic force microscopy (AFM, Model: Nano Surf C3000)
and transmission electron microscopy (TEM, JEOL 3010).
The molecular compositions of the PLGA-PBA polymer and
PLGA-PBA@MTX nanoparticles were established by Fourier-
transform infrared spectroscopy (FT-IR, Model: JASCO FT/IR-
4700) and mass spectroscopy (micrOTOF-Q II 10330). CHN and
EDX analyses were carried out to measure the percentages of
carbon, hydrogen and nitrogen in the PLGA-PBA and PLGA-
PBA@MTX nanopatticles. The "H nuclear magnetic resonance
(*H NMR, BRUKER) spectroscopic study was carried out in
DMSO at 500 MHz for each step from PBA-conjugated polymer
synthesis to PLGA-PBA@MTX nanoparticle fabrication. The
calibration curve, drug loading and release profile of MTX were
obtained by using UV-VIS spectroscopy (Agilent Technologies,
Cary 60 UV-Vis) analysis.

2.3 Synthesis of 1-pyrenebutyric acid-terminated PLGA
polymer

The synthesis of PBA-terminated PLGA polymer (PLGA-PBA)
was achieved in two steps, as reported by Kim et al., with some
modifications.*® Briefly, in the first step, 1.0 g of PLGA was
dissolved in 8.0 mL of DCM. Then, DCC/NHS (1:1) in 10 times
molar excess with respect to PLGA was added to the PLGA
solution and stirred for 3 hours (h), which activates the -COOH
group of the PLGA polymer chain. EDA in DCM solution was
added dropwise to the activated PLGA solution (molar ratio of
PLGA:EDA was 1:2) under continuous stirring at room tem-
perature. After overnight reaction, the amine-terminated PLGA
polymer was precipitated and washed with ice-cold diethyl
ether four times, and then dried under vacuum.

In the second step, the amine-terminated PLGA polymer was
redissolved in DCM and then dropwise added into the DCC/
NHS-activated PBA solution in DCM (molar ratio of PLGA: PBA
was 1:5) under continuous stirring at room temperature. After
overnight stirring, the PBA-conjugated PLGA polymer (PLGA-
PBA) precipitated out and was washed with ice-cold diethyl
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ether four times. The PLGA-PBA polymer was also washed with
acetone to remove the by-product, dicyclohexylurea, of the DCC
reaction and dried under vacuum. Yield: 0.32 g (86.13%);
fluorescence e 240 nm and Aep,: 378 nm and 398 nm.
'"H NMR of PLGA polymer, § (ppm) = 1.48 (3H, CH;), 4.89
(2H, CH,), 5.24 (1H, CH). 'H NMR of PLGA-PBA polymer,
o (ppm) = 1.48 (CH; of PLGA), 2.09, 2.6, and 2.7 (CH, of PBA),
4.89 (CH, of PLGA), 5.24 (CH of PLGA), 5.57-5.59 (CH, of EDA),
7.91-8.42 (CH of PBA), 10.56-10.61 (NH of EDA).

2.4 Synthesis of fluorescent PLGA-PBA nanoparticles

The PLGA-PBA polymer was used to fabricate the fluorescent
PLGA-PBA nanoparticles by following our previously reported
electrospray method.>® Briefly, the PLGA-PBA polymer was
dissolved in acetone (3.0%, W/V) then stirred for 10 min to
form a homogeneous solution. Following the previously
reported electrospray method, the polymer solution was
dribbled at a flow rate of 0.35 mL h™" from a syringe pump
through a conductive needle connected with a high voltage
power supply. At 8.0 kV, the polymer droplet was sprayed on a
grounded aqueous collecting medium, which was placed 10 cm
below the needle point. The resultant nanoparticle (PLGA-PBA)
suspension was stored at 4 °C for further use.

2.5 Conjugation of methotrexate with PLGA-PBA
nanoparticles

Methotrexate molecules were anchored on the surface of the
PLGA-PBA nanoparticles through EDA linker molecules. EDA
was first bonded to the PLGA-PBA nanoparticle by aminolysis
of the ester linkage of the PLGA backbone. For the aminolysis,
the electrospray synthesized PLGA-PBA nanoparticles were
incubated with 5.0 mM EDA for 8 min and immediately
centrifuged at 18 000 rpm for 10 min at 15 °C to separate the
excess EDA. The EDA-conjugated PLGA-PBA nanoparticle pellet
was resuspended in HPLC water. On the other hand, a 7.0 mM
aqueous MTX solution (pH ~ 7.0) was activated by EDC/NHS
(1:4) following the protocol reported by Dixit et al>® The
activated MTX was added to the EDA-conjugated PLGA-PBA
nanoparticle suspension under continuous stirring for 5 h. This
final conjugate was centrifuged at 18000 rpm for 10 min at
15 °C to separate the unreacted MTX if any. The MTX-
conjugated PLGA-PBA nanoparticles (PLGA-PBA@MTX) were
washed with HPLC water three times and stored at 4 °C. Yield:
3.3 mg (74.98%); UV-ViS Apax 300 nm; fluorescence Aex: 240 nm
and A.n: 378 nm and 398 nm. 'H NMR of PLGA@MTX
nanoparticles, é (ppm) = 1.48 (CH; of PLGA), 3.21 (N-CH; of
MTX), 4.79 (CH, of EDA and MTX), 4.89 (CH, of PLGA), 5.24
(CH of PLGA), 6.63 (NH, of MTX), 7.46-7.67 (NH of EDA), 7.67-
8.2 (CH of aromatic pteridine ring and p-aminobenzoic acid),
8.57 (1CH of pteridine ring), 12.48-12.5 (COOH of MTX).

2.6 Stability study

Stability of the nanoparticles at physiological pH is essential to
study their effect on the metastatic breast cancer cell lines
(MCF-7 and MDA-MB-231). To check the stability, the sizes of
the PLGA-PBA nanoparticles before and after MTX conjugation

This journal is © The Royal Society of Chemistry 2020
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(PLGA-PBA and PLGA-PBA@MTX) were measured using a
particle size analyzer after dispersing them in 1x PBS of
different pH values (9.0, 7.4, 6.0, and 4.0) for 7 days. Besides,
the stability of both nanoparticles was also checked by using
fluorescence spectroscopy. For this purpose, the individual
nanoparticle suspension in 1x PBS (pH 7.4) was placed into a
dialysis tube with a molecular cut-off of 12 000 Da. The dialysis
tube was immersed in a pool of release medium (1x PBS pH
7.4) under a constant stirring (500 rpm) condition. At each time
interval, a 1.0 mL aliquot of release medium was withdrawn
and the fluorescence of the release medium was checked using
a fluorescence spectrophotometer. After each measurement,
the aliquot was returned back to the pool of the medium to
maintain the dilution factor.

