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We report the development of a new class of water-dispersible polyphosphate grafted Fes0, nanomagnets (PPNM) by a
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facile soft-chemical approach. The grafting of polyphosphate with Fe;0, nanoparticles was evident from Fourier transform

infrared (FTIR) spectroscopy, thermogravimetric analysis (TGA), dynamic light scattering (DLS) and zeta-potential
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measurements. X-ray diffraction (XRD) and transmission electron microscopy (TEM) analyses reveal the formation of highly

crystalline Fe;04 nanoparticles with average size of about 10 nm. These nanoparticles show good colloidal stability, strong
magnetic field responsivity and protein resistance characteristics. The induction heating studies confirmed localized
heating of these superparamagnetic PPNM with good intrinsic loss power under AC magnetic field (AMF). The drug loading
and release behavior of PPNM was explored using doxorubicin hydrochloride (DOX) as a model drug. The decrease of
fluorescence intensity and surface charge of drug loaded PPNM strongly suggest the conjugation of DOX with PPNM. The
cell viability and hemolysis assays suggest that PPMN do not have adverse toxic effects for further in-vivo use. Specifically,
high loading affinity for DOX with their sustained release, substantial cellular internalization and self-heating capacity
makes these novel magnetic nanoparticles suitable for drug delivery and hyperthermia therapy applications.

Introduction

Over the last few decades, significant attention is focused on
magnetic nanoparticles (MNP) as potential tool for various
biomedical applications such as drug delivery, magnetic
hyperthermia and magnetic resonance imaging (MRI).l'5 In
particular, Fe;0, nanoparticles have received extensive attention
due to their unique properties like superparamagnetism and low
toxicity. Practical in-vivo usage of these particles requires size below
100 nm as well as their colloidal stability and biocompatibility in the
physiological medium. However, the bare Fe;0, nanoparticles
prepared by co-precipitation method even though have an average
size of 10 nm, they are polydispersed, and tend to aggregate and
adsorb proteins quickly in water or physiological media.® In
addition, for most of the biomedical applications, the significant
challenge is to avoid unwanted uptake of MNP by the
reticuloendothelial system (RES). In order to overcome the above
drawbacks, Fe;0, nanoparticles are often surface engineered by
coating with various biocompatible, stimuli responsive organic and
inorganic functional molecules.”** These coating molecules not only
stabilize nanoparticles but also provide terminal functional groups
that can be utilized for attaching targeting moeities as well as drugs.
Further, the use of such stimuli-responsive nanoparticles in cancer
therapy can increase drug accumulation at target site, decrease
toxicity and avoid under- or over-dosing.ls’16

In general, the stability of the bonding between functional
molecules and Fe;0, nanoparticles is crucial for biomedical
applications. The main drawback of the surface engineered MNP
currently in use is that the polymer coatings are not covalently
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bound to the MNP surface and will easily be detached. Moreover,
the polymer coatings further cause a significant increase in the
overall hydrodynamic diameter of the particles and thereby
affecting their bio-distribution as well as clearance. Thus, further
functionalization with targeting ligands increases the complexity.
The polymer shell around the MNP core influences the magnetic
relaxivity dramatically.17 Therefore, the covalent attachment of
nonpolymeric layers that would improve the stability of MNP under
physiological conditions without affecting particle size drastically or
undermining magnetic properties (e.g., relaxivity and saturation
magnetization) while still providing sites for attaching targeting
ligands (e.g., antibodies) would be useful. Thus, there is an
emergent interest in developing biocompatible magnetic
nanocarriers with suitable surface functionality for biomedical
applications.

