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1. Introduction

Synergetic effects of thymoquinone-loaded porous
PVPylated FesO4 nanostructures for efficient pH-
dependent drug release and anticancer potential
against triple-negative cancer cells}

Selvaraj Rajesh Kumar,? Ramar Thangam, ©° Raju Vivek,©
Sivasubramanian Srinivasan® and Nagamony Ponpandian & *2

Porous iron oxide nanostructures have attracted increasing attention due to their potential biomedical
applications as nanocarriers for cancer and many other therapies as well as minimal toxicity. Herbal anti-
cancer agent thymoquinone loaded on FezO4 nanoparticles is envisaged to offer solution towards
cancer treatment. The purpose of the present study was to investigate the efficacy of thymoquinone-
loaded PVPylated FesO4 magnetic nanoparticles (TQ-PVP-FesO4 NPs) against triple-negative breast
cancer (TNBC) cells. The porous PVPylated FesO4 NPs were prepared by a simple solvothermal process,
whereas the thymoquinone drug was loaded via the nanoprecipitation method. Fourier transform
infrared (FTIR) spectroscopic analysis confirmed the molecular drug loading, and surface morphological
observation further confirmed this. The quantity of thymoquinone adsorbed onto the porous PVPylated
FesO4 NPs was studied by thermogravimetric analysis (TGA). The positive surface charge of TQ-PVP-
FezsO4 NPs facilitates the interaction of the NPs with cancer (MDA-MB-231) cells to enhance the
biological functions. In addition, the anticancer potential of NPs involving cytotoxicity, apoptosis
induction, reactive oxygen species (ROS) generation, and changes in the mitochondrial membrane
potential (A%¥,,,) of TNBC cells was evaluated. TQ-PVP-FezO, NP-treated cells effectively increased the
ROS levels leading to cellular apoptosis. The study shows that the synthesized TQ-PVP-FezsO4 NPs
display pH-dependent drug release in the cellular environment to induce apoptosis-related cell death in
TNBC cells. Hence, the prepared TQ-PVP-FesO, NPs may be a suitable drug formulation for anticancer
therapy.

solution to effectively enhance the drug delivery to the specific
site.* Herein, magnetic Fe;O, NPs with superparamagnetic

Cancer is one of the most prominent diseases caused by
abnormal growth of cells and still the major public health
problem with growing incidences and mortality rate. The
available chemotherapeutic drugs are widely used to treat only
the final stage, and in addition, they induce numerous side
effects."” Therefore, there is a critical need for the development
of an innovative new drug delivery system with desirable
biocompatibility to treat cancer with no or minimal adverse
effects.? Loading of therapeutic agents on nanoparticles (NPs)
via appropriate surfactants or linkers might be a possible
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properties possess numerous benefits due to their biocompat-
ibility and less toxicity. Furthermore, these magnetic NPs have
preferable features such as water solubility, colloidal stability,
high yields, cost effectiveness and eco-friendliness.> Moreover,
they have the ability to transport and deliver the payloads in the
desired sites using surface-exposed magnetic field and
diminish the toxicity towards healthy tissue per cells.® Similarly,
the monodisperse Fe;O, NPs have an affinity to accumulate
specifically in cancer tissues per cells.

During preparation, pure Fe;O, NPs aggregate due to the
strong magnetic interaction between the particles. Besides, the
lack of functional groups on their surface limits their biological
applications.” Hence, the magnetic NPs require possible surface
modifications to become targeted drug delivery systems.®®
Biocompatible polymers such as polyvinylpyrrolidone (PVP),
dextran, polyethylene glycol (PEG), and chitosan can be used to
surface functionalize the magnetic particles, which can serve as
drug carriers capable of releasing the loaded drugs or molecules
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to the specific site.’®* Among those, PVP is a widely used
polymer due to its effective usage towards clinical applications
especially for pH-dependent drug release and is considered as
a more favorable biocompatible polymer for loading novel
drugs.*” Thereby, in the present study, we preferred to use this
polymer for the surface encapsulation of Fe;0, nanoparticles
for carrying anticancer drugs.

Thymoquinone (2-isopropyl-5-methylbenzo-1,4-quinone) is
a naturally occurring active herbal molecule and a constituent
of volatile oil derived from the Nigella sativa seeds, which is
used for treating many diseases.">'* It also possesses other
beneficial activities such as antibacterial, anti-inflammatory,
antidiabetic, antioxidant, analgesic, anti-ulcerogenic, anti-
carcinogenic, anti-arthritic, anti-neoplastic, anti-mutagenic
and antitumor functions via different mechanisms."**” More-
over, it enhances the activities of superoxide dismutase (SOD),
catalase, glutathione, glutathione transferase and quinone
reductase due to their antioxidant properties.’®* Besides, the
antitumor effects of thymoquinone on blood, lungs, breast,
pancreas, colon, prostate, bone, brain, skin, ovaries, head and
neck, liver, cervix and liver are reported in the literature.'”** In
addition, thymoquinone shows manifold functions; moreover,
the mechanism depends on cellular microenvironments. It has
several functional activities against cancer cells including cell
cycle arrest, DNA damage, ROS generation, preventing NFkB
activation and induced cellular apoptosis.'*?* In addition, in
breast cancer cells it increases the cell cycle arrest due to their
direct interaction with phases of G0/G1 and G2/M and induces
apoptosis via the activation of the caspase pathway.* Further, it
is employed in in vivo animal models for the treatment of acute
respiratory distress syndrome and also considered to be
a potential therapeutic agent for inhibiting tumor angiogenesis
and tumor growth.**** Thymoquinone also induces erythrocyte
oxidative stress and haematological alterations during colon
cancer promotion.**** The active effects of thymoquinone on
the improvement of targeting cell signaling and survival path-
ways to resist the cancer cell growth as well as to show better
bioactivities were confirmed.