2.7 Determination of drug loading and conjugation efficiency

To measure the drug loading and conjugation efficiency of the
nanoparticles, the initial and conjugated amounts of MTX were
calculated from its calibration curve that depicts the relation
between its absorbance and concentration. The calibration
curve was determined by measuring known concentrations of
MTX solution in HPLC water using UV-Vis spectroscopy and
then plotting the absorbance versus concentration graph. To
establish the drug loading and conjugation efficiency, 10 uL of
the initially given MTX solution and the same amount of PLGA-
PBA@MTX suspension were taken into two separate volumes of
1.0 mL of HPLC water and the absorbance was measured using
UV-Vis spectroscopy. The amount of MTX was calculated
from the calibration curve. The percentage drug loading and
conjugation efficiency was calculated using equation 1 and 2,
respectively.

Conjugated amount of MTX

Drug loading (%) =
rug loading (%) Weight of nanoparticles

x 100 (1)

Conjugated amount of MTX

Initial amount of MTX x 100

(2)

Conjugation efficiency (%) =

2.8 In vitro drug release kinetics

The release profile of the drug-conjugated nanoparticles in PBS
buffer (1x PBS of pH 6.0 and pH 4.0) was monitored to explore
the rate and pattern of the drug release kinetics of the PLGA-
PBA@MTX nanoparticles. For this purpose, nanoparticles
(56.0 pg) were suspended in 3.0 mL of 1x PBS (pH 6.0 and
PH 4.0) and placed into dialysis tubes with a molecular cut-off
of 12000 Da. The dialysis tubes were immersed in 8 times
excess release medium (1x PBS of pH 6.0 and pH 4.0,
respectively) under constant stirring (500 rpm). At a constant
time interval, a 1.0 mL aliquot of release medium was with-
drawn to check the amount of MTX released using UV-Vis
spectroscopy and then returned to the pool of release medium
to maintain the dilution factor. The absorbance of the release
medium was correlated with the calibration curve and the
amount of MTX released was determined from PLGA-
PBA@MTX at a specific time point. After ~96% MTX release,

This journal is © The Royal Society of Chemistry 2020
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its percentage of release against a particular point of time was
plotted to depict the kinetics of MTX release from PLGA-
PBA@MTX. The best-fitting curve and the parameters for the
release constant (K), release exponent (n) and regression coeffi-
cient (R*) were determined by fitting the experimental release
data into the Korsmeyer-Peppas kinetic model.

The equation used in curve fitting is as follows:

F = (M,/M) = K" 3)

In this equation, M,/M is the fraction of drug released from
PLGA-PBA@MTX at time ¢, K is the release rate constant and
n is the release exponent.

2.9 Hemolysis test of PLGA-PBA@MTX

The hemolytic activity of PLGA-PBA@MTX was evaluated in
anticoagulant-treated human blood taken from normal volun-
teers. 0.5 uM, 1.1 pM and 2.0 pM concentrations of PLGA-
PBA@MTX were added to the whole blood and incubated for
2 h at 37 °C in an incubator. After centrifugation at 3000 rpm
for 10 min, the release of hemoglobin was measured via a
microplate reader at 540 nm.>” Phosphate buffer saline (pH 7.4)
solution and distilled water have been used as a positive control
and a negative control, respectively. The experiment was carried
out in triplicate and less than 5.0% hemolysis was considered
to be significant. The following formula was used for calcu-
lating the hemolysis rate.>®

HemOI}’SiS (0/0) = (ODSample - ODNegative)/(ODPositive - ODNegative)
x 100 (4)

2.10 Cytotoxicity study

MTT assay was performed for different concentrations of
PLGA-PBA@MTX nanoparticles to investigate the cytotoxicity
in MDA-MB-231 and MCF-7 cell lines (1x 10* cells per mL;
37 °C). Cells at the exponential growth phase were seeded in
polystyrene-coated 96-well plates and incubated for 24 h at
37 °C. Then, the cells were treated with different concentrations
of MTX in PLGA-PBA@MTX ranging from 15 nM to 2.6 uM for
MDA-MB-231 and from 5 pM to 80 pM for MCF-7 and the
equivalent concentration of free MTX for the respective cell
lines. After 48 h incubation, 10 pL of MTT per well (5 mg mL ™,
a stock solution in 1x PBS) was added and left for 4 h. Then,
the formed formazan crystals were dissolved in 100 uL of DMSO
for 30 min in the dark at 37 °C and the intensity of the
developed color was measured using a plate reader. Untreated
cells were considered 100% viable. The obtained intensities
were represented as dosage vs viability response charts. The
absorbance was measured on an ELISA plate reader (iMark™
Microplate Absorbance Reader) at a test wavelength of 570 nm
and a reference wavelength of 650 nm.

2.11 Pathway blocking study

The cellular internalization mechanism was studied using a
previously described method by our group.*® For this study,
a non-toxic concentration of MTX (520 nM for MDA-MB-231
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and 13 uM for MCF-7), which was present in PLGA-PBA@MTX
nanoparticles, was incubated with: (a) cells at 4 °C and 37 °C
without any inhibitors; (b) cells in the presence of a clathrin-
mediated endocytosis blocker; (c) cells in the presence of a
caveolae-mediated endocytosis blocker and (d) cells in the
presence of a macro-pinocytosis blocker. For this purpose,
MDA-MB-231 and MCF-7 cells were grown on poly-L-lysine-
treated coverslips and treated with 50 uM chlorpromazine
(affecting the clathrin lattice assembly), 50 puM lovastatin
(blocking lipid raft-mediated endocytosis via cholesterol deple-
tion) and 100 pM amiloride (blocking macro-pinocytosis via
sub-membranous acidification).”®*”** After treatment with the
blockers, cells were incubated with PLGA-PBA@MTX for 2 h at
37 °C. For the energy-dependent study, cells were incubated for
30 min at 4 °C followed by nanoparticle treatment for 2 h at
4 °C. Post treatment, cells were washed to remove unbound
PLGA-PBA@MTX and microscopic slides were prepared. Images
were then captured by an EVOS fluorescence microscope, and the
fluorescence intensities of 20 cells from different fields were
calculated using the Image] processing package (NIH, USA). The
results were presented as mean + SD from three independent
experiments.

2.12 Endosome staining with acridine orange

To confirm the presence of PLGA-PBA@MTX nanoparticles inside
the cellular endosome, acridine orange staining was performed
using a previously described method.* Briefly, cells were cultured
on poly-i-lysine-coated slides and treated with a non-toxic concen-
tration of PLGA-PBA@MTX nanoparticles for 2 h. Then, the slides
were washed and stained with acridine orange (5 pg mL™") for
5 min. After thorough washing, the cells were visualized under an
EVOS fluorescence microscope using red and blue fluorescence
emission filters for the endosomes and PLGA-PBA@MTX nano-
particles, respectively, to study the localization of the nanoparticles
inside the cells. Acridine Orange was used to locate the cell’s nucleus
as it emits green fluorescence when bound to double stranded DNA.

