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1. Introduction

Development of polyethyleneimine cross-linked
fucoidan nanoparticles as delivery systems for
improved anticancer efficiency of cytarabine in
breast adenocarcinoma cell lines¥
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Sivakumar Krishnankutty Nair Chandrika,®® Anoop Bhaskaran Sathyabhama,?
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Cytarabine, generally used for the treatment of haematological malignancies, has minimal activity in solid
tumours. The present work focuses on the evaluation of the cytotoxic efficiency of cytarabine in MCF-7
cell lines with the aid of fucoidan nanoparticles as drug delivery systems. Polyethyleneimine (PEI) cross-
linked fucoidan nanoparticles were synthesised by polyelectrolyte complexation and were characterised
by FTIR and *H NMR. TEM analysis revealed cytarabine-loaded fucoidan nanoparticles (CFNPs) with a size
of less than 40 nm. In vitro release kinetics studies showed that the release of cytarabine (82.17 + 1.24%)
from CFNPs was higher at pH 6.4. Molecular simulation studies revealed that fucoidan—cytarabine binding
is mainly facilitated by hydrogen bonds. Internalisation of fucoidan nanoparticles by MCF-7 cells was
tracked using the fluorophore, SQ 650. Cell viability studies showed improved cytotoxicity in CFNP-
treated MCF-7 cell lines compared to free cytarabine. Quantitative real-time PCR showed upregulation of
the expression of apoptotic genes, bax, cyt ¢ and cas 9 in cells treated with CFNPs. Flow cytometry using
Annexin V/PI displayed an increased percentage of apoptotic cells on treatment with CFNPs compared to
cytarabine alone. The result of this study shows that the cytotoxic efficiency of cytarabine in MCF-7 cells
can be enhanced using fucoidan nanoparticles as delivery systems.

and inhibits DNA synthesis by inhibiting DNA polymerase. It
inhibits the S phase of the cell cycle. It has been reported that

Cytarabine (1f-arabinofuranosylcytosine, Ara-C), a synthetic
pyrimidine nucleoside analogue approved by the FDA for the
treatment of myeloid leukaemia, non-Hodgkin’s lymphoma
and meningeal leukaemia, was originally isolated from a
Caribbean sponge Tectitethya crypta.” Cytarabine inhibits cell
proliferation by competing with deoxycytidine triphosphate
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cytarabine shows little cytotoxic activity in solid tumours due
to the high expression of the enzyme cytidine deaminase that
causes cytarabine degradation.” However, it showed synergistic
effects against solid tumours in combination with other anti-
cancer drugs.’ Cytarabine is rapidly deaminated to a biologi-
cally inactive uracil derivative that necessitates continuous
infusion for the treatment. The development of drug resistance
and toxic side effects are reported due to the overdosing of
cytarabine.* The limitations of cytarabine such as its short
plasma half-life, low bioavailability, drug resistance and side
effects due to overdosing can be overcome by nanoencapsula-
tion strategies.’

Fucoidan is a marine heterogeneous sulphated polysacchar-
ide commonly isolated from brown seaweed and certain
marine invertebrates. Fucoidans isolated from marine algae
are more complex in structure than marine invertebrates, com-
prised of repeating units of fucosyl disaccharides substituted
with sulphates or uronic acids. The structure and composition
of fucoidan may vary with the type of extraction source. The
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biological properties of fucoidan depend on the molecular
weight, degree of sulphation, molecular structure and sugar
content, which are related to the source and method of extrac-
tion. Fucoidan is reported as a pH-sensitive polymer due to
the presence of anionic sulphate groups. Fucoidan has been
extensively studied for biomedical applications such as drug
delivery, tissue engineering and diagnostic purposes. Fucoidan
is reported as a P-selectin binding ligand due to the presence
of sulphate moieties. P-selectin is a vascular adhesion mole-
cule expressed on many metastatic tumour cells such as lung,
breast and kidney cancers in humans.® It plays a major role in
tumour metastasis through the promotion of angiogenesis by
facilitating endothelial cell migration.” Studies have shown an
enhanced expression of P-selectin on the tumour periphery of
breast tumours.® Inhibition of P-selectin mediated platelet
adhesion with ligands expressed on tumour cells attenuates
cancer metastasis.’

