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ARTICLE INFO ABSTRACT

Keywords: Anticancer drug cytarabine, has been widely used for treating haematological malignancies while it has minimal
CYFarabine activity against solid tumours, which demands continuous infusion leading to high dose cytarabine toxicity. In
Chitosan this study, folate conjugated chitosan nanoparticles (FCCNP) were used for targeted delivery of cytarabine in
i:é?; chifmrs breast adenocarcinoma cell lines by making use of the overexpressed folate receptors on the surface of MCF-7.
A-549 cells Folate was conjugated to chitosan using carbodiimide. FCCNPs show spherical morphology with a size of<50

nm. Zeta potential of + 45.2 mV and PDI of 0.98 from DLS measurement confirms a stable monodisperse
nanoformulation. Cytotoxicity was studied in folate receptor positive, MCF-7 and folate receptor negative, A-549
cell lines. Increased cellular uptake of the drug incorporated nanoparticles was confirmed in MCF-7 cells with
fluorophore, squaraine 650 compared to A-549 cells. The relative fold of expression of genes involved in
apoptosis such as bax, cyt c and cas 9 were upregulated. The present in vitro study confirms improved cytotoxicity

of cytarabine folate conjugated chitosan nanoparticles in MCF-7 cells.

1. Introduction

Cytarabine (Ara-C, 1-p-D-arabinofuranosyl cytosine), a pyrimidine
nucleoside analogue, is a first-line drug for the treatment of myeloid
leukaemia, non-Hodgkin’s lymphoma and meningeal leukaemia.
Cytarabine is phosphorylated by deoxycytidine kinase that leads to the
inhibition of DNA polymerase and DNA repair activity and causes S
phase arrest, further trigger apoptosis followed by cell death. It has been
reported that cytarabine shows little activity against solid tumours,
whereas it is found therapeutically effective in combination with other
antitumour compounds. However, to show an appreciable effect against
solid tumours, the concentration of the drug needs to be increased,
which might cause side effects on non-targeted cells and tissues. The half
- life of cytarabine in plasma is very short due to the rapid deamination
of the pyrimidine ring leads to the formation of inactive 1-p-D-arabi-
nofuranosyl uracil (Ara-U) in the liver and kidney [1]. The enzymatic
degradation of the drug can be reduced by encapsulating it into drug
delivery systems which enhances bioavailability and reduces frequency
of dosing as well as undesirable side effects [2].
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Polymeric nanoparticles have been emerging as pharmacological
vectors for the targeted drug delivery in cancer therapy. The tumour
microenvironment characteristics are exploited to design drug delivery
systems for specifically directing anticancer drugs to the tumour milieu.
Targeted drug delivery by polymeric nanoparticles aids specific and
rapid internalisation of the desired drug into a target cell and minimise
the drug induced toxic side effects to normal tissues. Polymeric nano-
particles with diameters ranging from 10 to 1000 nm are promising
entities for drug delivery and retention [3], enhancing drug stability,
solubility, and controlled release in targeted tumour tissue.
Nanoparticle-based delivery relies on size-dependent, passive targeting
or active targeting through site-specific ligands [4]. However, passive
targeting of nanoparticles through enhanced permeability and retention
effect (EPR effect) alone is insufficient to achieve a high level of the drug
at the targeted tissue [5]. Active targeting can improve the efficiency of
the delivery systems by functionalising the polymer by targeting ligands
such as antibodies, folic acid, biotin and peptides. Active targeting di-
minishes the non-specific action of passive targeting through specific
binding of receptors overexpressed on cancer cells. Targeted delivery
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systems increase the therapeutic efficiency of the drug by enhancing
pharmacokinetics and biodistribution [6].