2.13 Annexin V Alexa Fluor 488/propidium iodide staining

To explore PLGA-PBA@MTX nanoparticle-induced apoptosis, MDA-
MB-231 and MCF-7 cells were grown overnight and incubated with
three concentrations of PLGA-PBA@MTX nanoparticles (wi
respect to MTX concentration) and equivalent concentrations of
free MTX for 24 h. Cells were stained in the dark with Alexa Fluor
488-conjugated Annexin V (1 pg mL™") and PI (0.2 pg mL ") in a
Ca®*-enriched binding buffer for 30 min at room temperature and
then analyzed by a two-color flow cytometric assay. Invitrogen Alexa
Fluor 488 dye is a bright, green-fluorescent dye (emission max at
525 nm) with excitation ideally suited to the 488 nm laser line.
Annexin V and PI emissions were detected using FITC and PI filters,
respectively, in a flow cytometer system (Becton Dickinson FACS-
Verse). The percentage apoptosis was quantified from the mean +
SD of at least three independent experiments.

2.14 Comet assay

The comet assay was performed following the procedure
reported by Nandhakumar et al.?>* In brief, MDA-MB-231 cells
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were cultured on a 35 mm plate overnight; then, the cells were
treated: one set with PLGA-PBA@MTX nanoparticles (MTX
concentration: 1.1 pM), another with an equivalent concen-
tration of free MTX, and one set remained untreated. Then, the
cells were collected and washed two times with PBS; then, they
were suspended in 100 pL of 1% LMPA (low melting point
agarose). 50 pL of cell suspension from each group was taken
and poured as a smear with the help of a coverslip on a comet
slide precoated with 1% NMA (normal melting agarose) (base
coating) and placed on a chilled ice pack for 1 h. Once the cell-
LMPA layer solidified, another 75 pL of 0.5% LMPA was added
on the slide as a smear and allowed to solidify. The slides were
carefully immersed in lysis solution (2.5 M NaCl, 100 mM
EDTA, 10 mM Tris-HCI, 1% Triton X-100, 10% DMSO, and
PH 10) overnight at 4 °C. After lysis, the slides were placed in a
gel-tank filled with alkaline electrophoresis buffer (300 mM
NaOH, 1 mM EDTA, and pH 13) and kept for 30 min to unwind
the DNA followed by electrophoresis at 300 mA for 45 min.
After electrophoresis, the slides were neutralized in 0.4 mM
Tris-HCL and air-dried. The slides were stained using
1 mg mL™' EtBr solution. Excess stain was washed with
distilled water and the slides were viewed under a fluorescence
microscope at 100x magnification with an excitation filter of
560 nm. The OpenComet v1.3.1 software was used to analyze
the comet assay images.

2.15 Statistical analysis

Data were expressed as mean =+ standard deviation. Results
were analyzed by ANOVA followed by Tukey’s post-test. The
statistical analysis was performed using Graph Pad Prism 7.0
software (GraphPad Software Inc., La Jolla, CA, USA).

3. Results and discussion

3.1 Modification of PLGA polymer and preparation
of PLGA-PBA@MTX nanoparticles

The modification of PLGA polymer with the fluorescent PBA
molecule and its use in the synthesis of PLGA-PBA@MTX
nanoparticles to enable therapeutic action towards the cancer
cells are illustrated in Scheme 1. During the synthesis, it was
observed that PBA molecules lose their fluorescence properties
in the presence of MTX if they are mixed at the beginning (as
shown in Fig. S2, ESIt). The reason for this quenching of
fluorescence may be due to energy transfer from PBA to MTX
molecules after excitation.®® To retain the fluorescence proper-
ties in the nanoparticles, PBA was first covalently conjugated
with the PLGA molecules to make it an intrinsic part of the
polymer. The off-white color compound obtained from this step
showed similar fluorescence properties to those of free PBA in
acetone, suggesting the formation of PBA-terminated PLGA
polymer. In the second step, PLGA-PBA in acetone was electro-
sparyed through a conductive needle at a flow rate of 0.35 mL h™*
and an applied voltage of 8.0 kV. At this flow rate, the PLGA-PBA
solution forms spherical droplets, which eventually deform under
the high potential difference. In this process, as soon as the
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Fig. 1 Synthesis of PLGA-PBA@MTX nanoparticles.

electric field intensity reached the Rayleigh limit, a Taylor cone is
formed, which undergoes Coulomb fission leading to the for-
mation of stable PLGA-PBA nanoparticles.>® The third or last step
deals with the EDA-assisted functionalization of PLGA-PBA nano-
particles with MTX molecules using aminolysis chemistry as
reported in our previous publication (Fig. 1). In one of our earlier
studies, we successfully functionalized the PLGA pattern surface
with anti-EpCAM (epithelial cell adhesion molecule) antibody
using EDA by aminolysis of the PLGA nanostructure.® Likewise,
we enriched the surface of the PLGA-PBA nanoparticles with
-NH,, groups by the EDA-assisted aminolysis of the ester bond
of the PLGA-PBA chain. It was assumed that only the carbonyl
groups of the PLGA-PBA polymer chain, which cover the surface
of the nanoparticles, are dissociated by the nucleophilic attack of
the EDA molecules after a short exposure time.*” This aminolysis
generates -NH, groups on the surfaces of PLGA-PBA nano-
particles, which were used in the formation of amide bonds with
EDC/NHS activated -COOH groups of the MTX molecules. In this
way, the amine groups of the MTX molecules remain free for
interaction with FAa receptors of the proposed cancer cells at the
time of receptor-mediated internalization of the PLGA-PBA@MTX
nanoparticles.

3.2 Characterization

The synthesis of PLGA-PBA@MTX nanoparticles involves step-
wise chemical conjugation of fluorescent PBA with PLGA poly-
mer followed by conjugation of the MTX drug molecule with

This journal is © The Royal Society of Chemistry 2020
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PLGA-PBA nanoparticles in the presence of ethylenediamine
(EDA) and the coupling agents DCC/NHS and EDC/NHS,
respectively (Fig. 1). Each step was followed using different
characterization techniques like FTIR, NMR, mass, hydro-
dynamic size and surface charge measurements.