Fucoidan nanoparticles and fucoidan-based nanostructures
are reported as ideal carriers for pH-sensitive drug delivery,
diagnostics and regenerative medicine.'® These can be syn-
thesised by various methods such as polyelectrolyte complexa-
tion, conjugation and functionalization. The most common
and simple method is polyelectrolyte complexation in which
anionic fucoidan is allowed to complex with positively charged
molecules such as chitosan, protamine, polyethyleneimine,
etc.'' Polymeric drug delivery vehicles offer controlled drug
release, which improves the efficacy of the desired drug.'” The
present study focuses on fucoidan nanoparticles as carrier
systems for cytarabine to enhance the bioavailability and
thereby reduce the toxic side effects, especially on non-targeted
sites. The human breast adenocarcinoma cell lines, MCF-7,
were chosen as a model system to evaluate the improvement in
the anticancer efficiency of cytarabine-loaded PEI cross-linked
fucoidan nanoparticles (CFNPs) (Fig. 1).

2. Materials and methods
2.1 Materials

Fucoidan (isolated from Fucus vesiculosus), polyethyleneimine
(branched; M,, ~1300), cytarabine and 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazoliumbromide (MTT) were purchased
from Sigma Aldrich. The reagents used in the study were of
analytical grade. MCF-7 and Vero cell lines used for the study
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were purchased from NCCS, Pune, India, and cultured in
DMEM/F-12 media supplemented with 10% FBS (Gibco,
India).

2.2 Synthesis and characterisation of PEI crosslinked
fucoidan nanoparticles

Fucoidan nanoparticles (FuNPs) were synthesised by polyelec-
trolyte complexation. Fucoidan (Fu) and PEI were taken at a
concentration ratio of 1:1. Branched PEI with a concentration
of 1% (w/v) was taken and the pH was adjusted to 7 using
0.1M HCI and was allowed to stir. Fucoidan (1%) was added
dropwise to PEI under stirring. The resultant mixture was
further allowed to stir for 3 hours and then centrifuged at
15 000 rpm for 30 min. The precipitate was collected, followed
by dialysis against distilled water for 72 hours and freeze-
dried. The freeze-dried powder was used for characterisation.
Cytarabine was loaded to fucoidan nanoparticles (CFNPs)
during the synthesis before the addition of fucoidan solution.

2.3 Characterisation of fucoidan nanoparticles

Fucoidan nanoparticles synthesised by the polyelectrolyte com-
plexation method were characterised by FTIR and 'H NMR.
FTIR-ATR spectroscopy was carried out to characterise the Fu-
PEI complex using the FTIR-ATR model IR Prestige-21
Shimadzu spectrophotometer. The spectra of fucoidan, PEI
and FuNPs were recorded at 4 cm™" resolution with 20 scans.
The absorbance bands were measured as a function of wave
numbers between 400 and 4000 cm™". Pure fucoidan and the
fucoidan-PEI complex were dissolved in methanol-d,, and "H
NMR spectra were recorded using a Bruker AMX500 spectro-
meter. The chemical shifts § are given in ppm and referenced
to the external standard TMS or an internal solvent standard.
Crystallinity and thermal stability of fucoidan nanoparticles
were evaluated by XRD and thermogravimetric analysis,
respectively.

2.4 Encapsulation and loading efficiencies

The encapsulation and loading efficiencies of CFNPs were
determined by the indirect method through quantification of
the unencapsulated cytarabine in the supernatant after cen-
trifugation of the reaction mixture. The amount of cytarabine
in the supernatant was quantified by taking absorbance at
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(a) Structure of fucoidan and (b) the structure of fucoidan—PEIl nanoparticles.
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277 nm. The encapsulation and loading efficiencies of CFNPs
were calculated using the following formula:

Loading efficiency = W + W; x 100 (1)
Encapsulation efficiency = W + W, x 100 (2)

where W is the weight of encapsulated cytarabine, W, is the
initial weight of cytarabine, and Wt is the weight of fucoidan
nanoparticles.

2.5 Morphology, hydrodynamic diameter and zeta potential

Dynamic light scattering (DLS) based on photon correlation spec-
troscopy (Horiba Scientific, Nanopartica, Nanoparticle analyser
SZ - 100, Japan) was used to study the hydrodynamic diameter,
polydispersity index (PDI) and zeta potential of CFNPs. A known
concentration of CFNPs was dispersed in Milli-Q water and ana-
lyzed at 25° C with a scattering angle of 90°.