Chitosan (poly-f(1 — 4)-2-amino-2-deoxy-D-glucose) is one of the
most naturally abundant biopolymers widely used in drug delivery and
tissue engineering. Chitosan nanoparticles are promising drug delivery
systems due to their biocompatibility, low immunogenicity and biode-
gradability, and ability to form gels, films, fibres, and particles. Chitosan
is reported to show antitumour activity through membrane disrupting
and apoptosis inducing activities [7]. Functional groups such as hy-
droxyl and amino groups on the backbone of chitosan make it an
attractive candidate for the conjugation of cancer-targeting ligands such
as folate, antibodies, peptides etc. The cationic nature of chitosan im-
proves the targeting due to the affinity towards negatively charged
biological membrane. Folic acid is an ideal tumour marker for targeted
drug delivery as folate receptors (FR) are overexpressed on the surface of
human tumour cells such as the breast, ovary, uterus, kidney, colon and
lungs. The expression of folate receptors on tumour cells is around
100-300 times higher when compared to normal cell [8]. Folate con-
jugated on the nanoparticles bind to folate receptors on tumour cells and
get internalised via receptor-mediated endocytosis and enhance the
retention of payload in tumour environment [9]. Lack of immunoge-
nicity, low molecular weight, relatively high stability and ease of syn-
thesis make folic acid a useful ligand for tumour targeting compared to
antibodies [10]. Several folate conjugated therapeutics enter into clin-
ical trials for cancer therapy. Folate conjugated nanoparticles enter into
the tumour through passive as well as active targeting via receptor-
mediated endocytosis. It has been reported that the optimal amount of
FA moieties that can be used for targeting was 0.1 — 0.2 umol folate/mg
polymer [11].

Recent studies have shown that folate conjugated chitosan nano-
particles enhance the drug retention in tumour mass and site-specific
delivery by folate receptor-mediated endocytosis in FR positive cells.
It has been reported that the expression of folate receptors is higher in
MCF-7 cells compared to normal cells [12]. Ridha et al reported that the
anti-cancer effect of doxorubicin and mitoxantrone was enhanced while
encapsulating in folate-apoferritin-conjugated cationic solid lipid
nanoparticles [13]. Folate conjugated chitosan nanoparticles loaded
with ligustrazine showed higher intracellular accumulation in FR posi-
tive MCF-7 cell lines than in FR negative A549 cells [14]. Though
cytarabine has been widely used for treating haematological malig-
nancies, it has minimal activity against solid tumours due to the short
half-life of the drug, which demands continuous infusion leading to high
dose cytarabine toxicity. However, the targeted delivery of cancer drugs
to tumour sites can reduce the toxic side effects of such medications.
Hence this study was carried out to evaluate the potency of folate con-
jugated chitosan nanoparticles (FCCNP) for targeted delivery of cytar-
abine in breast adenocarcinoma cell lines by making use of the
overexpressed folate receptors on the surface of MCF-7.

2. Materials and methods
2.1. Materials

Chitosan (Medium molecular weight), Sodium Tripolyphosphate
(TPP), folic acid, 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC), N-hydroxy succinimide (NHS) 3-[4,5-dimethylthiazol-2-yl]
—2,5-diphenyltetrazoliumbromide (MTT) and cytarabine were pur-
chased from Sigma — Aldrich (St. Louis, MO, USA). All other reagents
used in the study were of analytical grade. Cell lines of human breast
adenocarcinoma (MCF-7), human lung adenocarcinoma (A-549) and
murine fibroblast (L929) were procured from NCCS, Pune, India and
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM / F-12) sup-
plemented with 10% FBS (Gibco, India).
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2.2. Synthesis of folate conjugated chitosan

Folate conjugated chitosan was synthesised according to carbodii-
mide chemistry. The carboxyl group of folic acid was activated by 1-
Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) in the presence
of N- hydroxy succinimide (NHS) as reported in previous studies [15].
Equimolar concentrations of folate, EDC and NHS were dissolved in
DMSO and stirred for 1 h at room temperature to activate folic acid.
Chitosan solution (5 mg/mL) was added to the activated folate and
stirred overnight in the dark, followed by the precipitation of the solu-
tion by adjusting the pH to 9 using 1 N NaOH. The precipitate obtained
was further dialysed against phosphate buffer for 72 h followed by
double distilled water for another 72 h and was lyophilised. The
lyophilised powder was characterised and used for nanoparticle
synthesis.

2.3. Characterisation of folate conjugated chitosan

Conjugation of folate with chitosan was characterised using Fourier
Transform Infrared Spectrophotometer (FTIR) and IH NMR. FTIR
spectra of samples were obtained using (Thermo Nicolet, Avatar 370,
USA) by dispersing the sample in KBr pellet and scanned in the range of
4000 — 400 cm™!. The 'H NMR spectra was recorded using NMR 400
MHz spectrometer (Bruker Advance III), and chemical shifts were
recorded.

2.4. Synthesis of cytarabine loaded folate conjugated chitosan
nanoparticles

Ionic gelation method described by Calvo et al was adopted for the
synthesis of blank and cytarabine loaded folate conjugated chitosan
nanoparticles with slight modifications [16]. Folate conjugated chitosan
was dissolved in 1% acetic acid, and the pH was adjusted to 5.5 using
0.1 M NaOH. Cytarabine was added to the FA-CS solution followed by
the dropwise addition of TPP solution (0.4% w/v) under magnetic
stirring. The suspension was stirred for one hour and centrifuged at
15,000 rpm for 30 min to collect nanoparticles. The obtained precipitate
was washed thrice using distilled water to remove the unencapsulated
payload. After washing, the precipitate was lyophilised and stored for
further experiments.

