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Designing a multifunctional nanomaterial is always considered as a biggest concern in the field of
nanomedicine which aims to promote versatile action in a single use from tracking to therapeutics.
Therefore, metallic nanoparticles are well exploited as a major platform with the assemblage of surface
modifications which can be effectively engaged for plenty of applications. Here, in this work, we have
successfully amalgamated gold coated magnetite core-shell nanoparticles along with bio-functionaliza-

Keyw_ords: ) tion of folic acid and doxorubicin to explore its possibility as a distinct nanocargo for cancer
Multifunctional nanotheranostics. This unique combination of both magnetic and optical properties makes its function to
C9re'5hell . be more precise. For example, in case of in-vitro drug-release studies more than 75% of drug moieties are
Biocompatible

released at acidic pH 5.4 and exactly fitting in first order rate kinetics. As gold shell retains the
superparamagnetic nature of the core it exhibited high r, values, and because of large relaxivities (r»/rq)
ratio, they are confirmed as T,-weighted contrast agent by MRI. Finally, under microwave of 2.45 GHz
exhibited enough heat which can induce both apoptosis & necrosis leading to cell death. Thus, we
conclude that our nanoparticle can be a multitool for diagnosis and therapeutics for various human
diseases.

Drug kinetics
Hyperthermia

© 2017 Elsevier B.V. All rights reserved.

1. Introduction microphysiology. The two nano-vectors viz., drug-delivery and

imaging have come to the rescue in such a debilitating condition of

Cancer, considered as a hallmark of diseases which is
responsible for second most mortality and morbidity rates. The
greatest discovery in the fundamental cancer biology has not been
transformed into clinical therapeutics. There is a vast incongruity
existing due to lack of translational medicine targeting towards the
cancerous cells both temporally and spatially. Moreover, the drugs
available possess a plethora of side-effects and are incapable of
circumventing the biophysical barriers posed by tumor
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cancer therapeutics.

The recent upsurge of interest in medical nanotechnology has
significantly expanded the breadth and depth of magnetic
nanoparticle (MNPs) research. MNPs are exploited for various
applications in biomedicine, such as Magnetic Resonance Imaging
(MRI), drug-delivery and hyperthermia (Angelakeris, 2017; Lic-
ciardi et al., 2013; Reddy et al., 2012). But the biggest flaw in using
MNPs is that they are highly reactive in nature, and moreover, they
have the tendency to transform their oxidation states drastically.
To circumvent this problem, there was a need of coating such
particles with an inert transition metal i.e.gold (GNPs). This coating
leads to stabilization of the particles, thus enhancing the
biocompatibility as well as biodistribution in physiological
conditions. Such a design of nanoparticles comprising of SPIONic
core and gold shell can perform multi-functions concomitantly
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such as imaging, drug-delivery and hyperthermia. Such a nano-
medicinal model containing MNPs can perform two functions:

a enhance proton relaxation of specific tissues,
b serve as MR imaging contrast agents.

The nanoshell made up of GNPs is surface plasmon resonance
(SPR) active substance, which can interact with a linker and then
orchestrate anti-cancer drugs (Alexiou et al., 2000; Cheng et al.,
2005; Habib et al., 2008; Hergt and Dutz, 2007; Liibbe et al., 1996;
Wilhelm et al., 2008).

Such a targeted drug delivery cargo can be accrued within the
tumor site by different mechanisms such as externally applied
magnetic field (Widder et al., 1978), enhanced permeation and
retention of small nanoparticles (NPs) due to the leaky vasculature
(Maeda et al.,, 2000) and folate receptor-based temporal and
synaphic targeting. Once collated at the tumor site, such nano-
flotillas are incorporated via receptor-mediated endocytosis and
then release the active drug moiety in the intracellular compart-
ment. This leads to induction of cellular apoptosis, thus reducing
systemic side effects (Wang and Low, 1998; Y. Wang et al., 2010).

The most important criteria for any drug-delivery vehicle for in-
vivo applications are that, they must be stable to overcome the
hydrodynamic fluid pressure as well as endothelial surface
charges. These properties prevents undue accumulation and
interaction with the physiological milieu which hinders the
nanocargo to reach towards its destined cells. Nevertheless, these
properties are important but they are not sufficient to exhibit
antitumor action. The intracellular drug-delivery is possible only
through various stimuli such as pH, temperature or ligand-
receptor interaction (Glangchai et al., 2008; Rejinold et al., 2011;
Tang and Pan, 2008). For example, certain cancer cells overexpress
folate receptors on their surface, hence using folic acid (Fa)
moieties on the surface of the vehicle can help in synaphic delivery
(Guo et al., 2011; Low and Antony, 2004; Sonvico et al., 2005).
Moreover, Fa is non-toxic, non-immunogenic in nature and stable
and finally imparts negative charge on the surface, thus leading to
reduced agglomeration with endothelial cells which are also
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nanocargo

°

Surface
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core-shell
nanoparticle

Microwave based
hyperthermia

negatively charged (Sun et al., 2006; Ying Wang et al., 2010). Apart
from Fa, large number of ligands can be exploited such as
antibodies, peptides and aptamers (Cirstoiu-Hapca et al., 2007;
Leuschner et al., 2006; Veiseh et al., 2009; Yigit et al., 2008).
There are many applications of the Fe@A complex, such as
drug-delivery, MRI and hyperthermia. Even though, MNPs is
present in the core of the NPs complex it can exhibit T, contrast MR
imaging. They are emerging as a nanoplatform for multimodal
imaging. Such particles have finally led to diagnostic as well as
therapeutics. Moreover, such MNPs also possess hyperthermal
property. This has led to combination therapy, where the
cytotoxicity of cells are due to both drug as well as heat generated
by hyperthermia. This heat also enhances the drug release and
furthermore causes enhanced killing. In this research, we have
reported a synthesis of gold coated magnetic (Fe@A) core-shell
NPs (CSNPs) for their applications in drug-delivery, MRI and
microwave (MW) based hyperthermia (Fig. 1). The cytotoxicity
assays of such NPs were performed on both L6 and Hep2 cells.
These particles were also used for the attachment of Fa &
Doxorubicin (Dex) and the drug release studies were done at
different pH 5.4, 6.8 and 7.4. The stability of these NPs were also
studied using zeta ({) potential. MR Imaging and Hyperthermia
studies of such particles were done and was analyzed in details.