2.6 Invitro release kinetics

The release kinetics of cytarabine from CFNPs was evaluated at
PH 6.4 and 7.4 equivalent to the pH of the tumour and blood.
CFNPs (1 mg ml™") were dispersed in phosphate buffer of pH
equivalent to the tumour and blood ie., 6.4 and 7.4 and dialysed
(MW cut off — 10 000 Da) at 37 °C for 72 hours. At definite inter-
vals, 1 ml of the sample was withdrawn to determine released
cytarabine and replaced with an equal volume of fresh buffer.
The released cytarabine from the nanoformulation was quantified
using spectrophotometry by taking absorbance at 277 nm.

2.7 Hemocompatibility

The hemolysis assay was conducted to study the hemocompat-
ibility of the synthesised fucoidan nanoparticles."® The RBCs
were isolated by centrifuging anticoagulated blood at 800 rpm
for 5 min and diluted with PBS. The diluted RBCs were treated
with fucoidan nanoparticles at concentrations of 50, 100, 250,
500 and 1000 pg at 37 °C for 3 h. Phosphate buffered saline
(PBS) and distilled water were taken as the negative and posi-
tive control, respectively. The samples were centrifuged at 800
rpm for 5 min. The haemoglobin released due to hemolysis in
the supernatant showed absorbance at 541 nm on a UV-visible
spectrophotometer. The percentage of haemolysis was deter-
mined using eqn (3).

Hemolysis(%) = OD(Test) — OD(—ve ctrl)
<+ OD(+ve ctrl) — OD(—ve ctrl) x 100

(3)

RBC aggregation was studied by incubating 100 pl of
diluted RBCs with 100 pl of nanoparticle suspension (1000 pg)
for 1 h at 37° C and visualized under a microscope (Leica,
Germany) at a magnification of 40x.

2.8 Cell uptake studies

Intracellular uptake of the synthesised nanoparticles in MCF-7
cell lines was studied using the fluorophore, Squaraine 650
(SQ 650)." SQ 650 was loaded into the fucoidan nanoparticles
during the polyelectrolyte complexation. Cells were treated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with SQ 650 loaded FuNPs for time intervals of 2, 4, 6 and 12 h
and washed with ice-cold PBS thrice and visualised under a
fluorescence microscope (Leica, Switzerland).

2.9 Cytotoxicity assay

The cytotoxicity of CFNPs was studied in MCF-7 (tumour) and
Vero (non-cancerous) cell lines by the MTT assay."® Cells
grown in DMEM with 10% FBS were seeded at a density of 1 x
10* cells per well for the MTT assay. Both cells were treated
with different concentrations of cytarabine and CFNPs
(0.025-0.4 uM) for 72 h. 20 pl MTT (5 mg ml™") was added to
each well after the treatment period following incubation in
the dark for 4 h at 37° C. 200 pl DMSO was added to each well
to dissolve formazan crystals. The absorbance was measured at
570 nm using a microplate reader (TECAN Infinite M 200,
Austria). The percentage of relative cell viability with respect to
the control cells (i.e., cells without treatment) was evaluated.

2.10 Acridine orange/ethidium bromide (AO/EB) differential
staining

Acridine orange/ethidium bromide (AO/EB) differential stain-
ing was used to study the morphological changes associated
with apoptosis in CFNP-treated MCF-7 cell lines. Cells were
cultured at a density of 1 x 10° cells per well in a 24 well plate
and treated with IC5, of CFNPs for 72 h and the same concen-
tration of cytarabine. Cells were washed thrice with PBS after
incubation, stained with AO/EB and kept for 1 min. Live and
apoptotic cells were visualised under a fluorescence micro-
scope (Leica, Switzerland) with an excitation filter at 480 nm.

2.11 Annexin V assay

Annexin V assay with the aid of flow cytometry was performed
to quantify the apoptosis induced by cytarabine as well as
CFNPs. MCF-7 cells were incubated with the same concen-
tration (0.05 uM) of CFNPs and cytarabine for 72 h. Cells
treated with blank nanoparticles i.e. without drug were taken
as the control. Precisely 100 pL of the Muse™ Annexin V &
dead cell reagent was added to the cell suspension of treat-
ment groups and the control. The tubes were mixed well and
incubated for 20 min at room temperature in the dark. After
incubation, the cells were analysed in a flow cytometer using
Muse flow cytometry software, Muse FCS 3.0 software.