However, the thymoquinone drug has limitations such as
poor performance with regard to aqueous solubility, biocom-
patibility and cell or tissue targeted activity, which hamper its
therapeutic use. Therefore, the present study focuses on the
development of surface-modified porous magnetic nano-
particles carrying thymoquinone for effective anticancer appli-
cations overcoming the above limitations.

In this study, the porous PVPylated Fe;O, magnetic nano-
particles were prepared by a solvothermal process and the
herbal-based thymoquinone drug was loaded via the nano-
precipitation method. This porous magnetic nanocarrier
possibly improves the drug loading and releases the drug under
acidic conditions prevailing in the tumor cellular environment.
The physico-chemical, surface and morphological properties of
the formulated pure Fe;O, NPs and TQ-PVP-Fe;O, NPs were
discussed. Furthermore, the anticancer-associated cellular
functions of these TQ-PVP-Fe;0, NPs were studied in MDA-MB-
231 (Scheme 1). The obtained results clearly indicated the
ability of the prepared TQ-PVP-Fe;O, NPs to display effective
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nanodrug delivery functions in cultured MDA-MB-231 cells and
significantly improve the anticancer efficacy by inducing
apoptosis-related factors. Hence, we envision that the features
of TQ-PVP-Fe;O, NPs may potentially enable them to serve as
magnetic biomaterials for future cancer treatment.

2. Experimental

2.1. Preparation of PVPylated Fe;0, NPs

The pure Fe;O, and PVPylated Fe;O, NPs were formulated
according to earlier reports.”** Anhydrous ferric chloride
(FeCl3), urea and potassium hydroxide (KOH) were used as an
initial precursor and base medium. Ethylene glycol (EG) and
polyvinylpyrrolidone K-30 (PVP) were employed as the solvent
and surfactant, respectively. In the typical solvothermal
synthesis, 2.5 mM FeCl; was dissolved in 40 mL of EG. Then,
5 mM KOH and 0.5 mM urea were dissolved in 30 mL of EG.
These two solutions were mixed well with continuous stirring at
ambient temperature for 1 h to obtain a homogeneous solution.
Following this, a required amount of PVP was added to the
homogeneous solution and again stirred at room temperature
for 30 min. The final solution was transferred into a 75 mL
Teflon-lined stainless steel autoclave and heated at 210 °C for
15 h. Once the reaction was completed, a black suspension
obtained was allowed to cool down at room temperature. The
resultant black precipitates were collected using a strong
external magnet and washed several times with deionized (DI)
water and ethanol to remove impurities and unbound mole-
cules. The resultant PVPylated Fe;O, NPs were dried in
a vacuum oven at 60 °C overnight.

2.2. Preparation of thymoquinone-loaded Fe;0, NPs

TQ-PVP-Fe;0, NPs were synthesised by a previously reported
nanoprecipitation method with slight modifications.*® Briefly,
200 mg PVPylated Fe;O, NPs were suspended in 40 mL DI water
and ultra-sonicated to acquire homogeneously dispersed
particles. The pre-determined concentrations of 1-ethyl-3[3-
dimethylaminopropyl]carbodiimide hydrochloride (EDC) and
N-hydroxysuccinimide (NHS) were added and allowed for
further ultra-sonication. Then, a required amount of thymo-
quinone was added and stirred at room temperature for 24 h.
Finally, the resultant black precipitate was washed with DI
water to remove the unloaded drug molecules. At the end of the
process, TQ-PVP-Fe;O, NPs were collected using a strong
magnet applied externally and NPs were further dried in
a vacuum oven.

2.3. Characterization

The phase purity and crystallinity of the pure Fe;0,, PVPylated
Fe;0,4 and TQ-PVP-Fe;0, NPs were studied by X-ray diffraction
(XRD, model D5005D, Germany). The chemical structure,
functional groups and thymoquinone loading on PVPylated
Fe;0, NPs were analysed by Fourier transform infrared (FTIR)
spectroscopy (FITR, Jasco Tensor 27, Japan). The surface
micrograph of pure Fe;O,, PVPylated-Fe;O, and TQ-PVP-Fe;0,
NPs were viewed using a field emission scanning electron

This journal is © The Royal Society of Chemistry 2020
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Schemel Schematic of the formation and synthesis of pure FezO,4, PVPylated FezO4, TQ-PVP-FesO4 NPs and their interaction and drug delivery

behavior against triple-negative breast cancer cell line model.