2. Materials and methods
2.1. Materials

Ferric chloride hexahydrate (Fe3*), Ferrous chloride tetrahy-
drate (Fe?*), sodium hydroxide (NaOH), Gold (Ill) chloride
trihydrate (Au), L-Ascorbic acid (L-Aa), Dimethyl sulfoxide (DMSO),
Hexadecyltrimethylammonium bromide (CTAB), Folic acid (Fa), N-
Hydroxysuccinimide (NHS), N,N’-Dicyclohexylcarbodiimide (DCC),
Triethylamine (TEA), Doxorubicin hydrochloride (Dox), MTT [3-
(4,5-dimethylthiazol-2-yl)  2,5-diphenyltetrazolium bromide],
Hoechst stain, Phalloidin-rhodamine B isothiocyanate, hexane
and ethanol were purchased from Sigma-Aldrich. Dulbecco’s
Modified Eagle Medium (DMEM), fetal bovine serum (FBS), and

o

S5 MRI contrast
agent

Fig. 1. Schematic representation of CSNPs tri-pronged applications.
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streptomycin were obtained from Life Technologies. Agarose was
purchased from Invitrogen. Deionized water (DIw) was used for all
experiments and chemicals were used directly.

2.2. Synthesis protocols of nanoparticles (NPs) and its complexes

2.2.1. Magnetite (Fe) NPs

The co-precipitation method was employed to synthesize Fe
NPs. The precursors of Fe>* (0.5 M) and Fe?* (0.25 M) taken in the
ratio of 1:0.5 and dissolved in 50 ml of NaOH (1.5 M) in nitrogen
(N2) degassed DIw. The reaction was carried out for 1 hat 75 °C. The
resultant black NPs were separated by centrifugation and the pellet
was washed 3 times with DIw. This pure Fe NPs were used for
CSNPs formation.

2.2.2. Post-treatment of Fe NPs (solution 1)

The as-synthesized Fe NPs (200 1) were dispersed in a mixture
of 1 ml of DIw and 400 .1 of DMSO and stirred continuously in the
presence of N, atmosphere at 75°C for 4h in order to reduce the
NPs aggregation.

2.2.3. Synthesis of Au seed solution (solution 2)

The freshly prepared gold seed solution was used for Au shell
coating. The seed solution was prepared by using 0.5ml (1M,
CTAB), 1ml (50 mM, L-Aa), & 100 pl (1 M, HAuCl, solution). The
whole complex was sonicated for 30 mins.

2.2.4. Synthesis of Fe@A CSNPs

Fe@A CSNPs were synthesized using solution 1 and 2. Initially,
solution 2 was added dropwise to the solution 1. This mixture was
stirred for 2 h until the solution colour turns purple. Then, using
strong magnets the CSNPs were separated and washed using a
mixture of hexane and ethanol to exclude excess Au NPs. The
washed CSNPs were centrifuged to remove excess CTAB.

2.2.5. Activation & attachment of Fa to Fe@A CSNPs

Before attachment, the Fa was activated is required in order to
trigger the carboxylate group by dissolving Fa (0.25 g) into 20 ml of
DMSO under sonication to ensure complete dispersion. Later,
carboxylate group present in Fa was activated by mixing 0.125 gm
of DCC and 0.225 gm of NHS. The whole process was carried out
under N, atmosphere at 30°C for 12 h. The resultant product was
filtered using Whatman filter paper and further used. The
attachment process was done by mixing 1 ml of activated Fa with
10 ml of CSNPs by stirring under N, atmosphere for 5 h. Then, the
reaction was continued for 24h under ambient atmosphere.
Finally, the dialysis process was carried out using 3000 Da dialysis
membrane to eliminate excess Fa in PBS (pH 7.4) for 24 h. Then by
centrifugation technique, the pellet was collected and again
dialyzed in DI water for a period of 24h to ensure there is no
free Fa in the NPs system.

2.2.6. Loading of dox onto Fa-Fe@A CSNPs complex, drug loading
efficiency and in-vitro release

To load Dox, 1 ml TEA, 2 ml DMSO, 5ml Fa-Fe@A was mixed
with 250 ul of 5mM Dox solution under N, with continuous
stirring for 5 h at 60 °C. Finally, using dialysis membrane of 3000 Da
the excess Dox is removed in a period of 24h. The loading
efficiency of Dox was calculated which was found to be 94.93%
before beginning the drug release studies and the calculation is
shown in the ESI. In-vitro Dox release studies was carried out using
dialysis membrane procedure of pH 5.3, 6.8 and 7.4 (PBS) at 37°C
under stirring. To begin this study, initially, 1 ml Dox-Fa-Fe@A
complex is diluted with 25ml of PBS. Then, at respective time
period, 1 ml of sample was withdrawn with PBS compensation

with the same equivalent volume. The withdrawn Dox sample
were determined at 485 nm using UV-vis spectrophotometer to
evaluate the release at various time periods. The experiments were
repeated three times for all the samples.

2.2.7. Cell culturing technique & cell viability studies

L6 - skeletal muscle cell line and Hep2 - laryngeal carcinoma
cell lines were cultured in DMEM medium along with FBS (10%),
penicillin (100UmL™"), and streptomycin (100 pwgmL~") at 37°C
with a 5% CO, atmosphere.