2.12 Differential gene expression

The expressions of genes regulating apoptosis, bcl-2, bax, cyt ¢
and cas 9, were evaluated by quantitative real-time PCR. RNA
was isolated from the control, cytarabine, and CFNP-treated
MCF-7 cells following 72 h incubation. cDNA was synthesised
from the isolated RNA and quantitative real-time PCR analysis
was performed in a Step OnePlus Real-Time PCR system
(Applied Biosystems, USA) using the Power SYBR Green PCR
Master Mix (Applied Biosystems, UK) with reported
primers.'®"” The AC; method was used to study the
expression of genes involved in cell proliferation and normal-
ised using an endogenous housekeeping gene, GAPDH. The
conditions and sequences of the primers for selected genes
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were the same as those reported in previous studies'® and the
2744 €T method was employed for the quantification of relative
gene expression."’

2.13 In silico studies

The molecular dynamic simulation was used to investigate the
encapsulation of cytarabine (CBR) by fucoidan (FDN) oligosac-
charide, as well as its release at pH (6.4 and 7.4). The fucoidan
oligomer, which is made up of six monomer units arranged at
random, was chosen. The CBR molecule was able to move
freely around inside the FDN oligomer. As a result, the all-
atom system consisted of the FDN oligomer while the encapsu-
lation of CBR prior to its release from the FDR inner region at
pH 6.4 and 7.4 was investigated. The PubChem database was
used to obtain the structures of CBR (CID: 6253) and FDR
(CID: 129532628). The PRODRG2 server®® was used to acquire
FDR and CBR force field parameters. The United-atom force
field GROMOS 53a6 was used to simulate atomic interactions
in GROMACS v5.1.4.>" CBR was aligned at the core of 6 FDR
repeating units as an initial configuration and then spaced
suitably far apart (>3 nm) to minimise the impact of starting
orientations. The system was solvated utilising SPC216 water
molecules, and the energy was lowered using the steepest
descent algorithm. The temperature was kept constant at
323 K using a Nosé-Hoover thermostat throughout the experi-
ment.>* A constant pressure of 1 bar was maintained using the
Parrinello-Rahman barostat.>® The Ewald method** was used
to calculate long-range electrostatic interactions of the particle
mesh with a cut-off of 1.0 nm, although electrostatic inter-
actions between charged groups below 0.9 nm were computed
explicitly. By using Lennard-Jones potential, a smooth 0.9 nm
cut-off for van der Waals interactions was computed. In both
equilibration and production runs, the LINCS algorithm®>® was
used to limit all bond lengths, including those to hydrogen
atoms, that used a time step of 2 fs for the integration of the
motion equation. The water topology, on the other hand, was
constrained using SETTLE.”® After energy minimisation to
remove proximal contacts where CBR, FDN, and water mole-
cules could relax, all of the atoms in the systems were equili-
brated under NPT conditions for 100 ps. The simulations were
run for 1.5 ns following reaching equilibrium, with coordi-
nates stored every 100 ps.

2.14 Statistical analysis

All experiments were carried out at least in triplicate, and the
results are expressed as mean + SD. One-way ANOVA followed
by Tukey’s post-hoc analysis using SPSS software (version 20)
was used to express the statistical significance, and a p-value
<0.05 indicated a statistically significant difference.

3. Results and discussion
3.1 Synthesis and characterisation of fucoidan nanoparticles

The formation of the fucoidan-PEI nanocomplex was con-
firmed by IR spectroscopy (Fig. 2). Fucoidan shows character-
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Fig. 2 FTIR spectra of fucoidan, PEl and the fucoidan—PEI complex.