microscope (FESEM, Quanta-250 FEG, Germany) with line
scanning using an energy-dispersive X-ray spectrometer (EDX,
Bruker, Germany) and transmission electron microscope (TEM,
JEOL JEM-1200, Japan). The surface charge of magnetic NPs was
measured using a zeta potential analyzer (Nicomp Zetasizer
380ZLS, USA). The weight loss and thermal stabilities of the
pure Fe;O,4, PVPylated-Fe;O, and TQ-PVP-Fe;O, NPs were
measured by thermogravimetric analysis (TGA) under an oxygen
gas flow (TA-TGA Q-500, TA Instrument, USA). A vibrating
sample magnetometer (VSM, EV X model, USA) was used to
measure the superparamagnetic behaviour of the pure Fe;O,
and drug-loaded Fe;O, NPs at room temperature. The specific
surface area, pore volume and pore size distribution of PVPy-
lated Fe;O, NPs were measured using a Brunner-Emmett-
Teller surface area analyzer (BET, Microtarc, BELSORP-max,

Japan).

2.4. MTT assay

The methyl thiazolyl tetrazolium (MTT) bromide assay was used
to measure the cell viability in pure Fe;0,4, PVPylated Fe;O0, and
TQ-PVP-Fe;0, NP-treated TNBC (MDA-MB-231) cells. Briefly,
cultured cells were seeded in a 96-well plate at a density of 1 x
10" cells per well and incubated overnight. Then, these cells
were treated with different concentrations of the prepared TQ-
PVP-Fe;0, NPs for 24 h. Then, the cells were treated with 100 pL
per well of MTT solution (5 mg mL ™' concentration) and kept
for incubation at 37 °C under dark conditions for another 4 h.
The purple-colored formazan crystals produced from viable
cells were dissolved in 100 pL of dimethyl sulfoxide. The
absorbance was measured at 620 nm using a multi-well plate

This journal is © The Royal Society of Chemistry 2020

reader, and the observed values were expressed as a percentage
relative to the respective control group.

2.5. Fluorescence microscopic analysis

By fluorescence microscopic analysis, the cellular internaliza-
tion of NPs with cancer cells at different time points of incu-
bation was studied. Briefly, RITC (thodamine-B isothiocyanate)-
labelled TQ-PVP-Fe;0, NPs were treated and the level of inter-
nalization was quantified by fluorescence microscopy. Besides,
rhodamine 123 (Rh 123)- and DAPI-stained cells were analyzed
for the induction of apoptosis in cells, for which the MDA-MB-
231 cells were cultured in 6-well plates at 37 °C with 5% CO, for
48 h. Then, the cells were treated with TQ-PVP-Fe;O, NPs with
different time intervals (0, 1, 2, 4 and 8 h). Following this, the
medium was removed, and the NP-treated cells were gently
washed twice with phosphate-buffered saline (PBS) and fixed in
3% paraformaldehyde for 20 min. The cells were re-washed with
PBS and stained with 10 pg mL™ ' 4/,6-diamidino-2-
phenylindole (DAPI) at 37 °C in a dark place for 20 min.
Consequently, the DAPI-stained cells were treated with 10 pg
mL ™" Rh-123 at 37 °C for 30 min in the darkness. The cells were
then washed with methanol and air dried and investigated for
changes in A¥,, at an appropriate wavelength by fluorescence
microscopy. The assessment of DNA damage in nuclear mate-
rials was performed by DNA fragmentation analysis using
agarose gel electrophoresis.®

2.6. Assessment of reactive oxygen species (ROS)

By 2/,7'-dichlorfluorescein-diacetate (DCFH-DA) staining, the
intracellular ROS production was analyzed using 2/,7-

Nanoscale Adv., 2020, 2, 3209-3221 | 3211
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dichloroflorescein (DCF) signals from the dying cells. These
observed DCF (green) fluorescence intensity was relatively
proportional to the quantity of ROS generated from the dead
cells. Briefly, the cells cultured in a six-well plate for 24 h were
treated with TQ-PVP-Fe;O, NPs at dose-dependent concentra-
tions (20, 40, 60 and 80 pug mL™ ). Then, these cells were again
washed with ice-cold PBS and incubated with DCFH-DA (50 M
in a final concentration) at 37 °C in the darkness for 30 min.
Further, the cells were washed twice and sustained in 1 mL of
PBS. ROS production was assessed using a fluorescence
microscope at emission and excitation wavelengths of 530 nm
and 488 nm, respectively, depending on the intensity of fluo-
rescence as compared to the non-treated cells.

2.7. Statistical analysis

Data analyses were performed by Student's ¢ test or one-way
ANOVA using the GraphPad Prism 6.0 software. The error
bars presented the mean + standard deviation (SD) of three
independent measurements (n = 3).