To evaluate cell viability, both L6 and Hep2 cells were cultured
into a 24-well plate with 1 x 10° cells/plate and incubated for 24 h.
Later, the DMEM was substituted with various concentrations of
respective NPs and its complexes in the range of 50-250 pg/ml.
Then the plates were incubated for 24h and MTT-assay was
executed by adding 10wl of MIT (5mg/ml) in DMEM and
incubated for 3 h. Then the absorbance was recorded at 490 nm
using an iMark microplate reader in triplicates and the average
values were considered.

2.2.8. Confocal microscopy studies

The cellular and nuclear morphology of both L6 and Hep2 were
visualized by confocal microscopy to evaluate the impact caused
by NPs and its complexes. Cells were seeded on 13 mm glass
coverslips in 12-well plate with a density of 1 x 103 cells. After
incubating for 24 h, the cells were given PBS wash to remove excess
or unbound NPs with media replacement. The cells were fixed
using 2% paraformaldehyde. After washing with PBS, the cells are
permeabilized with PBS-triton (500 1, 0.1%). Finally, the staining
was carried with 300 .l of Hoechst (1:4000 dilution in 1x PBS) and
Phalloidin/Rhodamine dye. To observe under confocal microscopy
the vectashield was employed to fix the coverslips on the sterile
glass slides.

2.2.9. Characterization

The UV absorption spectra of samples were measured using
UV-vis spectrometer (UV-2401PC Shimadzu). X-ray diffraction
(XRD) pattern using Fe@A CSNPs thin film were obtained on an
XRD measurement (X'Pert PRO spectrometer — PANalytical) using
Cu Ka radiation (kae=0.154 nm). The morphology and confirma-
tion of CSNPs formation were characterized using a transmission
electron microscope (TEM JEM-ARMZ200F, Jeol) with their related
techniques such as HRTEM (High Resolution Transmission Electron
Microscope), HAADF-STEM (high-angle annular dark-field scan-
ning transmission electron microscopy) detector and EDS (Energy
Dispersive X-Ray Spectrometer) (Oxford XMax 80). The NPs in cell
internalization was analyzed using CryoEM (Tecnai F20, FEI). The
surface composition studies were carried out using XPS (X ray
Photoelectron Spectrometer) (K-Alpha Surface Analysis, Thermo
Scientific). The surface charge of NPs were studied in a Zetasizer
Nano ZS90 (Malvern Instruments). The loading of Fa and Dox were
evaluated using Fourier-transform infrared (FTIR) spectra were
made on a Nicolet iS50 spectrometer (Thermo Scientific). The
stability of NPs and its complexes at higher temperature were done
using TGA (Thermogravimetric Analysis) (Q50 TA Instruments)
from 30 to 900°C. Magnetic measurements were achieved on a
superconducting quantum interference device (SQUID), (Quantum
Design, MPMS3). The cellular morphology was visualized using
confocal microscopy (Zeiss LSM 700).

2.2.9.1. Magnetic resonance imaging (MRI) phantom preparation. L6
and Hep2 cells were labelled with Fe@A CSNPs and dispersed with
pre-heated 0.5% agarose gel of 1.5 ml at 40 °C and slowly allowed to
cool down to solidify which is stored at 4 °C until the MR imaging
studies. For control, the agar gel with the cells are considered.
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2.2.9.2. MRI experiments. Both T; & T, contrast studies were
obtained using 7T scanner (Signa HDxt, Varian). The following
parameters were employed,

e T; measurements: Coronal spin-echo sequences with TE =25 ms
and repetition time from 25 ms to 6s were used.

e T, measurements: Fast spin echo sequence with TR=2000 ms,
FOV=3*3cm, TE=15-250ms, slice thickness of 4mm and
resolution of 256 x 256.

2.2.9.3 MW based Hyperthermia experimental setup:

The pre-assembled home-made setup was used to study the
MW based hyperthermia studies at 2.45 GHz. The home-made MW
experiment setup consists of following components:

Frequency generator (2.45 GHz) - SML 03, Rhode & Schwarz,
MW signal amplifier - 1164-BBM3Q6AHM, Empower,
Monitoring output power — DC7154 M, Amplifier Research,
Monitoring 6 W output power and reflected power - PM2002,
Amplifier Research,

e Adjusting the standing wave ratio (SWR) - coaxial stub tuner
1878C, Maury Microwave Corp and network analyzer - E5071B,
Agilent Technologies.

The temperature change in the sample was measured using
optical fiber sensors (M3300, Luxtron).

3. Results and discussions

3.1. Mechanism involved in the synthesis of core/shell nanoparticles
(CSNPs)

MNPs synthesis (core) occurs when Fe?* and Fe?* reaches its
critical supersaturation value causing short burst of nucleation.
The reaction kinetics of such nuclei formation at 80°C is purely a
temperature-dependent mechanism, in which the diffusion of ions
takes place from the bulk phase to the surface of nuclei (Peterson
et al., 2002). This growth step is followed by agglomeration due to
Ostwald ripening which finally leads to reduction of overall energy
of the system. Dimethyl sulfoxide (DMSO) stabilizes MNPs due to
surface negative charge on them causing repulsion, thus prevent-
ing agglomeration of the particles (Vijayendran and Leckband,
2001). To circumvent the problem of oxidation in air, an inert layer
of Au nanoshell is encapsulated on the surface of MNPs. MNPs
exhibit misalignment of spins on the surface. When gold interfacial
layer is overlayed on such a disordered surface, there is further
increment in the spin disorderness thus influencing the magnetic
properties of MNPs (Dijk et al., 2006).