2.5. Morphology, particle size and zeta potential

Morphology and size of the nanoparticles were observed under High
Resolution Transmission Electron Microscope (HR-TEM, JEOL, JEM —
2100). A drop of nanoparticle suspension was placed on a copper grid,
gets air dried and observed with TEM. The hydrodynamic diameter and
zeta potential of FCCNP were studied by dynamic light scattering (DLS)
based on photon correlation spectroscopy (Horiba Scientific, Nano-
partica, Nanoparticle analyser SZ — 100, Japan). The samples were
dispersed in Milli Q, and the measurement was done at 25 °C with a
scattering angle of 90°.

2.6. Entrapment efficiency

The entrapment efficiency of FCCNPs was determined by estimating
the concentration of unentrapped cytarabine. The concentration of
unentrapped cytarabine was quantified with UV- Visible Spectropho-
tometer by taking absorbance at 277 nm, and the supernatant of cor-
responding blank nanoparticles without cytarabine was taken as
reference. The entrapment efficiency and drug loading efficiency (%)
were calculated as per the following equation (Eq.1 & 2) in which C¢ is
the initial concentration of cytarabine and Cgc is the concentration of
unentrapped cytarabine in the supernatant, W¢ is the amount of
entrapped cytarabine and W is the weight of nanoparticles.

Entrapment efficiency (%) = C¢ — Cpe/ Cc X 100 (1)
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Table 1
qRT -PCR primer sequences used for relative expression of apoptotic genes.
Genes Primer sequences Size (bp)
bcl-2 [20] 5-TGGTGGTTTGACCTTTAGAGA-3' (F) 217
5'-AGGTCTGATCATTCTGTTC-3' (R)
bax [20] 5-TGCTTCAGGGTTTCATCCAG-3' (F) 170
5-GGCGGCAATCATCCTCTG-3' (R)
cas 9 [20] 5-CCTCAAACTCTCAAGAGCAC-3' (F) 241
5-GAGTCAGGCTCTTCCTTTG-3' (R)
cytc [21] 5-GGAGGCAAGCATAAGACTGG-3' (F) 203
5-GTCTGCCCTTTCTCCCTTCT-3' (R)
GAPDH [20] 5-CAAGGAGTAAGACCCCTGGAC-3' (F) 136

5'-TCTACATGGCAACTGTGAGGAG-3 (R)

Drug Loading (%) = W¢ / W X 100 (2)

2.7. Invitro release kinetics

The release of cytarabine from folate conjugated chitosan nano-
particles was studied at pH 6.4 and 7.4, pH equivalent to the tumour
microenvironment and blood respectively. FCCNPs with a concentration
of 1 mg/1ml were dispersed in phosphate buffer of pH 6.4 and 7.4 and
were dialysed (MW cut off — 10,000 Da) in 10 ml of release buffer at
37 °C for 72 h. At regular intervals, 1 ml of the sample was taken and
replaced by an equal volume of fresh buffer. The concentration of
cytarabine released was calculated by UV spectrophotometry at 277 nm.
The experiment was carried out in triplicate, and the percentage of cu-
mulative release was calculated.

2.8. Cytotoxicity studies

The cytotoxicity of FCCNP was studied on both folate receptor pos-
itive, human breast adenocarcinoma cell lines (MCF-7) and folate re-
ceptor negative, human lung adenocarcinoma cell lines (A-549) using
MTT assay [17]. Cells grown in Dulbecco’s Modified Eagle’s Medium
(DMEM) medium with 10% FBS were seeded in 96 well plate with a
density of 1 x 10* cells per well and incubated with 5% CO,, at 37 °C.
After 24 h the medium was replaced and treated with different con-
centrations of cytarabine and FCCNP (0.025 - 0.4 uM) for 72 h. After
incubation, media were replaced with fresh medium, and 20 ul MTT (5

Transmittance (%)
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mg/ ml) was added to each well and kept under dark for 4 h. Then, 200
ul DMSO was added to each well, and the absorbance was read at 570
nm in a microplate reader (TECAN Infinite M 200, Switzerland), and the
percentage of relative cell viability was calculated with respect to the
control ie, cells without treatment.