istic peaks at 823, 1014, 1219, 1382 (stretching frequency of
sulphate), 1645 (asymmetrical stretching band of carboxylate
ion), 2947 and 3417 cm™". The PEI shows peaks at 1045, 1471,
1633 (N-H bending vibration of primary amine), 2845, 2956
and 3331 (N-H stretching vibration of primary amine) cm™".
The spectrum of FuNPs shows both peaks of fucoidan and
PEL The band at 1392 cm™" of FuNPs shows the stretching fre-
quency of sulphate, and the shift from native fucoidan is due
to the ionic interaction with PEL The shift in the peak at 1645
of fucoidan to a shorter wavelength, 1641 cm™" in FuNPs
might be due to hydrogen bonding. The structure of PEI-fucoi-
dan nanoparticle was further confirmed by '"H NMR analysis
(Fig. 3). The anomeric proton of fucoidan appeared at
5.51 ppm (H-1 of the fucose ring) and other protons in the
range of 4.00-3.00 ppm. The methyl protons of fucoidan
appeared at 1.25 ppm. Along with the peaks of fucoidan,
characteristic peaks of PEI were observed on the 'H NMR
spectra of fucoidan PEI nanoparticles. This indicates that PEI
was successfully incorporated into the fucoidan. Crystallinity
and thermal stability of fucoidan nanoparticles were studied
by XRD and Thermo Gravimetric Analysis (TGA), respectively.
The XRD pattern of FCD/PEI NP shows the same spectral
pattern of pure fucoidan, indicating the amorphous nature of
this material (Fig. 4). The results of XRD show that the syn-
thesised FuNPs can form an amorphous solid dispersion. The
TGA curve of the pure fucoidan appears to be with a weight
loss of about 3-5% until 110 °C. This could be attributed to
dehydration. No major weight loss was observed until 220 °C.
Next, a decrease in the weight of 20-25% has occurred slowly
between 250 and 500 °C. A similar trend in weight loss of
around 10% is observed up to 100 °C in the case of PEI-fucoi-
dan nanoparticle, which is attributed to the removal of moist-
ure or residual solvent in the nanoparticle. The weight loss
substantially increases up to 25% at 270 °C and then loses up
to 40% between 300 and 600 °C. The results (ESI Fig. 11)
clearly indicate that the nanoparticles can sustain up to higher
temperatures. The shift in the final decomposition tempera-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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complex (b).

ture for weight loss of PEI-fucoidan nanoparticles from pure
fucoidan illustrates that the thermal stability enhances when
PEI is added to pure fucoidan.

3.2 Characterisation of cytarabine loaded fucoidan
nanoparticles (CFNPs)

Cytarabine encapsulated fucoidan nanoparticles were syn-
thesised by the polyelectrolyte complexation method. The
encapsulation and loading efficiencies of CFNPs were 76.72 +
1.08 and 48.04 + 0.867%, respectively. TEM images of CFNPs
show roughly spherical particles of size less than 40 nm
(Fig. 5a). The hydrodynamic diameter, distribution and
surface charge of nanoparticles were studied by DLS based on

© 2024 The Author(s). Published by the Royal Society of Chemistry

photon correlation spectroscopy. The mean hydrodynamic dia-
meter obtained from DLS was 283 nm with a polydispersity
index of 0.587 and a zeta potential of +12.2 mV (Fig. 5b & c).
The zeta potential of unencapsulated fucoidan nanoparticles
showed —80 mV (ESI Fig. 31) The negative charge of the fucoi-
dan nanoparticles are found to decrease after drug loading.
The size obtained from DLS is bigger than that obtained from
TEM. The nanoparticles observed by TEM analysis are very
small compared to the hydrodynamic diameter obtained by
DLS. The particle size ranging between 50 and 250 nm is ideal
for cancer therapy as it significantly contributes to cell intern-
alisation through the Enhanced Permeability and Retention
(EPR) effect.”” 1t is reported that particles of size around
200 nm were studied more effectively for targeting.>®

3.3 Invitro release studies

The drug release profile of CFNPs was studied in phosphate
buffer of pH 6.4 and 7.4 to mimic the tumour microenvi-
ronment and blood, respectively. The release profile of cytara-
bine from CFNPs at pH 6.4 and 7.4 is shown in Fig. 6. It has
been observed that 82.17 + 1.24% of cytarabine was released at
pH 6.4, whereas 71.9 + 0.89% of the drug was released at pH
7.4. This release shows a biphasic pattern as observed by chito-
san nanoparticles.'®*® After 12 h, more than 50% of the drug
was released at lower pH. The results implicate that the release
of cytarabine was higher at lower pH when compared to the
physiological pH, 7.4. The drug release profile of fucoidan
nanoparticle formulation showed controlled release of cytara-
bine. The results showed that around 50% of the drug was in
the carrier up to 24 h at pH 7.4, the pH under normal physio-
logical conditions. It indicates the potential of prolonged drug
retention time in blood and also reduces the side effects on

RSC Pharm., 2024,1, 305-316 | 309
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Fig. 6 The cumulative percentage release of cytarabine from CFNPs at pH 6.4 and 7.4 (p < 0.05).

normal tissues. The nonspecific electrostatic interactions in
the polyelectrolyte complex shall be affected by the change in
pH.?° It has been reported that the drugs undergo protonation
at lower pH and cause faster release into the medium.*" The
drug release profile studies were further validated by molecular
simulation experiments.