3. Results and discussion

The fabrication of TQ-PVP-Fe;O, NPs involves three steps as
depicted in Scheme 1. Primarily, the ferric chloride decomposes
at high temperatures (210 °C) in a polyol medium, which results
in the generation of Fe species that exclusively reacts with KOH
in the closed reaction system to form monodisperse spherical
Fe;O0, NPs. Similarly, the self-assembly of the primary seeded
particles influences the building blocks of monodisperse
porous shape by tuning homogeneous nucleation via in situ
addition of PVPylated polymers. The iz situ surface modification
could improve water solubility, prolong the circulation time and
impart a stealth-shielding shell. Further, the surfaces of PVPy-
lated Fe;0, NPs were modified with the active site by addition of
NHS and EDC via ultra-sonication. Accordingly, the amino and
carboxyl groups were used to impart to the surface the hydro-
philic nature and tendency to encapsulate drug molecules.”®
Finally, the chosen drug thymoquinone (TQ) was uniformly
loaded into the porous PVPylated Fe;O, NPs via physical
adsorption by the nanoprecipitation method to form TQ-PVP-
Fe;0, NPs. These TQ-PVP-Fe;O, NPs were further studied to
investigate their anticancer potentials in triple-negative breast
cancer cells, and the interaction of NPs with cancer cells is
presented in Scheme 1.

3.1. Structural characterization analysis

Powder X-ray diffraction (XRD) was used for evaluating the
crystal structure and phase purity of Fe;0,, PVPylated Fe;0, and
TQ-PVP-Fe;0, NPs (Fig. 1a). The obtained diffraction peaks of
the samples were directly indexed to the cubic phase of Fe;0,
standards (JCPDS#: 89-3854) without impurities.””** Scherer's
formula was used to calculate the average crystalline size. The
crystalline size of Fe;0, NPs was approximately 21 nm, whereas
the size of the particles was decreased to 18 and 16 nm for
PVPylated Fe;0, and TQ-PVP-Fe;0, NPs, respectively. Moreover,
it was found that the intensity of the corresponding XRD peaks
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decreased in PVPylated and TQ-PVP-Fe;O, NPs due to the
presence of amorphous materials (polymer/drugs) on their
surface of Fe;O, NPs. The corresponding XRD peaks did not
show any induced peak shift and phase transition during the
addition (in situ) of polymers or drug-loaded Fe;04 NPs.

Further, the functional group and chemical structure of pure
Fe;0,4, PVPylated Fe;0,4, pure thymoquinone and TQ-PVP-Fe;0,
NPs were analyzed by FTIR spectroscopy (Fig. 1b). It was found
that pure Fe;O, NPs exhibited strong and weak absorption
peaks at 593 cm ™' and 466 cm ™' attributed to the Fe-O-Fe
stretching vibration of the spinel structure. These absorption
peaks confirmed the distribution of Fe ions in both octahedral
and tetrahedral sites in the formation of Fe;O, NPs.?”*® Simi-
larly, PVPylated Fe;O, and TQ-PVP-Fe;0, NPs showed the Fe-O
bond in a slight shift towards lower wavenumber and sharp
intensity peaks due to chemisorption of organic molecules.” In
PvPylated Fe;O, NPs, the broad peaks at 882 cm ' and
1060 cm ™' could be ascribed to the CH, rocking and C-H
stretching vibrations. In addition, the sharp intense peak at
1632 cm ' represents the C=O stretching vibration, which
further confirmed the successful wrapping of PVPylated and
Fe;0, NPs.* Moreover, the peaks at 2853 cm ™" and 2928 cm ™"
could be assigned to the symmetric and asymmetric vibrations
of -CH, molecules, respectively. The FTIR spectrum for pure
thymoquinone has major peaks in the range of 600-1800 cm ™,
which substantiated the presence of carboxyl, hydroxyl, amide
and aromatic groups.* The prominent peaks at 1031 cm ™" and
890 cm ™! could be assigned to the C=0 stretching and C-H
bending vibrations of the aromatic group, confirming the
presence of TQ-PVP-Fe;O, NPs. The obtained peaks at
1387 cm™ " and 1642 cm™' could be assigned to the C-N
stretching vibration of the amide group and the C=0 stretching
vibration of the carboxylic group, which closely matched with
those of pure thymoquinone. Hence, it was confirmed that
these obtained prominent peaks represent the successful
loading of thymoquinone drug into PVPylated Fe;O, NPs. In
addition, all samples exhibited a broad peak at 3400-
3450 cm ', which could be assigned to the O-H stretching
vibration of hydroxyl groups. Thus, the FTIR spectral results
confirmed the formation of the metal-oxide and the loading of
drug molecules onto the surface of Fe;O, NPs.

3.2. Field emission scanning electron microscopic (FESEM)
analysis

The FESEM analysis of Fe;O,, PVPylated Fe;O, and TQ-PVP-
Fe;0, NPs was performed at various magnifications, as dis-
played in Fig. 2a-i. The pure Fe;O, NPs shown in Fig. 2a-c
exhibit monodisperse agglomeration-free spherical structures
with a smooth surface in the size range of 30-50 nm, which is
clearly visible in highly magnified images. Due to the in situ
addition of PVP, the NPs were shattered into small-sized
nanocrystals and compactly packed with magnetic dipole
interaction to form monodisperse porous hierarchical spherical
structures, as represented in Fig. 2d-f. The size of the porous
spherical structures was determined to be >100 nm with
a number of ultra-small pores and voids. These pores were

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) X-ray diffraction patterns of pure FezO4, PVPylated FezO4 and TQ-PVP-FezO4 NPs and (b) Fourier transform infrared spectra of pure

FezO,4, PVPylated FezO4, pure thymoquinone and TQ-PVP-FesO4 NPs. The circle indicates the corresponding thymoquinone FTIR peak

matching with TQ-PVP-FezO,4 NPs.