2.9. Intracellular uptake of nanoparticles by MCF-7 cells

The cell uptake of FCCNPs was studied using a fluorescent dye,
Squaraine 650 (SQ 650) in MCF-7 and A-549 cells [18]. The dye was
added along with the drug, cytarabine during ionic gelation process.
Cells were seeded in 12 well plates with a density of 2 x 10° cells per
well. Both cells were incubated with SQ 650 loaded FCCNPs for 2, 4, 6
and 12 h and compared with cells without treatment. Cells were washed
with ice-cold PBS thrice after incubation and visualised under fluores-
cence microscope (Leica, Switzerland). Relative fluorescence intensity
was determined using Varioskan Lux multimode microplate reader
(Thermo Fischer Scientific, USA)

2.10. Acridine Orange/ ethidium bromide (AO/ EB) dual staining

The morphological changes of apoptosis in the FCCNP treated cells
were visualized by acridine orange (AO) and ethidium bromide (EB)
dual staining. AO/EB staining was used to differentiate the morpho-
logical changes of live and apoptotic cells [19] MCF 7 cells were grown
in 24 well plates with a density of 1x10° cell per well. The cells were
treated with ICso concentration of FCCNP for 72 h. After incubation, the
cells were washed with PBS and stained with 10 pl of dual stain con-
taining 100 pg/ml AO and 100 pg/ ml EB and kept for 1 min. After in-
cubation, cells were washed with PBS to remove excess stain and
visualised under a fluorescent microscope with an excitation filter at
480 nm.

2.11. Apoptosis assay using Annexin V by flow cytometry

Apoptosis induced by FCCNP was also studied by quantifying the
apoptotic cells by flow cytometry using Muse™ Annexin V apoptosis kit.
MCF-7 cells were treated with FCCNP of ICso concentration and cytar-
abine of the same concentration for 72 h. After the incubation, 100 pl of
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Fig. 1. FTIR spectra of Chitosan, Folic acid and Folate conjugated Chitosan (FCS).

152



D. Geethakumari et al.

International Journal of Biological Macromolecules 199 (2022) 150-161

™
- NNANNHAOVNODNXATONADNNNNNANDA MDD T T
- METNOVWTLSFODONOVDOMONDOWNTMNMANNOMNOSWTrNMN O
ch CHMOPYNANNARPLTITTETMNMMOMOMMNMMOIMOoOcCcoaaand
- P
) fx)rnr r- \D\L!~O\D\n\p~r~r ~r~f~r~f-f~r\‘(\j(\‘(\[1‘4(|(1.l.l-I.Q
/
/
/
[ (] | |
/ [
| ) |
/ ] ) | |
{ | | | 1
| )
/ J J / )1 /
! ' |
' |
'
. [l kL : 2
A .l - A ~AA -
T T T T T T T T T T T T T T T
15 14 13 12 1 10 9 8 7 6 5 4 3 2 1  ppm
wn © N~ o N (0 << o[- |co
R o 2|12 ] b == e o
o o ol N NN N~ Nl
()]
= MITUOANCTANCTADOVULMEHTONOONMW ANNO -0 ONWm
- UIU) N T U) CDN WAD ) O W DU T O 0T N T AN OO 1S \D ST et u) TN
. WA HOWOWAHADNADNDOWOUNTFMMMMOMOMMMMNMMNMOOOOODOIAIH AN
— e e e s e e e e e e e e e e e e e e e e e
— OO OOOWOWOWY PP PTTFTANNNNNNNNNAAAA

Folic Acid

[

to A \ \

N L L : pA
T T T T T T T T T T T T T T T
2 1 10 9 8 7 6 5 4 3 2 1 ppm

S

EE

Fig. 2. H NMR spectra of Folic Acid (a) Folate conjugated Chitosan (FCS) (b).
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Fig. 3. TEM image showing morphology of FCCNP with particle size of<50 nm.
The size distribution (a) and zeta potential (b) of from dynamic light scattering.

cell suspension was taken by trypsinisation and mixed with 100 pl of the
the Muse™ Annexin V & Dead Cell Reagent. The tubes were mixed and
vortexed at a minimal speed for few seconds and incubated for 20 min at
room temperature in the dark. After 20 min, the cells were analysed in a
flow cytometer with the aid of Muse flow cytometry software, Muse FCS
3.0 software.