3.4 Hemocompatibility studies

A hemolysis assay was done to evaluate the compatibility of
fucoidan nanoparticles towards the blood cells as hemolysis
leads to anaemia, jaundice and other pathological conditions.
The assay determines the extent of hemolysis caused by the
nanoparticles from the concentration of haemoglobin released
when the blood is exposed to the nanoformulation. The per-
centage of hemolysis was calculated after the incubation of
RBCs with fucoidan nanoparticles with concentrations of 5,
10, 25, 50 and 100 pg m1~". The obtained values were less than
2% in all the concentrations. Results of the hemolysis assay
show that the synthesised fucoidan nanoparticles are non-
hemolytic (Table 1). Fig. 7 illustrates the morphology of RBCs

310 | RSC Pharm., 2024, 1, 305-316

Table 1 Percentage of hemolysis after treatment with different con-
centrations of FUNPs

Concentration of FuNPs (ug ml™") Hemolysis (%) + SD

5 0.12 £ 0.004
10 0.17 £ 0.0037
25 0.19 £ 0.005
50 0.23 + 0.009
100 0.45 £ 0.016

after treatment with the highest concentration of FuNPs
(100 pg ml™") along with the negative (PBS) and positive
control (distilled water). Hemolytic activity was assessed
according to ASTM E2524-08 (ASTM E2524-08, 2013. The stan-
dard test method for analysis of the hemolytic properties of
nanoparticles. ASTM Int, West Conshohocken, PA).*?

3.5 Cellular uptake studies

Cell internalisation of fucoidan nanoparticles was studied
using the fluorophore, Squarine 650 in MCF-7 cell lines. Cell

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a. Negative control — PBS (pH 7.4) b. Positive control — Distilled water

c. Treated with FUNP

Fig. 7 Microscopy images of RBCs after treatment with FUNPs along with the negative (PBS) and positive control (distilled water) (a), negative
control-PBS (pH 7.4) (b) and positive control-distilled water (c) treated with FUNPs.

uptake of the particles was studied at different time intervals
(2, 4, 6 and 12 h) and qualitatively visualised by fluorescence
microscopy (Fig. 8a). The relative fluorescence intensity was
measured at each time interval using a microplate reader
(Fig. 8b). The intensity of fluorescence was found to increase
with the increase in time. As shown in the figure, the intensity
was low in the initial two hours, the nucleus showed little fluo-
rescence, and the intensity was increased after 4 h. The inten-
sity of fluorescence was found to increase with increasing
time. The results show that the uptake of dye loaded nano-
particles is time dependent, and increased linearly with the
incubation time. Enhanced permeability and retention (EPR)
effect is one of the reasons for cell internalization of the dye
loaded nano-sized FuNPs (Fig. 8).

3.6 Cytotoxicity studies

Cytotoxicity of CFNPs was studied in MCF-7 (carcinoma) and
Vero (non-cancerous) cell lines by the MTT assay. Cells were

Control

20 pm

treated with cytarabine and CFNPs at a concentration of
0.025-0.4 pM for 72 h, and the results of the MTT assay are
shown in Fig. 9. The obtained ICs, value for CFNPs was
0.049 pM, whereas 0.329 pM for cytarabine in MCF-7 cell lines.
The cell viability was found to decrease in a dose-dependent
manner, and cytotoxicity was higher for CFNP-treated cells
compared to cells treated with unencapsulated cytarabine.
African green monkey kidney epithelial cells (Vero) were used
to study the cytotoxicity of CFNPs in normal cells. The ICs,
value of CFNPs and cytarabine could not be calculated for Vero
cells as the cell viability was above 80% for the studied concen-
tration range (ESI Fig. 41). The results imply that the nanofor-
mulation and cytarabine of the above concentration do not
show significant toxicity in non-cancerous cells.