The CSNPs synthesis involves a seed mediated approach
constituting CTAB, Au ions and a mild reducing agent, AA. The
reaction sequence involves metallomicelle formation by AuCl,~
with CTAB to form CTA*AuBr,4, which is orange coloured solution.
As AuBr,~ has lower potential as compared to AuCl, it is difficult
for weak reducing agent such as AA to reduce AuBr,~ to form Au
atoms. AA can only reduce AuBr,~ in the metallomicelle to form
AuBr; -, which is light violet coloured solution. The first reduction
reaction occurs in the metallomicelles within the Au seed solution,
while the second reduction reaction occurs on the surface of MNPs.
At room temperature, the second reduction reaction cannot form a
uniform shell on the surface of MNPs core hence a mild
temperature of 80°C is required to form a uniform outer layer.
Brown coloured magnetic particles became dark purplish when
light violet coloured Au seed solution was mixed with it. The Au
seeds supply large number of small randomly oriented crystalline
domains along with particle mediated electron transfer, thus

facilitating the Au shell on the surface of MNPs (Robinson et al.,
2010).

First Reduction : Au3* — Au'*
CTA — AuBr, + CgHgOg — CTA — AUBr, + CeHgOg + 2H" +2Br~ (1)
Second Reduction:Au'* — Au®

2CTA — AuBr4 + CgHgOg — 2Au + CgHgOg + 2CTA +2H" +4Br~  (2)

3.2. Structural characterizations of CSNPs

XRD patterns of CSNPs is displayed in Fig. 2. The characteristic
peaks of pure GNPs (JCPDS file numbers: 004-0784) were
compared with the CSNPs (Karaagac et al., 2010). The XRD pattern
demonstrated a strong peak at 20=38°, which is a signature
marker for Au, which correspond to Miller Index (111) respectively.
The Au peaks were dominant in XRD due to the heavy atom effect.
Since Au is heavier than iron, all the other peaks of MNPs were
suppressed (Fan et al., 2005; Okahata et al., 1998; Yu et al., 2004).
From the XRD data, we also calculated the size of the NPs using the
Scherrer formula (Schroder et al., 2006):

0.94X1
D, = By ,Cosd 3)
The average diameter of the NPs calculated using the above
formula was estimated to be 14 nm, which was corroborated by
TEM. In order to confirm the gold shell formation, the absorption
spectra of SPR peak was monitored using UV-vis spectroscopy. The
deposition of Au seeds onto the metallic Fe core leads to a red-shift
of the SPR peak to 581.5 nm (Fig. 2 inset) which proves the CSNPs
(Xu et al., 2007).

Transmission electron microscopy (TEM) of Fe@A demonstrat-
ed an average size of the particles in the range of 11 nm (Fig. 3a,
Histogram subset). The particles were nearly monodisperse and
spherical. CSNPs typically exhibit no agglomerations due to very
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Fig. 2. XRD pattern for the CSNPs showing characteristic peaks at (111), (200) and
(311) for Au, inset represents the SPR peak of CSNPs.
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Fig. 3. (a) TEM micrograph of CSNPs exhibiting monodisperse NPs of size 5-20 nm (Histogram in subset), (b) EDAX showing the presence of Au, Fe and O (Inset: SAED pattern
from CSNPs, showing a superposition of Au and Fe lattices), (c), (d) HAADF imaging, maps the CSNPs Gold/Iron oxide NPs (Inset: RGB colour display clearly indicates the
formation of CSNPs based on the difference in the colour contrast), (e) measurement of the lattice distances.
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Fig. 4. Line mapping of CSNPs indicating the core of iron and shell of gold.
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low free surface energy (Thaxton et al., 2003 ). HRTEM of the Fe@A
CSNPs revealed discrete separation between the Fe and Au phases,
which is a clear indication of unique incorporation of Au shells on
the surface of MNPs, as reported previously (Aslan et al., 2005). The
diffusion of Au into Fe leads to the formation of metastable Au-Fe
phase (Thanh and Green, 2010). Due to the curvature effect, there is
distortion in the crystal lattice on the surface of the NPs. The
average diameter of CSNPs was increased to 11 nm from 6 nm of
iron oxide seeds when gold chloride was reduced on its surface.
Hence, the average thickness of the gold nano-shell was 5nm,
suggesting that the addition of Au on the surface of the NPs
consequently increased the diameter of the NPs.

The number of shells of gold formed on iron oxide was
calculated using the following formula:

Thickness of Aushell

No.of shells formed = Atomic diameter of gold

=5/0.2 = 25 shells

Thus, around 25 shells of Au on average encapsulate each MNPs.
These shells stabilized by CTAB confer a positive charge on the
particles depicted from the Zeta potential values in Table S1 (in the
ESI).

This leads to further enhancement of the stability of NPs due to
the electrostatic force of repulsion existing between the particles.
EDAX results shown in Fig. 3b indicated particles comprised
mainly three atoms: Fe (39.63%), Au (37.57%) and O (22.8%). Fig. 3b
inset represents the SAED pattern of Fe@A which is an overlapping
of both Au and Fe lattices with distinguishable planes of majorly Au
(Huang et al., 2011). The HAADF imaging of CSNPs using STEM
mode in Fig. 3c and d demonstrated the intertwined MNPs, which
were overlayed by Au nanoshells. The HAADF image was highly
sensitive to the changes in the atomic number of atoms in the
sample (Z-contrast images) due to very high angle, incoherently
scattered electrons. The dark inner core as compared to lighter
outer shell (Fig. 3c) was due to the dominating mass contrast over
diffraction contrast, thus making the shell lighter even if Au had a
higher electron density than Fe. The red-green-blue (RGB) colour
display shown in Fig. 3d inset clearly indicated the formation of
CSNPs based on the difference in the colour contrast. The
measurement of the lattice distances in Fig. 3e revealed the
evidence of the crystal plane (311) inside the core, thus indicating
the presence of magnetite as well as planes (316) and (209), thus
indicating the presence of maghemite. The presence of maghemite
indicates that there is partial transformation of magnetite,
resulting in the change in oxidation states of Fe. Furthermore,
the shell constituted of (111) crystal plane which is a signature

80{Fe@A
60
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20— - 300k
- - 312k
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Fig. 5. Magnetization of the Fe@A using SQUID at 5, 300 & 312K.

marker of Au. Fig. 4. also shows line mapping of CSNPs, which
confirmed the core of iron and shell of Au.