2.12. qRT -PCR analysis for relative expression of apoptotic genes

Quantitative real-time polymerase chain reaction (qQRT-PCR) was
employed to evaluate the expression of the genes, bcl-2, bax, cyt ¢ and
cas9 involved in the proliferation of MCF 7 cells. RNA was extracted
from MCF-7 cells after the treatment with cytarabine and FCCNPs for 48
h with ICs¢ value of FCCNPs using TRI reagent (Sigma-Aldrich, USA)
following the protocol given by the manufacturer. RNase free DNase 1
enzyme (New England Biolabs, USA) was added to RNA samples (0.2 ug
1of RNA) from control and treated MCF 7 cells. Concentration and yield
of RNA were measured using UV-Visible spectrophotometer (U-2800
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Hitachi, Japan) by taking absorbance at 260/ 280 nm. The quality of
RNA samples was checked by running 1% agarose gel stained with
ethidium bromide. The agarose gel was visualised under ultraviolet
light, documented using gel documentation (Bio-Rad, USA) system
installed with Quantity One® software (Gel Doc XR+, Bio-Rad, USA).
About 2 pg of RNA was reverse transcribed to cDNA. Quantitative real-
time PCR analysis was performed in a Step OnePlus Real-Time PCR
system (Applied Biosystems, USA) using Power SYBR Green PCR Master
Mix (Applied Biosystems, UK) with reported primers (Table 1) [20,21]
The expression of genes involved in cell proliferation was normalised
using an endogenous housekeeping gene, GAPDH using ACt method.
The amplification cycle consists of denaturation at 94° C for 40 sec and
annealing at 60° C for 45 sec, and relative gene expression was quan-
tified by 22 2 €T method [22].

2.13. Statistical analysis

All experiments were done at least three times, and the results were
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Fig. 4. The cumulative release percentage of cytarabine from folate conjugated
chitosan nanoparticles at pH 6.4 and 7.4. Data were given as Mean =+ SD (p
value < 0.05).
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Fig. 5. MTT assay of FCCNPs in MCF-7 and A-549 cells after 72 h exposure.
Results expressed as Mean + SD (p value < 0.05).

expressed as mean + SD. One way analysis of variance (ANOVA) fol-
lowed by Tukey’s post-hoc analysis using SPSS software (version 20)
was used to evaluate the statistical significance, and p-value < 0.05
indicated a statistically significant difference.

3. Result and discussion
3.1. Synthesis and characterisation of folate conjugated chitosan

Folate conjugated chitosan was synthesised by aminoacylation re-
action using carbodiimide. Folate was conjugated to chitosan through an
amide bond in the presence of a water-soluble coupling agent, EDC and
NHS. EDC activates the carboxyl group of folic acid to form an O-acy-
lisourea intermediate which can react with an amino group of chitosan
to form a stable amide bond [23]. It is reported that the y — COOH of folic
acid is more prone to conjugation due to its high reactivity [24,25].
Conjugation of folate on chitosan was characterised by FTIR and 'H
NMR analysis.

Fig. 1. shows the changes in the FTIR spectrum of chitosan, folic acid
and folate-chitosan conjugate. The spectra of chitosan showed peaks at
1100, 1660, 2870 and 3410 cm™!. The peak at 1100 of chitosan is
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attributed to the vibration of C-O-C bond. Folic acid showed charac-
teristic peaks at 768, 1610, 1700, 3300 and 3540 em™! in which the
peaks, 1700 and 3540 cm™! corresponds to the C = O stretching and
—OH stretching of carboxylic acid, respectively. Significant differences
were observed in the IR spectra of FCS when compared to that of chi-
tosan and FA. The FCS spectra showed peaks at 769, 1070, 1560, 1630
and 3430 cm . The absorption peak of amide of chitosan at 1660 cm
was shifted to 1630 cm™! in FCS spectra. The peak at 1630 cm ™! of FCS
owes to the stretching of bonded C = O group, and the peak at 1560
corresponds to the N-H bending vibration of the secondary amide group.
The conjugation was also confirmed by H NMR (Fig. 2). The spectra of
folic acid show characteristic signals at 8.65, 8.15, 7.64, 6.95, 6.66,
4.48, 4.31 and 2.32 ppm. The signals at 7.6 ppm and 6.6 ppm in the FCS
spectra is attributed to the aromatic protons from folic acid, whereas the
signal at 2.07 ppm corresponds to the acetamino group of chitosan. The
spectra obtained from both FTIR and *H NMR revealed that the folic acid
was successfully conjugated to chitosan.