3.7 Acridine orange/ethidium bromide staining for apoptosis

Morphological changes associated with CFNP induced apopto-
sis were observed in fluorescence microscopy by acridine

0 2 - 6 12

20 pm Time (h)

Fig. 8 Cell uptake of Squaraine 650 (SQ650) loaded FUNPs in MCF-7 cells by fluorescence microscopy at different time intervals (2", 4", 6™ and

12" hours).
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Fig. 9 Cell viability studies of cytarabine and CFNPs in MCF-7 cell lines
by the MTT assay. Results are expressed as mean + SD (p value < 0.05).

orange/ethidium bromide dual staining. Fig. 10 shows the
differential staining of CFNP and cytarabine treated MCF-7
cells along with control cells and cells treated with nano-
particles without cytarabine. A bright green nucleus was
observed in control cells, indicative of the presence of live cells
as acridine orange penetrates the intact cell membrane of
viable cells. CFNP-treated cells show an orange, and red
nucleus indicating apoptotic cells. The membrane blebbing
and shrinking during apoptosis lead to the entry of ethidium
bromide, producing a red colour. Cells treated with blank
nanoparticles also exhibited bright green nuclei as in control
cells. Acridine orange enters all cells and stains the nuclei
green, whereas ethidium bromide is taken up by apoptotic
cells due to loss of integrity of the cell membrane integrity and
makes the nuclei of apoptotic cells appear orange-red."®
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3.8 Annexin V assay

Annexin V assay with the aid of a flow cytometer was used to
determine the percentage of viable, apoptotic and dead cells.
MCF-7 cells treated with cytarabine and CFNPs of the same
concentration (0.05 pM) were subjected to flow cytometry to
quantify apoptosis. Cells treated with CFNPs showed 68%
apoptotic cells, whereas cells treated with the same concen-
tration of cytarabine showed 18.86% apoptotic cells (Fig. 11).
The population profile of the cells obtained from flow cytome-
try is shown in Fig. 12. Flow cytometry results show that the
apoptotic rates were significantly higher in the CFNP-treated
cells than in those treated with unencapsulated cytarabine.

3.9 Differential gene expression

The effect of CFNPs and cytarabine on the mRNA expression
of selected genes involved in apoptosis, such as bcl-2, bax, cyt ¢
and cas 9, were analysed by quantitative real-time PCR. Fig. 13
illustrates the expression of bcl-2, bax, cyt ¢ and cas 9 in MCF-7
cells treated with CFNPs as well as free cytarabine. The results
of RT-PCR analysis showed that the expression of bcl-2
declined in cells treated with free cytarabine as well as CFNPs
compared to control cells, whereas bax expression was signifi-
cantly increased. The bax/bcl-2 ratio showed a 57-fold increase
in CFNP-treated cells compared to cells treated with unencap-
sulated cytarabine. The bax expression showed a 4-fold
enhancement, which in turn enhanced the expression of cyt ¢
as well as cas 9 in cells treated with CFNPs compared to free
cytarabine (p < 0.05). CFNP-treated cells showed a significant
decrease in the expression of bcl-2 gene, whereas the bax gene
expression was enhanced. The downregulation of antiapopto-
tic bcl-2 expression and the upregulation of proapoptotic bax
expression lead to the induction of apoptosis. Similar reports
are observed for the drug sulforaphane while encapsulated in

Fig. 10 Differential staining for live and apoptotic cells by fluorescence microscopy. Images of MCF-7 cells following acridine orange/ethidium
bromide (AO/EB) staining. (a) Control, (b) blank, (c) cytarabine, and (d) CFNPs.
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Fig. 12 Representation of the percentage of live and apoptotic cells
after treatment with cytarabine and CFNPs by flow cytometry. Data are
expressed as mean + SD of three independent experiments SD (n-3; p
value < 0.05).

the mPEG-PCL copolymer for delivery in MCF-7 cell lines.*® 1t
has been demonstrated that the overexpression of bax leads to
the induction of apoptosis through the release of cytochrome c
and caspase activation.**

3.10 Molecular docking and simulation studies

Molecular dynamics simulations were used to investigate the
aggregation of cytarabine (CBR) and fucoidan (FDR) and their
interactions as well as the pattern of drug release at pH 6.4 and
7.4.

a. CBR encapsulation. Molecular dynamics simulations
show that the encapsulation process of CBR linked to FDR is

© 2024 The Author(s). Published by the Royal Society of Chemistry

mostly driven by intermolecular hydrogen bonding accom-
plished by their contact. However, these hydrogen bonds are
not stable throughout the simulation but form and break
occasionally. A comparison of CBR/FDR encapsulation via
hydrogen bonds shows that at pH 7.4, hydrogen contacts
account for 62% of H-bonds, but at pH 6.4, the interaction
accounts for 38% of H-bonds. A stronger interaction of CBR
with the inside of the CHR polymer at pH 7.4 compared to pH
6.4 is observed, as evidenced by the increase in the strength of
hydrogen interactions. Furthermore, the aggregation between
polymer and drug is more stable due to multiple hydrogen
bonds between CBR and FDR mediated by water molecules at
pPH 7.4 (58% H bonds) (Fig. 14a) and interacting via hydrogen
bonds. These findings suggest that CBR/FDR aggregate into a
compact structure with several water molecules.