3.3. Magnetic characterizations

Fig. 5. displays the plots of magnetization versus magnetic field
at 5,300 and 312K for the Fe@A CSNPs. Saturation magnetization
of CSNPs was 80.9emu/g at 5K and 53.2emu/g at 312K. These
values were markedly lower than the saturation magnetization of
bulk Fe NPs (92 emu/gm) (Rao et al., 2007; Tiller, 1991). The
reduction in the saturation magnetization may be due to the
decreased particle size (Luzar and Chandler, 1993). The overall
magnetism of the CSNPs displayed decreased saturation magneti-
zation due to the incorporation of non-magnetic Au shell to the
inner core. Furthermore, decrement in coercivity (Hc) also resulted
due to the decrease in magnetic surface anisotropy as a
consequence of Au shell formation (Murphy et al., 2010).

3.4. Surface composition of Fe@A

The important criteria for the synthesis of CSNPs is usually the
completeness of shell onto the surface of core NPs (Goon et al.,
2009). Therefore, to confirm this criteria XPS was employed for
evaluating the surface composition of Fe@A as shown in Fig. S1 (in
the ESI). Analysis of the individual elemental XPS spectrum
confirmed the oxidation states of each elements in the solution.
Fig. 6a shows two dominant peaks at 710.8 and 724.5 eV which is a
signature marker of Fe (2p3/2) and Fe (2p1/2), respectively. These
two peaks consist of Fe?* and Fe3" of FeO and Fe,O; peaks
respectively of Fe304 NPs (Barr, 1978). And the satellite peak at
718.9 eV was ascribed to Fe>* ions. There is a minor blue-shift of Fe
(2p3/2) peak from 711.2 to 710.8 eV which confirms a very strong
electronic interface between Fe core and Au shell (Tu, 2008). Fig. 6b
represents the XPS of Au spectra of the CSNPs. The two peaks at
83.99 and 87.65eV relates to Au (4f7/2) and Au (4f5/2),
respectively. These results confirms that the emission of 4f
photoelectrons from Au® (Jaramillo et al., 2003), which suggest
the presence of Au® atoms on the Fe core NPs (Lo et al., 2007) also
with the absence of Cl (2p) ions (Fig. 6¢) confirming the deposition
of Au onto the Fe NPs. Even after the coating of Au onto the Fe,
detection of Fe atoms is possible it may be due to thin Au coating of
5-10nm (Ratner and Castner, 2009), or Fe atomic surface were
exposed during the analysis (Goon et al., 2009). The C (1s) binding
energy was used as an internal reference for the analysis (Fig. 6d).
The O (1s) peaks is can be deconvoluted into two peaks at 530.1 and
532.7 eV which corresponds to O-Fe of Fe (Hui et al., 2004), and
0—C of carboxyl group (Mohapatra and Pramanik, 2009; Vogelson
et al,, 2003) (Fig. 6e).

3.5. Surface modification using Fa and dox onto the Fe@A surface

The efficiency of NPs based targeting or therapy depends on the
efficacy of drug released in the specific target tissue which is purely
based on the surface functionalization of NPs. These modifications
aids in receptor mediated targeting which is a common strategy to
increase the efficacy of drug (Rihova, 1998; Swaan, 1998). The
receptor mediated is majorly contributed by folic acid (Fa) to target
cancer cells/tissue for specific delivery. Fa is a vitamin (Cezar et al.,
2007) which is very essential for the nucleoside synthesis (Ross
et al., 1994; Weitman et al., 1992). So cancer cells overexpress the
folate receptors (Gabizon et al., 1999), which has high affinity
towards Fa on the cell surface (Lu and Low, 2012). Additionally,
these Fa is non-immunogenic, stable, and has small molecular size
which can easily internalize the NPs through cellular membrane
(El-Hammadi et al., 2017; Hijaz et al., 2016; Rana et al., 2016;
Sadhasivam et al., 2015; Stella et al., 2000; Su et al., 2014; Zarrin
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Fig. 6. Elemental analysis of Fe@A by XPS which clearly shows the presence of elements such as (a) Fe, (b) Au, (c) absence of Cl, (d) C, and (e) O.
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Fig. 7. (a) UV-vis spectra of Fa functionalization and (b) loading of Dox onto Fa-Fe@A.

etal., 2016; Zhanget al., 2015). Thus we developed an efficient NPs-
Fa conjugate complex for the following applications.

The UV-vis absorption spectra of the Fa-Fe@A in aqueous
solution is shown in Fig. 7a. The SPR peak of the Fe@A and peak of
Fa are observed. The absorption spectrum of Fa-Fe@A displayed
the characteristic absorption peaks of the Fa (273.74 and 373.8 nm)
(Dantola et al., 2010), indicating the conjugation of Fa onto the
surface of the Au shell. And due to SPR property the Au expresses
the peak at 543.8 nm. This confirms the formation of Fa complex.