3.2. Synthesis and characterisation of cytarabine loaded folate
conjugated chitosan nanoparticles

Cytarabine loaded FCCNP were prepared by ionic gelation method in
which the amino groups of the FCS crosslinked with the anionic group of
TPP. The entrapment efficiency and drug loading capacity of the FCCNP
particles was found 68.97 + 1.24 % and 31.67 + 0.954 % respectively.
Ionic gelation is a promising strategy for encapsulating hydrophilic
moieties. As a hydrophilic drug, cytarabine is easily trapped inside the
polymer matrix and stabilised by electrostatic interactions and hydrogen
bonds. The images obtained from TEM showed nanosized particles with
an average diameter of 50 nm (Fig. 3a). DLS measurement shows a
stable monodisperse nanosuspension with mean hydrodynamic diam-
eter of 181.5 nm, polydispersity index (PDI) of 0.980 and zeta potential
of FCCNPs of + 45.2 mV (Fig. 3b). The size obtained from the TEM was
smaller than the size measured from DLS. The value of zeta potential of
FCCNP indicates the positively charged particles that prevent aggrega-
tion and indicates a stable nano-suspension. Particles with zeta potential
higher than + 30 mV are considered as stable suspension due to the
repulsive electrostatic interaction. Moreover, the high positive charge
on the surface of nanoparticles facilitates the binding of particles with
the negatively charged cell membrane, making it an ideal platform for
drug delivery.

In vitro release of cytarabine from the FCCNPs was studied at the pH
of 6.4 and 7.4 to mimic the conditions of tumour microenvironment and
blood, respectively. It is reported that most human tumours exhibit pH
values in the range of 6.15 — 7.4 whereas normal tissues exhibit pH in the
range of 7 — 7.4 and a few tumours such as astrocytomas and squamous
cell carcinomas show pH < 6 [26]. The cumulative percentage profile of
cytarabine released from folate conjugated chitosan nanoparticles at
regular intervals is shown in Fig. 4. A biphasic release kinetics was
observed for cytarabine release i.e.; an initial burst release followed by a
slow-release. It was observed that 47% of the drug was released in 24 h
at pH 6.4 and 7.4 followed by a slow and sustained release. At 72 h, 72%
of cytarabine was released at pH 6.4, whereas 66% was released at pH
7.4. The initial burst release of cytarabine was due to the solubilization
of cytarabine adsorbed on the surface of polymer and the diffusion of
drug through the polymer attributes for the slow release. The release of
cytarabine was found slightly higher at the pH of tumour milieu (pH 6.4)
compared to that of physiological pH (pH7.4). The pH-sensitive release
enhances the accumulation of cytarabine in the tumour microenviron-
ment compared to normal tissues of physiological pH, thereby reducing
the toxic side effects of cytarabine [27]. There is an increase in the pore
size of polymer matrix due to the repulsion of protonated amino groups
at lower pH might be the reason for the enhanced release of the payload
at pH 6.4 [28].



D. Geethakumari et al. International Journal of Biological Macromolecules 199 (2022) 150-161

MCEF-7 A-549

Fig. 6a. Fluorescence microscopy images of cell uptake of Squaraine 650 (SQ650) loaded FCCNPs in MCF-7 cells and A-549 cells at different time intervals (2nd, 4th,
6th and 12th hours). MCF-7 cells showing intense red fluorescence of SQ 650 while A-549 cells show very weak fluorescence.
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Fig. 6b. Relative fluorescence intensity measured after the incubation of SQ
650 loaded FCCNPs in MCF-7 and A-549 cells at different time intervals (2nd,
4th, 6th and 12th hours).

3.3. In vitro cytotoxicity of FCCNP

The anticancer activity of FCCNP was evaluated in MCF-7 (folate
receptor positive) and A-549 (folate receptor negative) cell lines by MTT
assay. In MCF-7 cells the viability was found to decrease after the
treatment of FCCNP for 72 h compared with cytarabine. The ICs value
of FCCNP for 72 h was 0.08 + 0.05 uM which was lower compared to
that of unencapsulated cytarabine which was 0.329 + 0.028 yM. How-
ever, cytarabine does not show cytotoxicity in A-549 cell lines in the
above concentration range and the ICsy of FCCNP was found 0.28 +