Recent work with organosilanes, carboxylate and phosphonate
anchored layers grafted on MNP are proven to be better anchoring
groups without adversely affecting their properties. Yee et al.
reported the binding of alkane phosphonic acids onto the surface of
ferric oxide particles either by one or both oxygen atoms of
phosphonate group.18 Sahoo et al. demonstrated the conjugation of
alkyl phosphonates and phosphate to Fe;O, nanoparticles via
formation of P-O-Fe bonding.11 Recently, our research group
reported the preparation of water-dispersible and biocompatible
Fe;0, nanoparticles using sodium hexametaphosphate (cyclic
phosphate molecule) as surface passivating agent.19 The formation
of these water dispersible Fe;0, nanoparticles has been attributed
to the presence of bioactive phosphate molecules on their surface.
This work further propelled us to investigate the use of linear
phosphate molecule in stabilization of Fe;0, nanoparticles. Other
research groups also reported the strong interaction between
inorganic core and the phosphonic moiety and the most interesting
moiety seems to be triphosphate, a class of polyphosphates.n’m'21
The Food and Drug Administration (FDA) approved sodium
tripolyphosphate (STPP) is widely used as a preservative for food
and also as a polyanion cross-linker in polysaccharide based drug
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delivery systems.22 The chitosan/ tripolyphosphate nanoparticles
(CS/ TPP) have been used as an alternative to chitosan to
encapsulate peptides, proteins, pDNA and SIRNAZZ. In a review
article, Rao et al. have demonstrated the essential roles of
polyphosphates in the virulence of major diseases, such as
dysentery, tuberculosis, and anthrax, as well as in apoptosis, in the
proliferative aspects of cancer, in osteoporosis, and in aging.26
These polyphosphates are hydrolyzed into simpler phosphates,
which in moderate amounts are nutritious. Being a linear molecule,
tripolyphosphate has higher affinity for metal ions. It binds strongly
to metal cations as both a bidentate and tridentate chelating agent.
Even though, STPP is extensively used in preparation and
stabilization of chitosan nanoparticles, its use as a coating material
in preparation of aqueous-stable Fe;O, nanoparticles is hardly
reported.

Herein, we report preparation of polyphosphate grafted Fe;0,
nanomagnets (PPNM) for drug delivery and hyperthermia
treatment of cancer. It has been observed that the use of
tripolyphosphate as surface passivating agent provides excellent
biocompatibility and colloidal stability to particles. PPNM showed
good magnetic field responsivity and excellent self-heating efficacy
under AC magnetic field (AMF), which is essential for their
hyperthermia application. Further, high affinity of these
nanoparticles towards positively charged DOX, and their pH
triggered release and substantial cellular internalization makes
them suitable for drug delivery. This study may permit the design of
novel combinatorial therapy in which the synergy between the
nanoparticle hyperthermia and chemotherapeutic agents can
provide effective treatment with minimal side effects.

Experimental
Materials

Ferrous chloride tetrahydrate (FeCl,.4H,0), ferric chloride
hexahydrate (FeCl;.6H,0), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT), doxorubicin hydrochloride (DOX)
and bovine serum albumin (BSA) were purchased from Sigma-
Aldrich. Dulbecco’s modified Eagle medium (DMEM) and fetal calf
serum (FCS) were obtained from Invitrogen, USA and Himedia
Laboratories, India, respectively. Ammonia (25%) and dimethyl
sulfoxide (DMSO) were procured from Thomas Baker Chemical Pvt.
Ltd., India and SD Fine Chemicals, India, respectively. Sodium
tripolyphosphate was purchased from SRL Pvt. Ltd., India. All
chemicals are of analytical grade and used without further
purification. The acetate buffer (AB) pH 4 and 5, and phosphate
buffered saline (PBS)-pH 7.4 were prepared using standard
protocols.

Synthesis of polyphosphate grafted Fe;0, nanomagnets

Polyphosphate grafted Fe;0, nanomagnets (PPNM) were prepared
by one pot co-precipitation of Fe”* and Fe** ions in basic medium. In
brief, FeCl,, 4H,0 (1.988 g) and FeCl;, 6H,0 (5.406 g) were dissolved
in 80 ml of water in a round bottom flask and temperature was
slowly increased to 70 °C in nitrogen atmosphere under constant
mechanical stirring at 1000 rpm. The temperature was maintained
at 70 °C for 30 min and then 30 ml of ammonia solution (25 %) was
added instantaneously to the above reaction mixture, and kept
under stirring for another 30 min at the same temperature. Then,
10 ml aqueous solution (0.2 gm/ml) of sodium tripolyphosphate
was added and temperature was slowly raised to 90 °C, and reacted
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for 60 min under stirring. The obtained precipitates were then
thoroughly rinsed with water and separated from the supernatant
solution by using a permanent magnet. For comparative purpose,
bare Fe;0, MNP were prepared in similar method without using
polyphosphate as coating material.