The grafting of Dox onto Fa-Fe@A was confirmed by UV-vis
spectra which is represented in Fig. 7b. In this spectrum, the three
major peaks are observed. In case of Fa, the weak hump is seen at
373.8nm and the signature marker at 273.74nm disappears
because of the loading of Dox. For, Fe@A the absorption is seen
at 546.4 nm showing minor red-shift from the previous spectrum
and finally we have employed origin software to carry out the peak
fitting (blue hexagon) for Dox which is observed at 494.5 nm with

slight red-shift from 485nm (X. Chen et al,, 2014) due to the
conjugation with Fa by amide bond (Ravichandran et al., 2016)
which is confirmed by FTIR. Therefore, this spectrum confirms the
complex formation is successful which can be employed for further
applications.

Chemical structures of Fa and Dox attachment onto Fe@A
CSNPs were investigated by FTIR spectroscopy. Fig. 8a represents
the FTIR bands of CTAB and Fa loading on the surface of Fe@A. The
intensity of CTAB peaks are clearly shown because in most of the
cases the peak intensities are purely depend on the metal NPs
shape and size (Honary et al., 2013). The peaks are shifted from the
standard FTIR peaks of CTAB (Ede et al., 2014) which is compared in
Table 1. This confirms that the CTAB aids in capping of Au NPs.

The Fa attachment was confirmed by comparing with the
characteristic peaks of pure Fa (Zhang et al.,, 2008). From the
spectra, 5 major bands are obtained which is slightly shifted form
the standard Fa. These proves that Fa has been successfully



M. Ravichandran et al. /International Journal of Pharmaceutics 524 (2017) 16-29 23

Transmittance (%)

—Fa-Fe@A CTAB peaks
Fa peaks
9
8
c
7]
b=
£
]
c
i
i_
3
703
951 34446
T T T
1000 2000 3000

Wavenumber (cm'1)

4000

Dox peaks

1659.8

-NH, bepding
=CO amide stretch

1438
=CO anhydride stretch

b

——Dox-Fa-Fe@A

2000 3000 4000
Wavenumber (cm'1)

1000
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Table 1
FTIR peaks for CTAB (standard and observed) and its assignment.
Assignment CTAB peaks
Standard (cm™1) Observed (cm™1)
CH, scissoring & O—H bending 1300-1680 1300-1700
C—H stretching 2846 2854
C—H anti-stretching 2932 2909
N—H stretching 3330-3460 3444.6
O—H stretching 3750 3850

attached onto the surface of NPs forming a complex of Fa-Fe@A. In
particular, the 3 significant peaks of Fa at 1456 (—NH,), 1560
(—NH), and 1652 cm™! (—CONH) were seen (Yuan et al., 2010).

Fig. 8b shows the FTIR spectra of Dox immobilization onto Fa-
Fe@A. The spectra is plotted separately to avoid the overlapping of
Dox peaks [1438 cm~! (=CO anhydride stretch), 1659.8 cm™! (=CO
of amide stretching), 2916.5 cm~' (—NH, bending)] with the peaks
of CTAB and Fa. It is inferred that the intensity of CTAB peaks has
been reduced majorly proving that the exposure is less due to
immobilization of more Dox. The Dox loads with Fa by means of
—CONH bond by the conjugation between —NH, of Fa attached
Fe@A and —COOH of Dox (Pandey et al., 2013a).

3.6. Stability and zeta potential studies of NPs

TGA was performed to confirm the thermal stability and step by
step surface modification of the NPs under N, atmosphere is
shownin Fig. 9a. The NPs samples were heated upto 900 °C, and the
% weight loss of Fe, Fe@A, Fa-Fe@A, and Dox-Fa-Fe@A were 56%,
11.06%, 9.7%, and 0.9%, respectively. In TGA analysis, the curves are
majorly divided into two segments: initial weight loss is due to
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dehydration, and later is produced by decomposition of organic/
metal complexes (Huang et al., 2015). From the thermograms
figure, the initial weight loss for all samples of less than 200°C is
ascribed to water, precursors and solvent residues (J. Chen et al.,
2014) from the particle synthesis are removed.

In case of Fe, a thermo-magnetometric study shows that at
270°C maghemite is formed, and above 320 °C hematite is formed
due to high temperature (Sanders and Gallagher, 2003). But the
oxidation of Fe at higher temperature is prevented by coating with
Au shell forming Fe@A. So eventually for Fe@A, initially all the
water and unreacted precursors are degraded (Rai et al., 2010) and
maintains a plateau until 760°C and after that the surfactant
(CTAB) and ascorbic acid (AA) are decomposed completely
(Basavegowda et al., 2014). This proves that a large amount of
CTAB and AA were employed in the reduction and protection of Au
ions.

After the attachment of Fa, there is a drastic drop in the curve
due to the loss of surface moisture and followed by a continuous
decrement with a weight loss which could be assigned to Fa
molecule loss on the surface (Sahoo et al., 2013). Finally, the TGA
curve of Dox-Fa-Fe@A shows a sudden drop from 50 to 106°C
which retains the same upto 785°C and finally degraded
completely. It is due to the complete organic nature of the NPs
complex which is majorly exposed to Fa and Dox at high
temperatures.

The zeta potential of the NPs were examined as because the
stability and biocompatibility is purely depend on the NPs surface
charges (Jin et al., 2016). Fig. 9b and Table S1 (in the ESI) shows zeta
potential measurements as a function of pH (5.4, 6.8 & 7.4) for the
Fe, Fe@A, Fa-Fe@A, and Dox-Fa-Fe@A. The core Fe NPs synthe-
sized by co-precipitation showed a { potential of +8.8 to +14.5 mV
through DMSO modification; the S=0 bond in DMSO forms a
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Fig. 9. (a) TGA analysis of all complexes to study the stability at higher temperatures, (b) Zeta potential of Fe, Fe@A, Fa functionalized Fe@A and Dox encapsulated Fa-Fe@A.
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strong H bonds with H atoms of the NaOH (OH groups)
(Shenderova et al., 2010; Zhang et al., 2014). In case of the Au
coated Fe NPs, showed { potential value of +34.3 to +39 mV as the
consequence of positive charge imposed by CTAB capping on
AuNPs (Ricles et al., 2014; Wang et al., 2013). The Fa-Fe@A NPs
expresses a negative charge (—32.9 to —40.4 mV) which is due to Fa
—COOH groups deprotonation (Das et al., 2008 ) on the NPs and the
{ potential value is more than —32.0 mV which indicates that the
NPs are very stable. Finally, the { potential value of the Dox-Fa-
Fe@A was noticed to be +14.3 to +20.8 mV as pH increases which is
because of the inherent positive charge of Dox (Pandey et al.,
2013b).