International Journal of Biological Macromolecules 199 (2022) 150-161

0.19 uM. The ICsy value obtained from the MTT assay showed that
cytotoxicity of FCCNPs was significantly higher in MCF-7 cells when
compared to A-549 cell lines (Fig. 5). It is evident from the result that the
viability of the cells decreased in a dose-dependent manner. Our pre-
vious studies have shown that cytarabine loaded chitosan nanoparticles
showed an increased release from chitosan nanoparticles at the pH of
tumour microenvironment. The cytocompatibility of FCCNPs was also
evaluated in L929 cells (non-cancerous) and found non - cytotoxic as the
viability percentage is not significantly different from the control cells
(Supplementary data Fig. 1). Studies have shown that folate conjugated
nanoparticles in nude mice with xenograft MCF —7 tumours showed
potent antitumour effects and reduced drug accumulation in non-
targeted tissues [29]. The increase in cytotoxicity of FCCNP might be
due to the enhancement of the internalisation of cytarabine in MCF-7
cells by receptor-mediated endocytosis and enhanced permeation and
retention (EPR) effect. The endothelial cells of tumour cells have gaps
around 50 to 500 nm causes the permeation and accumulation of mol-
ecules with a size<500 nm. Folate conjugation on FCCNP enhances the
bioavailability of the payload through an active targeting strategy along
with the EPR effect. In addition, the sustained release of the drug from
nanoparticles makes continuous exposure of the drug, which contributes
to an enhancement in the cytotoxic effect.

3.4. Intracellular uptake of dye loaded FCCNPs

Cell uptake of the nanoparticles in MCF-7 and A-549 cell lines were
tracked using a fluorescent dye, squaraine 650. SQ 650 was loaded along
with the drug cytarabine, during the synthesis of FCCNPs. SQ 650 ab-
sorbs light at the visible to IR region and show fluorescence emission
properties. Due to the exhibition of fluorescence emission properties, SQ
650 was generally used for labelling. The dye loaded FCCNPs were
incubated in MCF-7 and A-549 cells for 2, 4, 6 and 12 h. Control cells
were taken without the treatment and images of SQ 650 loaded FCCNPs

Fig. 7. Fluorescence Microscopy Images of MCF-7 cells following Acridine Orange/ Ethidium Bromide (AO/EB) staining. (a) Control (b) Blank (c) Cytarabine

(d) FCCNPs.
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independent experiments SD (n - 3; p value < 0.05).
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Fig. 9. Relative fold change in the expression of apoptotic genes, bcl2, bax, cas 9 and cytc in MCF-7 cells after 72 h incubation with FCCNP and cytarabine. Data are

expressed as Mean + SD (n-3; p value < 0.05).

at different time intervals were recorded (Fig. 6a). In the initial four
hours, red fluorescence was seen in the cytosol and around the nuclear
membrane, and the nucleus showed fluorescence in the later hours. The
intensity of the fluorescence in MCF-7 cells was found increasing in a
linear manner and reached maximum at 6th hour and enters into a
plateu afterwards whereas the relative fluorescence intensity was found
very low in A-549 cells (Fig. 6b). No fluorescence was observed in the
control. Cell internalisation tracking using SQ 650 validate the
bioavailability of synthesised folate conjugated chitosan nanoparticles
in MCF-7 cells.

3.5. Determination of apoptosis by AO/EB dual staining

Apoptosis associated morphological changes of the cell lines can be
visualised using fluorescence microscopy with differential staining
methods. Differential staining using intercalating dyes, acridine orange
(AO), and ethidium bromide (EB) were used to evaluate cells morpho-
logical changes following FCCNP treatment. MCF-7 cells were treated
with the ICso concentration of cytarabine in FCCNP for 72 h and the
images were recorded along with control and cells treated with blank
nanoparticles (Fig. 7). Apoptosis is marked by a series of morphological
changes such as cell shrinkage, rounding up with loss of contact with
adjacent cells, chromatin condensation followed by fragmentation of
nuclear, leading to the scattering of chromatin beads throughout the
cytoplasm. Acridine orange intercalates into double-stranded DNA and
emits green fluorescence [30]. Acridine orange was taken up by all cells
and make live cells with bright green chromatin and organised struc-
tures. Early apoptotic cells were observed with yellowish green nuclei,
and late apoptotic cells were shown by orange ethidium bromide (EB)
staining. Ethidium bromide is taken up by only apoptotic cells as they
lost the cell membrane integrity. Late apoptotic cells displayed orange
coloured condensed and fragmented chromatin. The control cells
without any treatment showed bright green nuclei, indicative of viable
cells. However, the cells treated with FCCNP showed asymmetrically
located orange ethidium bromide staining.
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3.6. Annexin V assay