The average hydrodynamic sizes of the PLGA-PBA nano-
particles before and after MTX conjugation were 71.0 nm and
252.1 nm, respectively (Table S1, ESIt). The size of the nano-
particles increases due to the conjugation of a number of MTX
molecules on the surface of the PLGA-PBA nanoparticles. The
zeta potential of the PLGA-PBA nanoparticles increased from
—13.7 mV to —38.5 mV after conjugation with MTX due to
the protrusion of electron-rich -NH,/~COOH groups of MTX
molecules as well as the -OH groups of the aminolyzed PLGA
molecules on the surface. A spherical morphology with a
smooth particle surface and uniform size was observed through
AFM, FESEM and TEM analyses for both the conjugated and
unconjugated types of nanoparticles (Fig. 2). The average size of
the PLGA-PBA nanoparticles and PLGA-PBA@MTX nano-
particles was ~40 nm and ~ 105 nm, respectively, as estimated
from the size distribution graphs, which were obtained using
Image] software (Fig. 2 insets).*® The smaller core-size of the
PLGA-PBA@MTX nanoparticles could be favourable for passive
targeting to the reduced folate carrier (RFC) and folate receptor
o (FAa)-negative and methotrexate resistant cells.”

The fluorescence spectrum of the PBA molecule exhibited
three emission peaks at 376 nm, 396 nm and 418 nm when
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excited at 240 nm (Fig. S1, ESIT).*® These characteristic fluores-
cence emission peaks of PBA remain unchanged after conjuga-
tion with PLGA polymer in the PLGA-PBA nanoparticles and
PLGA-PBA@MTX nanoparticles when excited at 240 nm
(Fig. 3a). This result indicates that PBA molecules retained
their molecular properties in the PLGA-PBA nanoparticles as
well as PLGA-PBA@MTX nanoparticles.

In order to confirm the successful conjugation of MTX
molecules, the percentage values of fundamental elements
present in the pristine PLGA polymer and the subsequent
PLGA-PBA and PLGA-PBA@MTX nanoparticles were obtained
using CHN and EDX analysis techniques. The insets of Fig. 3b
show the results of CHN analysis, indicating the increasing
percentage of nitrogen from PLGA-PBA nanoparticles to PLGA-
PBA@MTX nanoparticles. This result is also supported by EDX
analysis of a single particle, as shown in Fig. 3b.

FTIR studies further supported the stepwise conjugation of
PBA and MTX with PLGA before and after nanoparticle for-
mation, respectively. PLGA polymer showed a strong carbonyl
stretching frequency at 1745 cm ' due to the ester bond
between lactic acid and glycolic acid monomers, while weak
peaks were observed at 2995-2850 cm ™" for the alkyl C-H group
and at 1270-1087 cm™* for the ether group, which were also
observed in the spectrum of the PLGA-PBA polymer (Fig. 3c).*’
The intense peak for the carbonyl group of PBA-COOH at
1686 cm ' was shifted to 1630 cm™" after amide linkage with
-NH, of EDA conjugated PLGA polymer (Fig. S3, ESI{).*' Apart
from these carbonyl peaks, the peaks for N-H bending (amide II)

3040 | Mater. Adv., 2020, 1, 3033-3048

and N-H stretching vibration appeared at 1578 cm ' and

~3340 cm ', respectively, for the PLGA-PBA polymer before
and after nanoparticle formation (Fig. 3c).*>** The conjugation
of MTX molecules with the PLGA-PBA nanoparticles was estab-
lished from the signature peaks of the amide bond at 1630 cm ™"
(amide 1), 1578 cm ™" (amide II) and ~3340 cm™ ' (amide N-H
stretch), which proved the successful synthesis of PLGA-
PBA@MTX nanoparticles through amide linkage (Fig. 3c). The
structure of the MTX molecule bears two amino groups, an
aromatic pteridine ring and a p-aminobenzoic acid moiety with
characteristic stretching vibrations at 3390 cm™ ", 1640 cm™*
and 1678-1488 cm ™', which were also observed in the FTIR
spectrum of the final nanoparticles with a slight shifting of the
stretching frequencies (Fig. S3, ESIT).** The study indicates that
the two amino groups of the MTX molecules remain intact and
free after conjugation, which is required for the binding
with FRa on the cell surface. It is also worth noting that
the characteristic absorption bands of the PLGA chain were
distinctly observed among the distinctive absorption peaks of
MTX and PBA in the FTIR spectrum of PLGA-PBA@MTX,
which is expected as PLGA forms the backbone of the final
nanoparticles.

'H NMR spectroscopic analysis, as shown in Fig. S4 (ESI{),
further confirmed the FTIR results, which established the
successful conjugation of PBA and MTX with PLGA molecules
in the nanoparticles. The "H NMR spectrum of the bare PLGA
polymer showed chemical shifts (6) at 1.48 ppm and 5.24 ppm
for the CH; and CH groups of lactic acid and 4.89 ppm for the

This journal is © The Royal Society of Chemistry 2020
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CH, group of glycolic acid, as reported by Wang et al.** After
PBA conjugation, peaks appeared at 7.91-8.42 ppm due to the
aromatic protons of the pyrene group.*® Indeed, the PLGA-PBA
polymer showed all the respective aliphatic and aromatic pro-
ton peaks of PLGA polymer and PBA molecules. The peaks for
CH, of -NHCH,- at 5.57-5.59 ppm were attributed to the EDA
molecule in the PLGA-PBA polymer, which was used for the
chemical conjugation between PBA and PLGA. To ensure the
presence of the MTX molecule, only the PLGA nanoparticle was
selected for MTX attachment, instead of the PLGA-PBA nano-
particle, as this helped to analyze the MTX conjugation through
a simplified "H NMR spectrum. In the "H NMR spectrum of
PLGA@MTX nanoparticles, peaks at 7.72-8.57 ppm corre-
sponded to the protons of the aromatic pteridine ring and
p-aminobenzoic acid moiety of the MTX molecule. A similar
"HNMR spectrum of MTX, which was conjugated with poly-
amidoamine dendrimer, was reported by Zhang et al.*’ The
peak assigned for -CONH- appeared at 7.46-7.67 ppm, which
proved the formation of amide bonds between MTX and PLGA
nanoparticles through EDA (Fig. S4, ESIt).”” During the con-
jugation, one of the -COOH groups of MTX participated in the
amide bond formation with the PLGA-EDA conjugate leaving

This journal is © The Royal Society of Chemistry 2020

ed in the insets. (c) FTIR spectra of PLGA polymer, PLGA-PBA polymer and
d MTX with PLGA before and after nanoparticle formation. (d) MTX release

the other -COOH and -NH, groups free, which produced peaks
at 12.48-12.5 and 6.63 ppm, respectively. Thus, the "H NMR
results corroborated the MTX conjugation through the EDA
molecule on the surface of the PLGA nanoparticles.