Characterizations

X-ray diffraction (XRD) patterns were recorded on a Philips powder
diffractometer PW3040/60 with Cu Ka radiation. The crystallite
sizes are estimated from the X-ray line broadening using Scherrer
formula. The infrared spectra were recorded in the range 4000-
400cm™ on a Fourier Transform Infrared Spectrometer (FTIR,
Bomem, MB series). The transmission electron micrographs were
taken by Philips CM 200 TEM. Thermal analysis of samples was
performed under argon atmosphere with a scanning rate of 10
°C/min using TGA, Setaram Instrumentation. DLS measurement was
performed using a Malvern 4800 Autosizer employing a 7132 digital
correlator for the determination of hydrodynamic diameter. The
zeta-potential measurements were done by Zetasizer nano series,
Malvern Instruments. The colloidal stability assay was investigated
by measuring the absorbance at wavelength of 350 nm for different
time intervals using JASCO V-650, UV-visible spectrophotometer.
The field dependent magnetization and zero field cooled-field
cooled (ZFC-FC, at an applied field of 100 Oe) measurements were
carried out by Physical Property Measurement System (PPMS,
Quantum Design). The concentration of phosphorus in sample was
measured using an inductively coupled plasma-optical emission
spectrometer (ICP-OES, Activa, Horiba Jobin Yvon).

The heating ability of PPNM suspension was obtained from the
time-dependent calorimetric measurements using an induction
heating unit (Easy Heat 8310, Ambrell). 1 ml of aqueous suspension
PPNM of desired concentration was taken in an eppendorf tube
with suitable arrangements to minimize the heat loss. The AMF of
0.251, 0.293 and 0.335 kOe at a fixed frequency of 265 kHz were
used to evaluate the specific absorption rate (SAR). The SAR was
calculated using the following equation27:

AT 1

SAR=C——

t mFe

where, C is the specific heat of solvent (C = C,qr = 4.181/g °C),
AT/At is the initial slope of the time-dependent temperature curve
and m,, is mass fraction of Fe;O, in the sample. The rise in

temperature was also monitored using a high resolution infrared
(IR) camera (Thermal Imager Testo 875-1), and analyzed by a
thermography software (Testo IR Soft Software, version 3.1). The
concentration of Fe in PPNM suspension was obtained by
phenanthroline spectrophotometric method.”®

The anticancer agent, DOX was used as a model drug to estimate
the drug loading and release behavior of the PPNM. In order to
investigate the interaction of DOX with PPNM, we have performed
zeta-potential and fluorescence spectroscopic studies. The aqueous
dispersion of different amounts of PPNM (0, 20, 40, 60, 80, 100, 120
and 140 pg) were added to a 1 ml of DOX solution (10 pug/ml) and
mixed thoroughly by shaking at room temperature for 15 min. The
fluorescence spectra of the supernatant (obtained after magnetic
sedimentation of DOX loaded PPNM) were then recorded using
Hitachi F 2500 fluorescence spectrophotometer. The fluorescence
intensities of supernatants (washed drug molecules were also taken
into consideration for calculations) against that of pure DOX
solution were used to determine the loading efficiency. The
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encapsulation efficiency (w/w %) was calculated using the following
relation:
i . loox =1 =1
Encapsulation efficinecy (%)=-22%——*x100

DOX
where, Ipox is the fluorescence intensity of pure DOX solution, /s the
fluorescence intensity of supernatant and /y the fluorescence
intensity of washed DOX (physically adsorbed DOX molecules). The
drug loading content was determined as follows:

Weight of encapulated DOXX
Weight of PPNM

100

Loading content (%)=

For release study, we have quantified the amount of DOX- PPNM
according to the loading efficiency. The loading was carried out, at
increased scale, by incubating 0.5 ml of agueous solution of DOX
(1 mg/ml) with 1 ml of the aqueous suspension (pH ~ 7.5) of PPNM
(5 mg/ml) for 1 h in dark (however, no decrease in fluorescence
intensities was observed after 15 min of interaction). Drug loaded
samples were separated from the free-standing drug molecules
through magnetic separation and carefully washed by milli Q water.
The pH-triggered drug release studies were carried out under
reservoir (r)—sink (s) conditions. The drug-loaded PPNM (5 mg) were
immersed into 5 ml of respective release medium (AB-pH 4, AB-pH
5) and then put into a dialysis bag. The dialysis was performed
against 200 ml of PBS-pH 7.4 under continuous stirring at 37°C to
mimic the cellular environment. 1 ml of the external medium was
withdrawn and replaced with fresh PBS at fixed interval of times to
maintain the sink conditions. The amount of DOX released was
determined by measuring the fluorescence emission at 585 nm
(excitation wavelength: 490 nm) using a plate reader (Infinite
M1000, Tecan-l control, Switzerland) against the standard plot
prepared under similar conditions. Each experiment was performed
in triplicates and standard deviation was given in the plot.

The biocompatibility of PPNM to mouse skin fibrosarcoma
(WEHI-164) cell line was investigated by MTT assay. Cells (0.25><106)
were seeded overnight in petridishes (P-60) containing 4 ml
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% fetal calf serum (FCS) and antibiotics (100 U mi? penicillin and
100 pg ml™* streptomycin) in a humidified atmosphere of 5% CO, at
37 °C. Then different concentrations of PPNM were added to cells
and incubated for another 48 h in culture conditions. Then, the
media containing PPNM was carefully removed and the cells were
further incubated with 0.5 ml of MTT solution (0.5mg/ml) in culture
conditions for 2 h. The supernatant was aspirated and 1 ml of
DMSO was added to each culture dish to solubilize the MTT crystals.
The crystals were thoroughly dissolved and further diluted with
DMSO (1: 10). 200 pl of above solution from P-60 culture dishes was
transferred to 96 well plates and the absorbance was measured in a
microplate reader (Tecan infinite 200 PRO, Switzerland) at 544 nm.
The cell viability was calculated by comparing the absorption of
treated cells to that of control, which was defined as 100%.

Cellular uptake of DOX loaded PPNM was studied by confocal
laser scanning microscopy (CLSM) using WEHI-164 cell line. For
CLSM imaging, cells (0.5><106) were seeded on glass coverslips and
cultured overnight. The cells were then treated with DOX-PPNM
(0.5 uM DOX) for 3 h under culture conditions, followed by washing
with PBS. The cells were mounted on a glass slide in cell mounting
medium (Invitrogen, USA) containing DAPI for nuclear staining.
These cells were then imaged by CLSM (LS510 Meta, Carl Ziess,
Germany). The excitation source used was an Ar ion laser (488 nm
for DOX and 364 nm for DAPI) and the emission window was set at
575-615 nm and 430-480 nm for DOX and DAPI, respectively.

This journal is © The Royal Society of Chemistry 20xx

The protein—particle interaction and hemolysis assay studies
were performed to evaluate the protein resistance characteristics
(with BSA) and hemocompatibility (with human whole blood) of
PPNM, respectively as reported elsewhere.””’