produced due to the uniform nucleation growth of organic-
inorganic particles.®* Thus, the higher surface energy would
implement the aggregation of smaller crystals to form hierar-
chal nanostructures due to the Ostwald ripening process.** The
nitrogen adsorption-desorption isotherm confirmed that the
specific surface area, average pore size and pore volume of

PVPylated Fe;04 NPs (as shown in ESI Fig. $1f) were 68.70 m>
g~ ', 5.27 nm and 0.0907 cm® g, respectively. The FESEM
image of TQ-PVP-Fe;04 NPs is shown in Fig. 2g-i. The thymo-
quinone drug molecules were also uniformly loaded in porous
nanostructures, and it was highlighted in the micrograph
(Fig. 2i). The high surface area and nanometric pore size of

Fig.2 Field emission scanning electron microscopic (FESEM) images of low and high magnifications for (a—c) pure FezO,, (d—f) PVPylated FezO,4
and (g—i) TQ-PVP-FezO4 NPs (the inset in (i) represents the schematic diagram of thymoquinone loading effects on PVPylated FezO4 NPs).
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PvPylated Fe;O, could stimulate high thymoquinone drug
loading via physical adsorption mechanism. Accordingly, the
results of TQ-PVP-Fe;O, NPs did not show any noteworthy
changes in the shape or size when the drug was embedded into
Fe;O0,4 NPs. This indicated that magnetic NPs did not show any
significant changes such as dissolution or growth of nano-
crystals during the drug loading or encapsulation process.**

A transmission electron microscope (TEM) was further used
to confirm the morphologies of Fe;0,, PVPylated Fe;0, and TQ-
PVP-Fe;0, NPs, as shown in Fig. 3a-c. The pure Fe;O, NPs are
monodisperse and spherical in shape in the size range of ~30-
50 nm (Fig. 3a). Adding a structure directing agent, PVP, the
monodisperse porous hierarchical spherical structures without
agglomeration are clearly displayed in Fig. 3b. This porous
nanostructure can adsorb more quantity of the thymoquinone
drug (Fig. 3c) due to nanosized pore volume (Fig. S21). The TEM
morphologies further confirmed the successful thymoquinone
loading in PVPylated Fe;O, NPs.

3.3. Analysis of magnetic properties

The magnetic properties of pure Fe;O,4, PVPylated Fe;0, and
TQ-PVP-Fe;0, NPs were studied using a vibrating sample
magnetometer at room temperature with an applied magnetic
field of 2T (Fig. 4). The absence of hysteresis loops with negli-
gible coercivity and remanence implied that pure Fe;O, NPs
were superparamagnetic and did not alter the behavior of either
PVPylated Fe;O, or the loading of thymoquinone to their
surface. The saturation magnetization (M) of pure Fe;0, NPs
was found to be 61 emu g~ " and the M, value was slightly lower
than the bulk counterpoint of 92 emu g . The energy of
superparamagnetic particles in an applied field was directly
proportional to their size via the number of magnetic molecules
in a single magnetic domain. Moreover, if the energy of particles
were compared with thermal energy, thermal fluctuations
significantly reduce the total magnetic moments in a given
field.* This might be a reason for decreasing the saturation
magnetization of pure NPs by reducing the size when compared
to bulk counterpoints. The M value was decreased to 48 emu
g~ ' for PVPylated Fe;O, NPs. The presence of non-magnetic
materials in Fe;0, NPs decreased the M, value due to the spin
canting effect and smaller particle sizes.” In the case of TQ-PVP-
Fe;0, NPs, the M, value was further decreased to 30 emu g~ .
The strong binding of amorphous thymoquinone drug shielded
on the Fe;0, NPs might be decreased in the effective magnetic
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Fig. 4 Room temperature hysteresis loops for pure FesO4, PVPylated
FezO,4 and TQ-PVP-FezO4 NPs.

moment due to an increase in the surface spin disorientation.*®
Therefore, the chemisorption of the non-magnetic layer
quenched the Mg values and further confirmed the surface
entrapment of the magnetic NPs. These results confirm that the
changes in magnetic properties strongly depend on the size,
shape and surface effects of Fe;O, NPs.

3.4. Zeta potential measurements

The stability and dispersibility of Fe;0, NPs depend on their
surface chemistry, and it was studied by zeta potential analysis.
Generally, the surface charge polarity of Fe;0, NPs was changed
by de-protonation and protonation effects, according to the
following chemical equations.’”

Fe-OH + H* & Fe-OH," [protonation]

Fe-OH < Fe-O~ + H" [de-protonation]

Based on the above reaction principle, the surface charges of
Fe;0, NPs were analyzed and the interaction of bio-molecules
was studied. Thus, it was found that PVPylated Fe;O, NPs
showed negative surface charge (—24 mV) due to deprotonated
surface effects, and TQ-PVP-Fe;O, NPs exhibited a positive

c)

50 nm
- i

Fig. 3 Transmission electron microscopic (TEM) images of (a) pure FezO,4, (b) PVPylated FesO,4 and (c) TQ-PVP-FezO4 NPs.
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and TQ-PVP-FezO,4 NPs.

surface charge of 6.1 mV (Fig. 5a). The change in surface charge
confirms the strong interaction between the drug and Fe;O,
NPs. Moreover, it was well reported that the positively charged
nanocarriers could easily bind to the negatively surface charged
plasma membrane and gradually increase TQ-PVP-Fe;O, NP
uptake rates due to the electrostatic process.*® Thus, the surface
charge changed from positive to negative surface, confirming
the successful loading of thymoquinone drug into PVPylated
Fe;0,4 NPs.