Annexin V assay was used to quantify extent of apoptosis after
FCCNP treatment for 72 h using a flow cytometer. Annexin V-FITC,
along with propidium iodide differentiates the live and apoptotic cells
[31]. Apoptosis was characterised by the disruption of the integrity of
cell membrane, which can be detected by Annexin V assay. One of the
changes of early apoptosis is the translocation of phosphatidyl serine on
the outer surface of plasma membrane [32]. However, the cell mem-
brane remains intact during the early phases of apoptotic cell death.
FITC labelled Annexin V binds to the phosphatidyl serine due to the
phospholipid binding affinity of Annexin V protein and shows green
fluorescence indicative of early apoptosis detected by flow cytometer
[33]. Propidium iodide (PI) was used to identify late apoptosis and
necrotic cells as it enters these cells due to the loss of plasma membrane
integrity. Cells having damaged cell membrane shows red fluorescence
induced by PI while the early apoptotic cells exclude PI. Cells were
treated with IC 59 of FCCNP (0.08 uM) and compared with cells treated
with cytarabine alone and blank nanoparticles. Fig. 8a showed the
population profile of live and apoptotic cells stained with Annexin V and
PI. It was found that the apoptotic cells incubated with cytarabine alone
were 20.31 + 0.03 % whereas the percentage of apoptotic cells was
increased to 46.32 + 0.07 % when treated with FCCNP (Fig. 8b). FACS
results showed that there was an increased percentage of apoptotic cells
when cytarabine was incorporated into nanoparticles.

3.7. qRT -PCR analysis for relative expression of apoptotic genes

The expression of genes involved in the proliferation of MCF-7 cells
was quantified, and the relative fold change in the expression after the
treatment of cytarabine and FCCNPs was determined by gRT-PCR. The
expression levels of genes in MCF —7 cells without drug treatment were
taken as a control for normalising expression levels in treatment groups,
and the relative expression was calculated by 27 2 2 €T method. Cells
treated with cytarabine and FCCNPs showed downregulation of bcl2
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gene expression, whereas the expression of genes, bax, cyt c and cas 9
significantly increased after 72 h (Fig. 9). Precisely FCCNP treated cells
showed 1.76-fold increase in bax expression, 3.18-fold increase in cyt c
and 16.5-fold increase in cas 9 with respect to that of cytarabine treated
cells. It has been reported that bcl2 is overexpressed in carcinomas and
inhibits apoptosis, whereas bax overexpression induces apoptosis [33].
In this study, bcl2 expression was downregulated 4-fold when compared
to cytarabine which might lead to the activation of apoptosis in FCCNP
treated cells. The bax / bcl 2 ratio of FCCNP showed 12-fold increase in
FCCNP treated cells when compared to cytarabine treated MCF-7 cells.
The obtained ratio indicates the enhanced susceptibility of cells to
apoptosis. The increased expression of pro-apoptotic gene, bax and the
decreased expression of anti-apoptotic gene, bcl 2 in FCCNP treated cells
is a clear indication of increased anticancer effect by folate conjugated
chitosan nanoparticles with cytarabine. Previous studies reported an
inverse relationship between bcl 2 expression and regulation of
apoptosis in MCF 7 cells after treatment with silver nanoparticles [34].
Over the above the increased expression of cyt ¢ plays a key role in
apoptosis such as morphological changes of nucleus, DNA fragmentation
and translocation of phosphatidyl serine on the cell surface [35].
Treatment with FCCNPs showed overexpression of bax, cyt ¢ and cas9,
which indicates the induction of mitochondrial dependent intrinsic
pathway of apoptosis in MCF 7 cells.

4. Conclusion

In this study, cytarabine was loaded to folate modified chitosan
nanoparticles to evaluate the enhanced efficiency of cytotoxicity in FR
positive MCF-7 cell lines. Cytarabine loaded folate conjugated chitosan
nanoparticles were synthesised by ionic gelation method. The obtained
FCCNPs showed desirable size and positive surface charge for targeting
cancer cells. Cytotoxicity studies showed a significant decrease in cell
viability by FCCNP treatment than free cytarabine, which was supported
by the apoptotic studies by AO/EB dual staining and Annexin V flow
cytometry. Increased expression of bax, cyt ¢ and cas 9 indicates the
activation of the intrinsic pathway of apoptosis in FCCNP treated MCF-7
cells. The present in vitro study confirms that folate conjugated chitosan
nanoparticles improved the cytotoxicity of cytarabine in human breast
adenocarcinoma cell lines (MCF-7). However, an in vivo evaluation of
FCCNP in a suitable animal model is essential to establish its improved
anticancer effects.
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