Results and discussion

Fig. 1 shows (a) XRD patterns of bare MNP and PPNM, and (b)
TEM image of PPNM (inset shows its HRTEM image). XRD pattern
shows the formation of a single-phase cubic inverse spinel Fe;0,4
structure with lattice constant, a = 8.378 A, which is very close to
the reported value of magnetite (JCPDS Card No. 88-0315, a = 8.375
R). The presence of sharp and intense diffraction peaks confirmed
the formation of highly crystalline particles. The average crystallite
sizes were found to be around 10 nm from X-ray line broadening.
These sizes are comparable to the results obtained from TEM. The
TEM image of PPNM clearly shows the formation of almost
spherical nanoparticles of size about 10 nm. It could be clearly seen
that these PPNM have a good distribution, with a lower percentage
of agglomeration with respect to bare MNP (TEM image of bare
MNP is shown in Fig. S1, TESI). From HRTEM image of PPNM (inset
of Fig. 1b), the average lattice spacing (d,) was measured to be
~0.30 nm which corresponds to (220) plane of inverse spinel
Fe304.29 Furthermore, the selected area electron diffraction (SAED)
pattern of bare MNP and PPNM can be indexed to highly crystalline
reflections, such as (220), (311), (400), (422), (511) and (440) of
cubic inverse spinel Fe;0, structure, which is consistent with the
XRD result (a typical SAED pattern of PPNM shown in Fig. S2, TESI).

(a) (b)

Intensity (a.u.)

20 30 40 50 60 70
206/(degree)

Fig. 1. (a) XRD patterns of bare MNP and PPNM, and (b) TEM image
of PPNM (inset of Fig. 1b shows the HRTEM image of PPNM).

Transmittance (a.u.)
Transmittance (a.u.)

500 1000 1500
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PPNM
500 1000 1500 2000 2500 3000 3500 4000
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Fig. 2. FTIR spectra of STPP and PPNM with their peaks assignments
(inset shows expanded FTIR spectrum of PPNM in the range of 400
-1500 cm™.
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Fig. 3. (a) TGA-DTA and (b) pH dependent zeta-potential plots of
PPNM (inset of Fig. 3b shows the possible schematic representation
for chemical conjugation of STPP onto the surface of Fe;0,
nanoparticles).

FTIR spectroscopy is a useful tool to identify the functional
groups present on the surface of nanoparticles. In the present case,
it is applied to find out whether there are any vibrational bands
owing to the presence of phosphate group on the surface of MNP.
FTIR spectra of STPP and PPNM along with their peak assignments
are shown in Fig 2. It has been observed that the IR bands for STPP
are well resolved, while those of the PPNM are rather broad and
less intense. In the spectrum of STPP, the characteristic bands
attributed to phosphates vibrations are appeared at 1215 cm™ (P=0
stretching), 1160 and 1130 cm™t (asymmetric and symmetric
stretching vibrations in PO, group), 1078 cm™ (asymmetric and
symmetric stretching vibrations in PO; group), and 918 and 715
em™® (asymmetric and symmetric stretching of the P-O-P bridge).30
These bands were absent in the spectrum of bare Fe;0, MNP (Fig.
S3, tESI), whereas they appeared in the spectrum of PPNM with
slight shifting of band position in the range of 700 to 1250 cm™ with
band at 710, 900, 1026, 1087 and 1167 em™, Further, the intense
peak at around 575 cm™ in PPNM can be attributed to the Fe-O
stretching vibrational mode of Fe304.27

Fig. 3 shows (a) TGA-DTA and (b) pH dependent zeta-potential
plots of PPNM. The TGA analysis of PPNM showed a total weight
loss of 5.46 % upto 400 °C (Fig. 3a), whereas that of bare Fe;0,
MNP was 2.5 % (Fig. S4, TESI). The higher weight loss for PPNM
further confirmed the presence of organic molecules on the surface
of Fe;0, nanoparticles. Furthermore, TGA plot of PPNM revealed a
three-step thermal decomposition profile for PPNM. An initial
weight loss of about 1.82 % with an endothermic peak at ~110 °C is
associated with the removal of residual water, and physically
absorbed hydroxyl and STPP from surface of MNP. The second and
third step weight losses (3.64 %) were observed due to