The FTIR and '"H NMR results were further strengthened by
the mass spectroscopy analysis of PLGA-PBA polymer and
PLGA-PBA@MTX nanoparticles, as shown in Fig. S5 and S6
(ESIt). The electrospray ionization of PLGA-PBA polymer dis-
played a major peak of [PBA-EDA—(LA),—(GA),]" at 475.32 m/z
(calculated value of 476.23). This peak value closely matched
with the calculated mass of covalently linked PBA with the
fragmented component of a PLGA molecule, i.e. one lactic acid
(LA) and one glycolic acid (GA) through EDA, which was
produced during the ionization process of analysis. The
observed mass peaks of the PLGA-PBA polymer were similar
with the calculated values of fragments like [PBA-EDA]", [PBA-
EDA-(LA),~(GA),]" and [PBA-EDA-(LA);~(GA),]" ions at 346.32,
606.17 and 679.51 m/z, (calculated values of 346.2, 606.26 and
678.28), respectively (Fig. S5, ESIt). Mass spectroscopy analysis
after MTX conjugation with PLGA-PBA nanoparticles produced
an intense peak at 455.1 m/z for [MTX]" (calculated value at
454.44). This intense peak at 455.1 m/z may be due to the MTX
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molecules, which were conjugated on the surface of PLGA-PBA
nanoparticles and separated at the time of electrospray ioniza-
tion. The other peaks of ionized fractions of [MTX-EDA]J’,
[MTX-EDA-(LA),]", [MTX-EDA-(GA),~(LA),]', [PBA-EDA]",
[PBA-EDA~(LA);~(GA);]" and [PBA-EDA-(LA);—(GA),]" were at
497.23, 568.56, 685.44, 346.32, 475.32 and 679.51 m/z, respec-
tively (calculated values of 495.2, 567.26, 683.2, 346.2, 476.23
and 678.28) (Fig. S6, ESIT), confirming the presence of PBA and
MTX in the PLGA networks through EDA-mediated chemical
conjugation.*®*°

3.3 Drug loading and conjugation efficiency

The amide bond that linked MTX on the surface of the PLGA-
PBA@MTX nanoparticles may undergo hydrolysis to release
MTX for drug delivery application. Indeed, we observed the
release of MTX with time in PBS, which is pH-dependent. Thus,
before a detailed release study, it became necessary to quantify
the drug loading efficiency of PLGA-PBA@MTX for determin-
ing the therapeutic efficacy of the nanoparticles. The drug
(MTX) loading and conjugation efficiency of PLGA-PBA@MTX
were found to be 36.0% and 91.4%, respectively. The MTX
conjugation efficiency has been reported by Rostamizadeh
et al., who claimed 82% conjugation efficiency of methotrexate
within a methoxy poly(ethylene glycol)-poly(caprolactone)
copolymer.” The reason behind the highest MTX loading in
the PLGA carrier to the best of our knowledge is the large
surface area with EDA-borne functional groups for MTX con-
jugation. The observed high percentage of MTX loading
and conjugation in PLGA-PBA@MTX nanoparticles helped in
carrying a sufficient amount of drug for effective therapy even
with a lower treatment dose.

3.4 Stability of the PLGA-PBA@MTX nanoparticles

The stability of PLGA-PBA@MTX nanoparticles in deionized
water is a vital aspect for their long term storage and applica-
tion in cancer management through their drug release beha-
viour. It was found that the size of the nanoparticles remained
unchanged when they were kept in deionized water as well as
pH 7.4 phosphate buffer solution even after 7 days. To study the
effect of other pH values on the stability, PLGA-PBA@MTX
nanoparticles were suspended in 1 x PBS having a wide range of
PH values for 7 days. The size of the nanoparticles in pH 4.0,
pH 6.0 and pH 9.0 PBS decreased from 252.1 nm to 122 nm,
125.7 nm and 123.7 nm, respectively. The decrease in size of the
nanoparticles may be due to either release of MTX or disman-
tling of the PLGA-PBA@MTX structure. To confirm which
mechanism occurred, the sizes of the PLGA-PBA nanoparticles
only were measured in this wide range of pH values. It is
observed that the size of PLGA-PBA remained almost the same
after 7 days in pH 4.0, 6.0 and 9.0 PBS, which confirms that the
size of PLGA-PBA@MTX decreased as MTX molecules were
dissociated, not because of the dismantling of the PLGA-PBA
backbone. Thus, the pH-sensitive amide bonds are responsible
for the decrease in size of the PLGA-PBA@MTX nanoparticles
at different pH values due to the gradual dissociation of MTX.
However, PBA remained undissociated at all these pH values,
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as covalently conjugated PBA molecules were densely packed
into the PLGA matrix after nanoparticle formation. The fluores-
cence study also confirmed that PBA did not come out from the
PLGA matrix as no change in fluorescence in the release
medium was observed.

3.5 pH-Dependent MTX release

After observing the high loading of MTX, it was worth studying
the drug release characteristics of the PLGA-PBA@MTX nano-
particles at pH ~ 6.5 as this pH prevails in the tumor micro-
environment and at ~4.5, which is found in endosome and
lysosome.”™*> To study the release patterns of MTX in the
acidic pH range, pH 6.0 and pH 4.0 were chosen to understand
the possible mechanism of drug release behaviour in a cellular
environment. It was observed that at pH ~ 6.0, ~19% MTX
was released within 4 h followed by a constant release rate with
time till ~96% MTX was released at 150 h (~ 6 days), while at
pH 4.0, ~95% MTX was released within 24 h (Fig. 3d). From
the drug release studies, it was realized that both release
characteristics, ie. the initial burst release followed by a
sustained release profile, were present at pH ~ 6.0. In contrast,
a fast MTX release occurred at pH 4.0 mainly due to the burst
effect, which may be desirable for intratumoral drug delivery.
The biphasic release pattern, which was observed at pH 6.0 was
similar to the pattern observed by Lu et al.>® They synthesized
chitosan (CS)-modified PLGA nanoparticles to overcome the
burst release of drug from PLGA nanoparticles. Despite this
modification, they observed an initial rapid release of 14.3%
and 40.9% paclitaxel after the first 2 h at pH 7.4 and pH 5.5,
respectively, and complete release of the drug within 50 h. The
19% burst release of MTX may be due to electrostatically bound
MTX molecules on the negatively charged PLGA-PBA surface
adsorbed during MTX loading. This observation suggests that
apart from amide bonded MTX, there is a possibility of MTX
loading on the surface of PLGA-PBA through electrostatic
interaction. In the solution phase, the -NH, functional groups
of MTX may remain as -NH;" that forms electrostatic bonds
with the -O-/-OH groups of PLGA-PBA nanoparticles. However,
this electrostatic interaction becomes weak as the PLGA-PBA
surface gets positively charged at acidic pH, i.e. pH ~ 6.0, and this
introduces a burst release characteristic.”” Unlike CS-modified
PLGA nanoparticles, PLGA-PBA@MTX exhibited slower drug
release for a longer period of time (~6 days) to implement the
drug-toxicity effect in a sustainable manner. The reason for this
behaviour is that the MTX molecules are conjugated with PLGA
nanoparticles through amide bonds, and the observed sustained
release of MTX at acidic pH may be due to the hydrolysis of the
amide bonds present between MTX and the PLGA-PBA nano-
particles through EDA. In general, hydrolysis of the amide bond
is difficult at pH ~ 6.0 to release any molecule. However, as one of
the carboxyl groups is in close proximity to the amide function
(which undergoes hydrolysis, as shown in Fig. 1), a carboxyl-
catalyzed amide bond hydrolysis may occur to facilitate the con-
trolled release of MTX in the cellular compartment like endosome/
lysosome where the acidic microenvironment prevailed to increase
the therapeutic efficacy of PLGA-PBA@MTX nanoparticles.>*