3.5. Thermal analysis

The amount of organic molecules adsorbed onto the surface of
pure Fe;O4, PVPylated Fe;O, and TQ-PVP-Fe;O, NPs were
quantified by thermogravimetric analysis (TGA) (Fig. 5b). The
weight loss below 200 °C of all samples represents the desorp-
tion of water molecules. There was no significant weight loss
with the increase in temperature, and this confirmed the high
stability of pure Fe;0, NPs. Upon addition of PVP to Fe;0, NPs,
slight weight loss (4.1%) was observed above 200 °C due to the
decomposition of PVP molecules, and this observation was re-
ported previously.* TQ-PVP-Fe;0, NPs show two distinct weight
losses corresponding to the strong binding of the thymoqui-
none drug and water molecules. The first weight loss of 7% was
observed at a temperature of 50-250 °C due to the endothermic
loss of surface hydroxyl groups*® and the presence of PVP. Upon
increasing the temperature above 250 °C, the second weight loss
was obtained from the degradation of thymoquinone drug
molecules. The high percentage of the weight loss was observed
due to the strong wrapping of the drug as substantiated by the
observation of 18.3% of thymoquinone drug loading in PVPy-
lated Fe;O, NPs. These results clearly indicated that thymo-
quinone could stably be loaded into Fe;O, NPs. Finally,
increasing the temperature above 400 °C resulted in no weight
loss due to the strong Fe-O bond force constant, and therefore,
more energy was required to effect the fracture of NPs.

3.6. Drug release profiles

The drug release behaviour under different pH conditions
depends on the interior force between NPs and drug, size,
surface behaviour, rate of dehydration and hydration of

This journal is © The Royal Society of Chemistry 2020
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(a) Zeta potential of PVPylated FesO4 and TQ-PVP-FesO4 NPs and (b) thermogravimetric measurements of pure FezO4, PVPylated FesO4

polymers. The in vitro drug release activity of TQ-PVP-Fe;0, NPs
was analysed in a phosphate buffer solution (pH 7.4) at
a temperature of 37 °C to maintain the experimental condition
similar to body fluids. The drug releasing profiles of TQ-PVP-
Fe;0, NPs were analysed by different pH conditions (4.6, 5.3
and 7.4). The two stages of drug release profiles were demon-
strated such as early burst release under the basic condition and
further fast release rate under acidic pH conditions, respec-
tively. The thymoquinone release rate was primarily fast and
becoming slower in extended time points (18 h). Initially, 26%
of thymoquinone was released gradually (18 h) at pH 7.4. When
decreasing the pH to 5.3 and 4.6, the drug release rate was rapid
under acidic conditions. The thymoquinone release rate grad-
ually increased and reached a maximum value of 74.5% and
85% in 18 h under two different acidic pH conditions (5.3 and
4.6), respectively (Fig. 6). In the acidic pH, the porous PVPylated
Fe;0, is exposed to acid etching, resulting in the expansion of
pores that accelerates sustained drug release.*” This pore
expansion is attributed to high drug release in an acidic
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Fig. 6 Drug release profiles of TQ-PVP-FesO4 NPs under various pH
conditions. The obtained values are expressed as mean £ SD (n = 3) of
triplicate measurements.
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environment, which could be due to the diffusion and
swelling*>** of porous PVPylated Fe;O, nanocarriers. Therefore,
the thymoquinone release rate was attained efficiently under
acidic conditions than under basic conditions. In addition, the
invitro drug release was depending not only on the pH-triggered
release behaviour but also on the physicochemical properties of
PVPylated Fe;O, NPs.

3.7. Invitro anticancer analysis of TQ-PVP-Fe;0, NPs

The MTT assay showed the cytotoxic effects of control, PVPy-
lated Fe;0,, pure thymoquinone and TQ-PVP-Fe;O, NPs in
a chosen time point (24 h) against breast cancer (MDA-MB-231)
cells (Fig. 7a). The cell viability percentages of TQ-PVP-Fe;0,
NP-treated cells were reduced as compared to that of control
cells (untreated and drug-unloaded NPs). It was observed that
the maximum concentrations of PVPylated Fe;O, had no
significant cytotoxicity in the cancer cells, and this confirmed
the biocompatible property of NPs. The obtained inhibitory
concentrations (ICso) were 50 pg mL™" for TQ-PVP-Fe;O4 NPs.
This growth inhibition caused by TQ-PVP-Fe;0, NPs was higher
than that caused by pure thymoquinone due to the strong
electrostatic interaction between the positively charged TQ-PVP-
Fe;O, NPs and the negatively charged MDA-MB-231 cell
membranes.” This behavior enhances the NPs uptake as well as
toxicity to cancerous cells as reported earlier.** Therefore, TQ-
PVP-Fe;0, NPs can cause high cytotoxicity to MDA-MB-231 cells
in a dose-dependent manner. In addition, the fluorescence
microscopic analysis of RITC-TQ-PVP-Fe;O0, NPs clearly indi-
cated the time-dependent cellular internalization (0 h, 1 h, 2 h,