3.7. Fa-Fe@A NPs internalization in cells

The Fa attached NPs has high affinity towards overexpressed
folate receptors (FR) on the cancer cells (El-Hammadi et al., 2017;
Sadhasivam et al., 2015; Wang and Low, 1998; Zarrin et al., 2016).
Therefore, the trafficking of the Fa-Fe@A NPs inside the Hep2 cell
lines was examined by cryoEM analysis by incubating NPs with the
media (Figure S2a in the ESI). The Fa-Fe@A complex entered the
cells by receptor-mediated endocytosis pathway (Kamen and
Capdevila, 1986; Leamon and Low, 1991). NPs cluster shown in
Figure S2b in the ESI which is high magnification cryoEM
represents the internalization within the cell by vesicles formation
in the cytoplasm. And also observed that there is no entry of NPs in
the nuclei and cytoplasmic organelles was unaffected. This
confirms that the Fa functionalized NPs are acting as an efficient
nanocargo to deliver the drugs inside the cells.

3.8. Evaluating cytocompatibility in L6 & Hep2 cells

The free drug — Dox, synthesized and functionalized NPs like Fe,
Fe@A, Fa-Fe@A, and Dox-Fa-Fe@A were tested in a various range
of concentrations (50-250 wg/ml) to evaluate their cytotoxic
effects on the cell lines which is shown in Fig. 10a & b. In this
study, we have employed a non-cancer (L6) and cancer (Hep2) cell
lines to prove that our NPs system specifically target cancerous
cells and induce the process of apoptosis by means of Fa
attachment and Dox loading, which avoids the non-cancer healthy
cells from drug side-effects which is usually seen in the practice of
current chemotherapy treatments (Moses et al., 2003). Therefore,
the cells were incubated with drug and NPs for a period of 24 h and
then MTT assay was carried out to evaluate the cell viability. Both
L6 and Hep2 exhibited more than 70% viability when exposed to Fe,
Fe@A, Fa-Fe@A NPs showing minor toxicity even after exposure to

high concentrations of NPs. This indicates that these NPs does not
affect both the cell lines.

In case of free Dox, when exposed to L6 cells, shows minor
killing but the same concentration of Dox with Hep2 cells showed
40% cell viability. And finally, the designed nanocargo Dox-Fa-
Fe@A with L6 cells showing 25% of cell death and with Hep2 it
carried out its function by delivering the Dox effectively and killing
the cancer cells upto 91% within 24h. This proves that the
nanocargo acts as an efficient system as an anti-cancer agent.

After MTT testing, the morphological observation of both L6 and
Hep2 cells were demonstrated. Fig. 11A & B shows the confocal
laser scanning microscopy (CLSM) of the cells incubated with Fe,
Fe@A, Fa-Fe@A, and Dox-Fa-Fe@A for 24 h. The cellular uptake
and cytotoxic effects of the NPs on the cells were studied.

3.8.1. L6 cells

In case of L6 cells, the NPs complex does not shows any
cytotoxic effect which can be seen by retaining the normal
cytoplasmic and nuclear morphology (Fig. 11A-a-c). While, the
Dox-Fa-Fe@A treated cells show a minor nuclear disruption due to
side-effects of drug Dox (Fig. 11A-d). These results confirm that the
NPs shows high permeability and biocompatibility so they are
suitable as a nanocargos for cancer cell drug delivery.

3.8.2. Hep2 cells

Meanwhile, with Hep2 cells there was major difference in the
viability incubated with hybrid NPs confirmed by CLSM experi-
ments. Similar results like L6 cells are seen that the Fe, Fe@A, and
Fa-Fe@A (Fig. 11B-a-c) does not affect the cells. But, the huge
variation is seen with Dox-Fa-Fe@A, (Fig. 11B-d) the Hep2 cells
undergoes for apoptosis with the clear disruption of cellular and
nuclear contents. This proves that the Dox is delivered in the
nucleus and the drug does its function of initiating apoptosis and
leading to cell death. Thus, the results obviously proves that the
cargo can be a potential candidate for the drug delivery.

3.9. Applications of Fe@A

The various applications of biofunctionalized Fe@A CSNPs are
as follows:

3.9.1. Drug release and kinetics studies at different pH

Tumor microenvironment possess lower pH as compared to the
normal tissue milieu (Estrella et al., 2013). The normal physiologi-
cal pH is 7.4, but due to anoxic microenvironment in tumor region,
there is enhanced glucose uptake and its rapid breakdown into acid
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Fig.10. MTT assay of (a) L6 cells with Fe, Fe@A, Fa-Fe@A, Dox and Dox-Fa-Fe@A showing no apoptosis at even at higher concentrations (b) Hep2 cells with only Dox and Dox-

Fa-Fe@A showing around 91% cell death at high conc.
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Fig. 12. (a) Cumulative release of Dox released at 3 different pH, (b) plot representing various kinetic models of drug release kinetics.