4| J. Name., 2012, 00, 1-3

decomposition of polyphosphate moieties present on the surface.
These two stages weight loss with endothermic shoulder at about
180 and 275 °C may be attributed to either bilayer coating of STPP
or chemical conjugation phosphate molecules onto the surface of
Fe;0, particles by two different forms. The bilayer coating of STPP
can be ruled out as the introduction of second layer of phosphate
polyanion is not electrostaically favorable onto the negatively
charged PPNM. Thus, it is assumed that polyphosphate molecules
of STPP were conjugated to the surface of Fe;0, nanoparticles by
two different forms chemical bonding between oxygen atoms of
polyphosphate and Fe304.18 In one case, the polyphosphate moiety
is bonded through its three oxygen atoms, resulting in a stronger
bridging geometry (tridentate) and a higher desorption
temperature. In the second case, only two oxygen atoms participate
in the bonding (bidentate), resulting in weaker bonding and a lower
desorption temperature. From ICP-OES analysis, the amount of
STTP molecules present on the surface of PPMN was found to be
126 mg/g of particles.

After the successful functionalization of polyphosphate moieties
onto the surface of nano-magnets, it is important to check the
colloidal stability for their practical applications. The colloidal
stability of the PPNM was assessed from the changes in light
scattering intensity as well as extinction changes with time. DLS
measurement indicates that these particles render aqueous
colloidal dispersion with mean hydrodynamic diameter of 43 nm
(Fig. S5, TESI). The higher value of hydrodynamic diameter observed
by DLS, as compared to TEM arises from the presence of hydrated
organic moiety and the inherent polydispersity in the
distribution.>* However, the light scattering intensity and
polydispersity index hardly varies with time revealing their good
aqueous colloidal stability. Further, the insignificant change in
absorbance of PPNM suspension in aqueous media even up to 72 h
indicates their good colloidal stability (Fig. S6, tESI). These
nanoparticles are hydrophilic in nature due to the hydrogen
bonding association of surface functional groups and water.

Electrostatic contribution to the stabilization of particle is evident
from zeta-potential measurements. The variation in the zeta-
potential of PPNM suspensions with varying pH values (0.05 mg/ml)
are depicted in Fig. 3b. From zeta-potential measurements, no
isoelectric point (pH of zero-point charge) was observed for PPNM
in the pH range of 2-12, whereas that of bare Fe;0, was 6.67 (Fig.
S7, TESI). Moreover, the high negative surface charge of PPNM (at
pH>4) makes them colloidally stable in aqueous phase. The high
negative charge on these particles arises from the grafting of
phosphate groups on MNP. In addition, the electrostatic repulsive
force originating from the ionization of the phosphate groups
provides additional stability to the particles. Furthermore, the high
negative zeta-potential of PPNM at physiological medium (-30 mV)
could decrease the possibility of their combination with
hemoglobin, which would play a significant role in improving the
stability and blood compatibility. Based on the TGA and zeta-
potential measurements, the possible schematic representation for
chemical conjugation of STPP onto the surface of Fe;0,
nanoparticles is shown in inset of Fig. 3b.

In order to assess the potential of PPNM in targeted drug delivery
and hyperthermia, further studies were performed on their
magnetic and thermo-magnetic properties. The field-dependent
magnetization plots of PPNM at 5 and 300 K are shown in Fig. 4.
These PPNM exhibit superparamagnetic behavior without magnetic
hysteresis and remanence at 300 K, whereas ferrimagnetic behavior
with a coercivity of about 80 Oe and a remanence of 11.8 emu/g is
observed at 5 K. The appearance of hysteresis at lower temperature

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4. Field dependent magnetization plots of PPNM at 5 and 300 K
(top inset shows ZFC-FC plots of PPNM at an applied field of 400 Oe
bottom and bottom inset shows photographs of PPNM suspension
in presence and absence of permanent magnet of field strength
~2.5 kOe).