This journal is © The Royal Society of Chemistry 2020
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The mechanism of MTX release from PLGA-PBA@MTX
nanoparticles was analyzed using kinetic modelling. To obtain
the best fitting kinetic model, the experimental MTX release
data were used in the Korsmeyer-Peppas kinetic model and the
release constant parameters like release exponent (n) and
regression coefficient (R*) were determined from the best
fitting curve (Fig. S7, ESIt). After fitting the MTX release data
using the Korsmeyer-Peppas equation, the obtained R* value
was close to 1.0, which indicates that the Korsmeyer-Peppas
model is best suited to describe the MTX release. The regres-
sion coefficient (R*) and release exponent (n) values are ~0.99
and =~0.42, respectively. Since the release exponent value
remains <0.5, the Fickian diffusion-based release mechanism
for MTX is mainly followed, where the release rate of MTX
depends on the rate of hydrolysis of the amide bond and MTX
diffusion rate.>

3.6 Hemolytic activity assay

Hemolytic assays were performed to understand the biocom-
patibility of the PLGA-PBA@MTX nanoparticles in blood,
which gives some understanding of in vivo delivery of the
nanoparticles to the targeted site. In this study, 0.5 uM,
1.1 uM and 2.0 pM concentrations of PLGA-PBA@MTX were
incubated with blood samples and no significant hemolytic
activity was observed. The percentage hemolysis was well
within the 5% range (Fig. S8, ESIf). These results suggested
that PLGA-PBA@MTX could be used as a carrier for delivery of
chemotherapeutic agents to the cancer site, while evidencing
its own low toxicity toward non-cancerous cells.

3.7 PLGA-PBA@MTX nanoparticle-induced cytotoxicity
studies

The PLGA-PBA@MTX nanoparticles were designed to increase
the overall delivery efficacy of MTX in reduced folate carrier
(RFC) lacking cells. Normally, MTX is delivered into cells
predominantly via the RFC, which is a bi-directional anion
exchanger with 12 putative transmembrane domains. In the
cellular environment, MTX inhibits the synthesis of nucleotides
by binding irreversibly with the enzymes, ie. dihydrofolate
reductase (DHFR), thymidylate synthase (TS), glycinamide ribo-
nucleotide transformylase (GAR transformylase) and 5-amino-
imidazole-4-carboxamide ribonucleotide transformylase (AICAR
transformylase), essential for the synthesis of thymidylate (d{TMP),
adenylate (AMP) and guanylate (GMP), respectively, which even-
tually disrupts the DNA synthesis followed by apoptosis-mediated
cell death. Additionally, MTX hinders the synthesis of methionine
and S-adenosyl-methionine required for the methylation of DNA,
histones and lipids."”® In this work, we have considered MDA-
MB-231 and MCF-7, which are MTX-resistant breast cancer cell
lines. The reason for MTX resistance in MDA-MB-231 cells is
mostly the impaired drug transport phenomenon as the cells do
not express RFC mRNA.>” On the other hand, MCF-7 cells become
resistant to MTX due to the increased levels of DHFR in cytosol.*®
To assess whether PLGA-PBA@MTX nanoparticles have any cyto-
toxic effect, we determined the cell viability of MDA-MB-231 and
MCF-7 cells in the presence of free MTX and PLGA-PBA@MTX

This journal is © The Royal Society of Chemistry 2020
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nanoparticles. For this purpose, each cell line was treated with
MTX and PLGA-PBA@MTX nanoparticles with conjugated MTX
concentrations ranging from 15 nM to 2.6 pM for MDA-MB-231
and from 5 pM to 80 uM for MCF-7. The concentration of MTX
in PLGA-PBA@MTX was calculated from the calibration curve
(absorbance versus MTX concentration), as shown in the ESLt The
cell viability data are represented as mean + SD, obtained from
three independent experiments (Fig. S9, ESIT). Within the applied
drug concentration range, MTX exhibits minimum cytotoxicity in
MDA-MB-231 and MCF-7 cells, which is also supported by other
previously published reports.>® However, when treated with PLGA-
PBA@MTX nanoparticles, a drastic reduction of cell viability was
observed with ICs, values of ~1.1 pM for MDA-MB-231 (Fig. S9a,
ESIf) and ~16 pM for MCF-7 (Fig. S9b, ESI}) after 48 h of
treatment. The study indicates that MTX did not exhibit significant
cytotoxic properties at lower concentrations, but when conjugated
with PLGA-PBA@MTX nanoparticles, the cytotoxic behaviour
increases significantly even at low concentration. We assumed
that a large number of MTX molecules were hydrolyzed from the
surface of the PLGA-PBA@MTX nanoparticles after entering the
cells, due to the acidic environment of the endosome/lysosome,
and inhibited the synthesis of the nucleotides by binding
irreversibly with the required enzymes, leading to significant
DNA damage and cell death.

3.8 Cellular internalization pathway of PLGA-PBA@MTX
nanoparticles

There are several transport mechanisms, such as passive
diffusion, active transport or endocytosis, that can be used to
internalize small molecules and nanoparticles inside cells.
Endocytosis is a temperature-sensitive process, which is mainly
of two types: phagocytosis and pinocytosis.>® Phagocytosis is
primarily observed in macrophages, while pinocytosis is found
in all other cell types. Pinocytosis may be classified into four
categories, clathrin-dependent endocytosis, macropinocytosis,
caveolae-dependent endocytosis, and clathrin/caveolae-inde-
pendent endocytosis.® PLGA-PBA@MTX nanoparticles should
utilize one or more of these pathways for cellular internalization,
which was monitored by the PBA derived fluorescence property of
the nanoparticles.