leads to the decrement of the pH of such regions to 6.8. A paradigm
drug-delivery model needs to be designed in such a way that, there
is maximal release at lower pH in comparison to physiological pH.
Moreover, drugs like Dox becomes active in acidic environment,
hence there must be maximum release in intracellular compart-
ments, such as endosome, where pH becomes 5.4 (Rybak and
Murphy, 1998). Keeping these points into consideration, the in vitro
drug release of Dox-Fa-Fe@A was investigated by employing 3 PBS
buffers at different pH (5.4, 6.8 & 7.4) at room temperature for 24 h.
We determined that our NPs system is pH dependent. As the pH
decreases in the cellular organelles thereby increasing the release
of drugs. The Dox cumulative release at 3 different pH after 24h
was found to be 74.73% at pH 5.4, 71.74% at pH 6.8 and 59.99% at pH
7.4 (Fig. 12a). At pH 5.4 it shows the maximum amount of drug
release when compared to pH 6.8 & 7.4. This difference is due to pH
decrement inside the endosomes which lead to detachment of
drug by breaking the bond between the molecules. The obtained

results were put into discrete drug kinetics model (Fig. 12b) and
realized that they followed first order rate kinetics from the high
regression coefficient value (R2=0.9755).

3.9.2. MR imaging using Fe@A in L6 & Hep2 cells

MR Imaging is a non-invasive method in which the active nuclei
excited by radio-frequency pulse will be relaxing back to the initial
ground state. This process is constituted of two components,

¢ longitudinal relaxation time (T,), and
e transverse relaxation time (T),

which can be used to get an MR image (Scherzinger and Hendee,
1985). This technique helps in diagnosis of pathologies based on
the positive contrast enhancement as in T; or negative contrast
enhancement as in T,. MNPs become highly magnetized under
magnetic field and possess induced magnetic fields that can lead to
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perturbation of the relaxation processes of the protons in the
surrounding water molecules (Pooley, 2005). This causes shorten-
ing of the spin-spin relaxation time (T,) of the proton, thus
resulting in the darkening of the MR images. Such particles even
after gold coating, do not lose their characteristics and exhibit T,
contrast image, which is evident in Fig. 13a. As the concentration is
increasing, the NPs show increased darkening of the images in both
L6 and Hep2 cell lines as compared to the controls. Moreover, the
relaxivity measurements showed r; higher than r; for both L6 and
Hep2 (Table S2 in the ESI). The r; and r, values for L6 and Hep2
were represented in Fig. 13b & c. The 1, values are 130.13 mM ! s~!
and 182mM's™! respectively, while r; values were 6.94 mM !
s7! and 8.81mM 's™! respectively. The enhanced r, values
confirmed that these NPs are an efficient T, contrast agents.

3.9.3. Hyperthermal studies of Fe@A at 2.45 GHz

In general, when the MNPs core diameter is less than 20 nm it
behaves as a single domain and exhibit superparamagnetism
nature (Cullity and Graham, 2008; Krishnan, 2010). These
characteristics of NPs generates heating effect under alternating
magnetic field (AMF) due to
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Fig. 14. Plot showing increment of temperature as a function of time with the
increased conc. of Fe@A.
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e Brownian relaxation and/or
o Néel relaxation (Néel, 1950).

Therefore, the hyperthermic performance of Fe@A CSNPs at
different concentrations (100-500 wg/ml) were scientifically
studied under microwave (MW) at 2.45GHz for a time span of
120s at 6W.

To conduct this studies, the CSNPs were suspended in an agar
phantom and surrounded by a muscle equivalent phantom. The
coaxial antenna was introduced at the agar phantom sphere center
along with a temperature sensor and MW was irradiated. From the
result it is inferred that the temperature to induce apoptosis in
cancer cells (44-45°C) (Bettaieb and Averill-Bates, 2008) was
produced in around 42.7 s and temperature responsible for causing
necrosis (45-50°C) (Meenach et al., 2010) was reached within 45—
48s which is shown in (Fig. 14). We believe that the rapid
increment of temperature within a short span of time was purely
dependent on the GNPs shell onto Fe core by retaining the
superparamagnetic integrity of core intact within the gold shell.
The temperature produced by Fe@A CSNPs are much higher when
compared to MNPs containing ferrofluid with a concentration of
8.8 mg/ml for 5min at 10 W (Garcia-Jimeno et al., 2012).

4. Conclusion

In summary, we have designed a synthetic route to obtain a gold
coated magnetite core@shell (Fe@A) nanoparticles using seed-
mediated technique along with functional linkers such as Fa and
Dox (Dox-Fa-Fe@A). The bimetallic nature of the CSNPs was
demonstrated using HRTEM and line-mapping techniques. The
amalgamation of Fe core and the gold shell coating works in a
collaborative approach by providing both magnetic properties and
biocompatibility. The gold coating not only offers enough
protection to Fe from oxidation and also the possibility of surface
functionalizations.

Therefore, exploiting the core property and the surface capping
we have employed it for 3 assorted applications. We inferred that
the drug loading efficiency was 94.93% with the cumulative Dox
release is around 74.73% at pH 5.4 due to acidic environment which
simulated the cancer cell endosomic pH. And from the fitting, we
found it pursued a first order rate kinetics with high R?=0.9755
values. As these CSNPs were superparamagnetic, in MR imaging it
expressed high r, values especially with Hep2 cells (182 mM 's 1)
due to Fa targeting and confirmed to be T, weighted contrast
agents. Finally, under MW based hyperthermia, CSNPs produced
suitable therapeutic temperature which is necessary to induce
both apoptosis (42.7s) and necrosis (45-48s) rapidly with less
concentrations. We confirm that the above versatile applications is
solely on the multiple coating of gold layer by maintaining the core
property and also providing enough platform for the surface
functionalizations. From the above results, currently the CSNPs are
further studied in-vivo in our laboratory.
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