e
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4 h and 8 h) and the level of uptake of NPs by cancer cells
(Fig. 7b). The graph shows the mean fluorescence intensity of
the internalized NPs by cancer cells (Fig. 7c). These data provide
the evidence of TQ-PVP-Fe;O, in tumor cell delivery due to
effective cell internalization of NPs for promoting the event of
apoptosis. Further, the results of this study clearly showed an
increase in cytotoxicity of thymoquinone, and it was due to the
sustained release of the loaded drug molecules from PVPylated
Fe;0, NPs and/or their more effective uptake by cells. The
observations confirm the cytotoxic behavior of NPs in their wide
range of concentration and the doses closes to ICs, values
exhibit enhanced therapeutic abilities of TQ-PVP-Fe;O, NPs.

3.8. Analysis of mitochondrial membrane potentials (A% ,,)
and DNA damage

The changes in mitochondrial membrane potential (A¥,) can
be visualized by rhodamine-123 (Rh 123) staining. Rh 123 is
a cationic fluorescent dye and can be retained by functional
mitochondria with high AY,. TQ-PVP-Fe;0, NP-treated cells
were stained with Rh-123 and the loss of A¥,, in cells was
observed based on changes in their potentials after treating the
cells with its IC5, for a period of 0, 1, 2, 4, and 8 h (Fig. 8). DAPI
and Rh-123 were able to form fluorescent complexes with
nuclear material and active mitochondrial membranes of the
cells, respectively. Hence, these dyes were useful in detecting the
apoptotic condensed nuclei and A¥, loss. The study observa-
tions showed that TQ-PVP-Fe;0, NP-treated cells revealed the
diminished size of apoptotic nuclei (green + blue color) and the
assembly of condensed chromatin at the periphery of the

RITC-TQ-PVP-

FITC Fe;0, NPs Overlay

(a) Cytotoxicity assessment results of control, PVPylated FezO4, pure thymoquinone and TQ-PVP-FezO4 NPs in MDA-MB-231 cells at

different concentrations and the expressed values are mean + SD (n = 3). (b) Fluorescence microscopic analysis of ICsq concentrations of RITC-
TQ-PVP-Fez04 NPs in cellular internalization at different time intervals of incubation. DAPI (nucleus) and FITC (cell membrane) stains were used
to cell organelles. Scale bars 50 um. (c) Graph showing the quantified level of internalized NPs with cancer cells at different time points; the values
were calculated depending on the mean fluorescence levels from RITC-TQ-PVP-FesO4 NPs.
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(a) Fluorescence microscopic images (20x magnification) of DAPI and Rh-123-stained MDA-MB-231 cells treated with TQ-PVP-FezO4

NPs for different time periods. The panel of images shows the induction of apoptosis and loss of A%, in MDA-MB-231 cells; DAPI staining (blue
color) shows the condensed and fragmented nuclear materials in TQ-PVP-FezO4 NP-treated cells as compared with untreated (control) cells;
Rh-123 staining (green) indicates the loss of A% ,,. The active mitochondrial membranes uptake Rh-123 and emit fluorescent green color and (b)
quantitative analysis of loss of mitochondrial membrane potential based on the Rh-123 fluorescence level from MDA-MB-231 cells treated with

TQ-PVP-Fe3z04 NPs.

nuclear membrane. The fragmented nuclear bodies and mito-
chondrial membranes were also observed in these cells. Besides,
mitochondrial localization staining (Rh 123) of MDA-MB-231
cells treated with TQ-PVP-Fe;O, NPs was observed in green
color. The accumulation of fluorescence in MDA-MB-231 cells
was also clearly visualized by fluorescence microscopy. These
studies showed that TQ-PVP-Fe;0, NPs induce mitochondrial
membrane potential loss against MDA-MB-231 cancer cells. The
quantitative analysis was performed to analyze the level of
mitochondrial membrane potential loss as compared to lower
time points (Fig. 8b). It was observed that there is an increased
amount of Rh-123 uptake when the cells are exposed to pro-
longed duration (1 h, 2 h, 4 h and 8 h). It may happen due to the
interaction of thymoquinone and surface receptors on the triple-
negative breast cancer cells via surface functional groups**® of
NPs, which adversely affects the cellular function and phenotype
and induces cell death and cancerous tissue apoptosis.