PLGA-PBA@MTX was designed to deliver the drug inside
cells that are drug resistant due to a lack of RFC expression.
To investigate whether endocytosis is involved in the intra-
cellular transport of PLGA-PBA@MTX, we measured the
fluorescence of the nanoparticle-treated MDA-MB-231 and
MCF-7 cells at 37 °C (control cells) and 4 °C for 2 h (Fig. 4ai
and ii, bi and ii). Negligible fluorescence was observed in
nanoparticle-treated cells incubated at 4 °C (Fig. 4aii and bii),
while a significant increase in fluorescence intensity was
observed at 37 °C (Fig. 4ai and bi). The quantification of fluores-
cence intensities from the reproducible experiments indicated that
PLGA-PBA@MTX nanoparticles exhibit significantly high inter-
nalization after 2 h of incubation (*» < 0.0001) at 37 °C in
comparison to the cells incubated at 4 °C, suggesting the involve-
ment of endocytosis in the intracellular uptake of PLGA-
PBA@MTX nanoparticles in both MDA-MB-231 and MCF-7 cells.

Mater. Adv., 2020, 1, 3033-3048 | 3043
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Internalization pathway of PLGA-PBA@MTX nanoparticles in (a) MDA-MB-231 cells and (b) MCF-7 cells analyzed by fluorescence microscopy

under different conditions i.e. (i) 37 °C and (ii) 4 °C and after (i) chlorpromazine, (iv) lovastatin and (v) amiloride treatment. Cells were visualized under
bright field and DAPI channels. (c) Quantification of fluorescence intensity of PLGA-PBA@MTX in MDA-MB-231 cells depicting a significant decrease in
internalization in amiloride- and lovastatin-treated cells, compared with the control group; and chlorpromazine-treated cells showed no significant
change in fluorescence intensities. (d) Quantification of fluorescence intensity of PLGA-PBA@MTX in MCF-7 showing a significant decrease in
internalization in amiloride-treated cells, compared with the control group, whereas chlorpromazine- and lovastatin-treated cells showed no significant

change in fluorescence intensities.

After confirming the involvement of endocytic pathways; we
blocked different endocytic processes with chemical inhibitors
to understand the mechanism of endocytosis. For this purpose,
MDA-MB-231 and MCF-7 cells (pre-exposed to different inhibi-
tors with concentrations that are non-toxic or have very low
toxicity to the cells) were incubated with PLGA-PBA@MTX for
2 h and the fluorescence intensities were monitored. It was
observed that both MDA-MB-231 and MCF-7 cells pre-incubated
with chlorpromazine show a similar uptake of nanoparticles to
the control cells (cells treated at 37 °C) as they did not show any
significant difference in fluorescence intensity (Fig. 4aiii and
biii). Thus, the involvement of any clathrin raft-mediated
endocytosis was eliminated in this study. However, when both
cells were treated with lovastatin, which blocks caveolae-
dependent endocytosis, MDA-MB-231 cells showed less fluores-
cence intensity compared to the control cells (Fig. 4aiv), which
suggests the partial involvement of lipid raft-mediated endo-
cytosis in the transport of PLGA-PBA@MTX nanoparticles into
MDA-MB-231 cells, but MCF-7 did not show any significant
decrease in fluorescence intensity compared to the control cells
(Fig. 4biv). This observation corroborates the results of some
previous studies, which showed a higher expression of FR-o in
MDA-MB-231 cells than in MCF-7 cells and involvement of the

3044 | Mater. Adv., 2020, 1, 3033-3048

non-classical lipid raft-mediated endocytosis pathway in FR-o-
mediated internalization of folate, which does not involve
clathrin-coated pits."®®°

Although we have observed significant internalization by
FR-a-dependent lipid raft-mediated endocytosis in MDA-MB-231
cells, it is unlikely to cause apoptosis singlehandedly, as demon-
strated in the MTT assay (Fig. S9a, ESIt) in the given concentration
range. Thus, the involvement of a second mode of internalization
was anticipated. As expected, pre-incubation with amiloride
completely blocked the uptake of PLGA-PBA@MTX nanoparticles
in MDA-MB-231 and MCF-7 cells compared to the control cells
(Fig. 4av and bv). These results established that the intracellular
uptake of the nanoparticles in MDA-MB-231 cells by both macro-
pinocytosis and lipid raft-mediated endocytosis pathways triggered
cell death. In MCF-7 cells, intracellular uptake of the nanoparticles
occurred mainly by macropinocytosis, which may be due to the
low level of expression of FR-o. on the cell surface.

3.9 Endosome staining with acridine orange to demonstrate
the co-localization of PLGA-PBA@MTX nanoparticles in
endosomes

The internalization study showed that the transport of PLGA-
PBA@MTX nanopatrticles occurred mainly through macropinocytosis

This journal is © The Royal Society of Chemistry 2020
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in both cells, i.e. MDA-MB-231 and MCF-7, and by FRo-mediated
endocytosis into MDA-MB-231 cells. It is reported that if endo-
cytosis occurs, then nanoparticles will remain in endosome and
lysosome.®! Romero et al. reported the internalization of PLGA
nanoparticles via macropinocytosis and their co-localization
with endosome.®” Because of these results, we also anticipated
that PLGA-PBA@MTX would remain in endosomes. To confirm
the localization of the nanoparticles in endosome like cellular
compartments after endocytosis, acridine orange staining was
performed to visualize the endosomes and lysosomes formed
after endocytosis.®® Acridine orange specifically stains endo-
somes with red fluorescence and nuclei with green fluorescence.
The co-localization of PLGA-PBA@MTX nanoparticles was eval-
uated to determine their presence in endosomes using the
emission maximum of the nanoparticles at 378 nm, which is
the wavelength of the blue fluorescence region. In the case of the
control cells (untreated), blue fluorescence dots were absent due
to the lack of PLGA-PBA@MTX nanoparticles, and the merged
image showed no fluorescence color deviation from red (Fig. 5).
However, in the case of PLGA-PBA@MTX-treated cells, blue
fluorescence dots were well-observed for the nanoparticles and
the merged image showed a deviation of color from blue and red
to purple (Fig. 5). This shift in color in the merged image
confirmed the co-localization of PLGA-PBA@MTX nanoparticles
and endosome, which occurred due to the internalization
through micropinocytosis and caveole-mediated endocytic
pathways.