b. CBR release. The FDR monomers exhibit conformation-
al changes during the transition, displacing CBR from the
binding moiety. The CBR diffusion, as estimated by the RMSD
plot, denotes the extent of displacement and is shown to be
different at both pH levels. The release of CBR from the FDR
polymer in pH settings (6.4 and 7.4) occurs at a relatively dis-
tinct timescale from the overall simulation period. During the
transition, the FDR units undergo conformational modifi-
cations, displacing the CBR from the binding moiety. The
extent of displacement is indicated by the CBR diffusion,
which is calculated using the RMSD profile showing large
structural variations indicated by RMSD values implying CDR
release. The release of CBR from the FDR polymer occurs at a
distinct timescale during the total simulation period under pH
conditions (6.4 and 7.4). The diffusion of CBR occurs at 102 ps

RSC Pharm., 2024,1, 305-316 | 313
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Fig. 13 Relative fold change in the expression of apoptotic genes, bcl2, bax, cas 9 and cytc in MCF-7 cells after 72 h incubation with cytarabine and

CFNPs. Data are expressed as mean + SD (n-3; p value < 0.05).
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Fig. 14
bine from fucoidan nanoparticles by molecular simulation studies.

at pH 6.4, whereas the diffusion of CBR prevents its release at
a time scale of 175 ps at pH 7.4. The RMSD plot shows that the
CBR could diffuse more quickly from the FDR polymer at pH
6.4, whereas at pH 7.4 the diffusion did not occur rapidly. The
delayed release of the CBR from the FDR polymer at pH 7.4
could also be inferred from the greater pattern of related
hydrogen bonds discovered in the CBR/FDR structure, as
shown in Fig. 14b.

The binding free energies of cytarabine with fucoidan com-
plexes were calculated using the MM/PBSA method. Table 2
lists the projected binding free energies (AG) of cytarabine at
pH 6.4 and 7.4. A robust electrostatic interaction, van der
Waals interaction, and solvent-accessible energy interactions

314 | RSC Pharm., 2024, 1, 305-316
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b. RMSD Plot

(a) Molecular interactions between fucoidan and cytarabine interactions from in silico studies. (b) RMSD plot of the release profile of cytara-

Table 2 The interaction energies of cytarabine with fucoidan nano-
particles at pH 7.4 and 6.4 obtained by the MMPBSA method

Interactions pH7.4 pH 6.4
Electrostatic interactions -1224 + 0.87 -1295 + 0.91
van der Waals interactions -148 + 0.02 -149 + 0.01
Polar energy 1224 + 0.81 1321 + 0.84
Non-polar energy -17 +0.29 -17 +0.31
Solvent accessible energy -81 +1.49 -96 + 1.49
Binding energy (AG) -187 £ 1.52 -145 + 1.52

favoured a better complex formation at pH 7.4. In contrast, a
more positive polar energy contribution at pH 6.4 opposes
complex formation and leads to faster cytarabine release, as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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shown by a significant increase in solvent-accessible energy.
Molecular simulation studies support the pH-responsive tar-
geting of the tumour with the aid of the fucoidan polymer.

4. Conclusion

Cytarabine-loaded fucoidan nanoparticles (CFNPs) were syn-
thesised by the polyelectrolyte complexation method. The syn-
thesised particles showed a uniform size distribution, with
nanosized particles showing a pH-sensitive drug release
profile. The molecular interactions between cytarabine and
fucoidan were confirmed by FTIR. Molecular docking studies
were used to validate the interactions between fucoidan and
cytarabine. The results of the MTT assay showed that CFNPs
exhibited dose-dependent cytotoxicity in MCF-7 cell lines,
whereas little toxicity was observed in Vero cell lines. The
Annexin V assay by flow cytometry showed that apoptosis
increased while encapsulating cytarabine in fucoidan nano-
particles. The expression pattern of apoptotic genes from real-
time PCR showed that apoptosis was triggered by an intrinsic
pathway in MCF-7 cells after treatment with CFNPs. The above
study demonstrated that the developed fucoidan nanoparticles
can be used to improve the therapeutic effect of cytarabine in
MCEF-7 cell lines.
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