3.9. Reactive oxygen species generation and nuclear
fragmentation

Further, we examined the release of reactive oxygen species
(ROS) from TQ-PVP-Fe;0, NP-treated MDA-MB-231 cells to

This journal is © The Royal Society of Chemistry 2020

confirm the activation of the apoptosis signaling cascade. These
were assessed by fluorescent DCFH-DA staining from apoptosis-
induced cells. It was noticed that there was an increased
amount of DCF signals through esterase activity, which might
be due to the release of peroxidase cytochrome c in the cyto-
plasm. This resulted in higher ROS production in TQ-PVP-Fe;0,
NP-treated MDA-MB-231 cells than untreated (control) cells.
Similarly, the production of ROS was increased in TQ-PVP-Fe;0,
NP-treated MDA-MB-231 cells in a dose-dependent manner, as
displayed in Fig. 9a-e. This ROS fluorescence level indicates the
amount of ROS generation from cancer cells due to treatment
with NPs at different concentrations (Fig. 9f). The increase in
ROS production in a dose-dependent manner was observed by
the increased fluorescent intensity of treated cells. These find-
ings suggested that the increased release rate of ROS generation
can cause A¥, loss, which leads to the activation of intrinsic
apoptosis cascade. It was also reported that the interaction of
TQ-PVP-Fe;0, NPs with MDA-MB-231 cells could induce
oxidative stress through ROS production over the antioxidant
defense strategies of cells.***** Thus, these increased ROS
levels in cancer cells resulted in a change of mitochondrial
membrane integrity and oxidative stress-associated DNA

Nanoscale Adv., 2020, 2, 3209-3221 | 3217
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Fig. 9 Fluorescent microscopic images (40x magnification) of intra-cellular ROS production after TQ-PVP-FezO4 NP treatment under the
conditions of (a) control, (b) at concentrations of 20, (c) 40, (d) 60, and (e) 80 ug mL~* for 24 h, and (f) quantitative analysis of released ROS from
MDA-MB-231 cells upon treatment with different concentrations of TQ-PVP-FezO4 NPs; the level of fluorescence is compared to the MFI of the
respective control (untreated) cells after 24 h of treatment. ns = Non-significant; *p < 0.05; **p < 0.01; ***p < 0.001.

damage that could consequently lead to apoptosis.””> These
effects of TQ-PVP-Fe;O, NPs on cellular ROS production were
investigated under a fluorescent microscope for their potentials
to show green fluorescence from DCF through the intracellular
oxidation of DCFH-DA (fluorescent dye). In addition, it is shown
that TQ-PVP-Fe;0, NPs of this study have the potential to
increase intracellular ROS levels as well as to activate intrinsic
apoptosis.***® Thus, the present study implies that the ROS
generation and the associated oxidative stress induced by TQ-
PVP-Fe;0, NPs could effectively result in the activation of an

M C

40 80

Fig. 10 DNA fragmentation analysis of control and TQ-PVP-FezO,4
NP-treated MDA-MB-231 cells. The fragmented DNA samples are
loaded as M-marker DNA, C-control, and TQ-PVP-FezO4 NPs at
concentrations of 40 pg mL™* and 80 pg mL™%.

3218 | Nanoscale Adv, 2020, 2, 3209-3221

intrinsic apoptotic pathway as revealed by extensive DNA
damage of treated cancer cells and cell death (Scheme 1 and
Fig. 10).

From the outcomes of this study, the enhanced mecha-
nism of cellular uptake and growth inhibitory effects in MDA-
MB-231 cells by TQ-PVP-Fe;0, NPs was clearly demonstrated
(as shown in Scheme 1). It was also assumed that TQ-PVP-
Fe;0,4 NPs effectively enter into the cellular system through
the endocytosis process. The porous shape and positive zeta
potential values play an important role in negatively charged
tumor uptake and intracellular distribution. Then, TQ-PVP-
Fe;0, NPs might directly interact with the change in mito-
chondrial membrane potentials and agglomerate around the
nuclear membrane of the nucleus.* In this biological envi-
ronment, the thymoquinone drug may be released from
PVPylated Fe;O, NPs via disruption of weak van der Waals
force.'** Upon release, thymoquinone could accelerate
apoptosis progression through DNA damage or membrane
blebbing, resulting in cellular decomposition. In addition,
TQ-PVP-Fe;O, NPs possess high water solubility, good
stability and increased anti-proliferation activity on tumor
cells not only to enhance the drug index of the formulation
but also to reduce the unwanted side effects of targeted drug
delivery applications.

4. Conclusion

In summary, monodisperse porous PVPylated Fe;O, NPs have
been successfully synthesized by a solvothermal method.
Thymoquinone was chosen as a model anticancer drug,
which was loaded within porous PVPylated Fe;O, NPs by the
nanoprecipitation method. The FESEM morphological anal-
ysis confirmed the surface modification of magnetic NPs,

This journal is © The Royal Society of Chemistry 2020
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preventing the agglomeration as well as forming porous
nanospheres with a size range of ~100 nm with super-
paramagnetic properties. The presence of PVPylated poly-
mers could enhance water solubility, drug release and
stability during the administration of TQ-PVP-Fe;O, NPs.
Moreover, it could deliver pre-determined encapsulated
drugs more rapidly in an acidic pH environment as compared
to a basic pH environment, showing the efficiency for rapid
tumoricidal action. Anticancer studies of these Fe;O, NPs
demonstrated less toxic effects on MDA-MB-231 cells,
whereas TQ-PVP-Fe;O, NPs showed higher cytotoxicity. In
addition, the particle size also played a vital role for targeting
and releasing drug molecules in MDA-MB-231 cancer cells. It
was also observed that TQ-PVP-Fe;O, NP accumulation in
tumor cells showed significant anticancer effects due to
cellular decomposition and apoptosis. Hence, the developed
method showed an effective manner of delivering water-
insoluble therapeutic compounds to target cancer cells and
enhance biological applications.
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