3.10 Mode of PLGA-PBA@MTX nanoparticle-induced cell
death

The previous cellular studies clearly depicted internalization
of the PLGA-PBA@MTX nanoparticles in both RFC positive

Blue fluorescence mode

Control cells

PLGA-PBA@MTX
treated cells

Red fluorescence mode
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(MCF-7) and negative (MDA-MB-231) cells. In order to assess
the therapeutic effect of PLGA-PBA@MTX nanoparticles after
internalization, the apoptosis assay was performed using an
Annexin V Alexa Fluor 488/PI staining process and detected
through flow cytometry. Annexin V Alexa Fluor 488 was used to
stain the apoptosis-specific flipped membrane phospholipids,
i.e. phosphatidylserine (PS), which are usually present on the
cytoplasmic side of the plasma membrane, while in apoptotic
cells, they are exposed on the outer surface due to membrane
flipping. The cell membrane permeability of necrotic cells was
stained using PI In this study, MDA-MB-231 and MCF-7 cells
were treated with PLGA-PBA@MTX and then stained with
Annexin -V Alexa Fluor 488/PI after 48 h of treatment. The
fluorescence intensity of Annexin V Alexa Fluor 488 was
increased in both cases of MDA-MB-231 and MCF-7 cells after
treatment with the nanoparticles in a dose-dependent manner.
Three different conjugated MTX concentrations of the nano-
particles were tested and found to cause significantly high
apoptosis (*p < 0.0001) compared with the control group
(untreated) (Fig. S10a-e in MDA-MB-231 and Fig. Slla-e in
MCF-7, ESIt). These results suggested that the present nano-
formulation strategy can be an effective route in the treatment of
RFC-deficient MTX resistant cancer as well as other metastatic
breast cancers.

3.11 PLGA-PBA@MTX nanoparticle-induced DNA damage

As we observed that MTX is released from the nanoparticle
surface through hydrolysis of the amide bond, there would be a
possibility that a similar release behavior could occur inside the
acidic cellular compartments and in cytoplasm. In the previous
literature, it was reported that MTX irreversibly binds with the
essential enzymes of nucleotide biosynthesis like dihydrofolate

Merged image

Fig. 5 Co-localization of the internalized PLGA-PBA@MTX nanoparticles in endosomes of MDA-MB-231; merged image of PLGA-PBA@MTX-treated
cells showing deviation of color from blue (due to nanoparticle fluorescence) and red (due to endosome staining with acridine orange) to purple, while

the merged image of the control cells shows no deviation of color.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Electrophoresis-based comet assay to demonstrate the DNA
damage induced by PLGA-PBA@MTX nanoparticles. The image shows
the comet formation including the head (undamaged DNA) and tail
(damaged DNA) with the statistical analysis of their percentages.

reductase, thymidylate synthase, GAR transformylase and AICAR
transformylase with a high affinity, which eventually inhibit the
synthesis of thymidylate, adenylate and guanylate, respectively,
necessary for nucleotide synthesis.'”*® In the absence of these
precursor nucleotides, DNA synthesis is disrupted, leading to DNA
damage.”® In this study, if MTX release occurs from PLGA-
PBA@MTX in the cell cytoplasm, we would then observe damage
of DNA due to the MTX-mediated inhibition of nucleotide
synthesis. To validate this hypothesis, we have performed
comet assay to demonstrate the DNA damage induced by
PLGA-PBA@MTX nanoparticles. In the electrophoresis-based
comet assay, the “head” part indicates the undamaged DNA
nucleoid and the “tail” part signifies the damaged DNA strip
trailed behind the “head”.®* The percentage of DNA in the tail
is directly proportional to the percentage of DNA damage that
has occurred in a particular cell. MDA-MB-231 cells treated with
PLGA-PBA@MTX nanoparticles showed a significantly high
amount of DNA in the tail part compared to the control and
MTX-treated cells (Fig. 6). This justifies that PLGA-PBA@MTX
nanoparticles have the ability to induce DNA damage and,
consequently, cell-killing in a much more efficient way than
MTX at a given concentration.

4. Conclusions

The present study demonstrates a novel approach to the
synthesis of PLGA-based nanoparticles with fluorescence and
therapeutic properties to treat drug-resistant breast cancer
cells. The stable fluorescence property was developed by the
covalent conjugation of PBA molecules with PLGA polymer
chains via EDA molecules as a bridge between them. The
covalent conjugation of PBA through amide bonding in the
PLGA-PBA polymer was established by FTIR, NMR, and mass
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spectroscopic analyses. When PLGA-PBA polymer was electro-
sprayed at 8.0 kV, fluorescent nanoparticles were obtained with
mono-dispersity (40 nm in size), a spherical shape, and a
smooth texture of the surface, as characterized by AFM, FESEM
and TEM observation. To make drug conjugated PLGA-PBA
nanoparticles, the carboxylic group of the MTX molecule
was amide-bonded with -NH, groups of the EDA-conjugated
PLGA-PBA nanoparticles. As MTX molecules conjugated on
the surface of the PLGA-PBA nanoparticles, the size of the
PLGA-PBA@MTX nanoparticles became ~105 nm with 36%
drug loading and 91.4% conjugation efficiency. The high con-
jugation of MTX and the outward protrusion of the free -NH,
groups of the attached MTX molecules helped in multivalent
interaction with FAo receptors, followed by internalization
inside cells. This effectiveness of PLGA-PBA@MTX nano-
particles was reflected in the cytotoxicity study and also in the
apoptosis assay. The ICs, values of the PLGA-PBA@MTX nano-
particles were 1.1 uM and 16.0 pM in MDA-MB-231 and MCF-7
cells, respectively, which were considerably lower than the
ICs value of free MTX. The MTX release profile from PLGA-
PBA@MTX nanoparticles was studied in the release medium of
acidic pH like the pH observed in the tumor microenvironment
and endosome/lysosome. The release of MTX from PLGA-
PBA@MTX nanoparticles at pH 6.0 followed the Korsmeyer-
Peppas kinetics model with a Fickian diffusion mechanism.
At pH below 6, which is found in the endosome, ~95% MTX
release was observed within 24 h, which was also in accordance
with the MTT and apoptosis assay results. Significant inter-
nalization of PLGA-PBA@MTX nanoparticles via the macropino-
cytosis pathway in MTX-resistant MDA-MB-231 and MCF-7 cells
was established by monitoring the fluorescence of PBA in
the nanoparticles. In MDA-MB-231 cells, the internalization
of PLGA-PBA@MTX nanoparticles also followed the lipid
raft-mediated endocytosis pathway through FR-a receptors to
induce higher cell cytotoxicity than that in MCF-7 cells.
All these results concluded that PLGA-PBA@MTX nanoparticles
are highly efficient in delivering MTX and also executing
apoptosis-mediated cell death of drug-resistant breast cancer
cells. Thus, there is enormous future potential of this novel
PLGA-based nanoparticle, which can be used for the loading of
MTX-type drug molecules in a nanoparticle matrix and conjuga-
tion of target-specific small molecules or antibodies on the surface
of the nanoparticle system for theranostic applications.
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