points to the magnetic ordering of sample at lower temperature.
This transition from superparamagnetic behavior to ferro/
ferrimagnetic behavior below the particular temperature, i.e.,
blocking temperature (Tg) is usually observed in MNP.** The ZFC-FC
plot (top inset of Fig. 4) shows that the blocking temperature (T;) of
the PPNM is 75 K at an applied field of 400 Oe. The magnetization
values of PPNM were found to be 58.2 and 52.2 emu/g, at 20 kOe
for 5 and 300 K, respectively. Further, the bare Fe;0, prepared by
similar route gave a magnetization of 67.6 emu/g at 300 K (Fig. S8,
tESI). The magnetization of PPNM is reduced by ~22 % as compared
to the bare Fe;0,, although TGA showed only about 5.46 % weight
loss. The magnetization of bare MNP could be possibly arising from
the clustering behavior of the uncapped MNP, which will contribute
to the increase in magnetization due to the exchange coupling and
dipolar interaction among the surface ions.* Whereas in the case of
PPNM the presence of bulkier non-magnetic polyphosphate group
on the surface will suppress the contribution from exchange
coupling as well as dipolar interactions among particles. However,
the retention of superparamagnetic properties at room
temperature with good magnetic field responsivity (bottom inset of
Fig. 4) makes these nanoparticles suitable for hyperthermia and
drug delivery applications.

The effect of magnetic field strength and concentration of
particle on heating ability of PPNM were evaluated. Fig. 5 shows the
temperature vs. time plots of (a) 2.3 mg/ml of Fe at different
applied fields and (b) different concentrations of Fe at an applied
field of 0.335 kOe. The temperature vs. time plots of PPNM
suspension showed a time-dependent gradual increase in
temperature under applied AMF. It has been observed that a
magnetic field of 0.251 kOe at fixed frequency of 265 kHz was
enough for raising the temperature of the magnetic suspension of
2.3 mg/ml to 42-43 °C (hyperthermia temperature) within 20 min.
At this temperature, various cellular damaging mechanisms such as
apoptosis, protein denaturation and DNA cross-linking may occur to
destroy the cancer cells.>3¢ Further, the required hyperthermia
temperature was achieved much faster with increasing field
strength, which is apparent as the heat generation/ dissipation (P) is
proportional to the square of applied AC magnetic field (inset of Fig.
4a) as follows”:

P:nuoonzf 27#18#

1+ a7, )
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where, TN the permeability of free space, XS the magnetic

susceptibility, H is the magnetic field amplitude, f is the frequency

and Ty is the effective relaxation time. In heating of

superparamagnetic Fe;0, nanoparticles under AMF, a rise in
temperature is mainly associated with the combined effect of Néel
and Brownian relaxation losses.””®” The Néel and Brownian
relaxation losses are associated with the magnetic moment
rotations within the particles and with the entire particles,
respectively. The relaxation times are given by the following
equations:

_ KV /ksT
T, =T, e ™'
4myR,,’
Tg=—" —
N
T, T
.L_eﬁ — N"B
Ty 4—TB

where, 7, is Brownian relaxation time, Ty IS Néel relaxation time,
7, ~107s, K is anisotropy constant, V,,is volume of the Fe;0,
nanoparticles, k,is Boltzmann’s constant, T is temperature, 5 is
viscosity and g, is hydrodynamic particle radius. Since the aqueous
suspension of Fe;0, nanoparticles is semiconducting in nature with
high resistivity (p = 10 Ohm-cm), heat-generation under AMF will
be negligible from eddy current loss.*® Further, heat-generation due
to hysteresis loss will be negligible for superparamagnetic

nanoparticles (as particle size is less than the critical diameter/
single domain).38
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Fig. 5. Temperature vs. time plots of (a) 2.3 mg/ml of Fe at different
applied fields (inset shows the linear relationship between SAR and
applied AMF) and (b) different concentrations of Fe at an applied
field of 0.335 kOe (inset shows the IR thermogram of 1 mg/ml of Fe
at AMF of 0.335 kQOe).
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The use of Fe;0, nanoparticles in hyperthermia therapy depends
on their heating ability, which is expressed in terms of the specific
absorption rate (SAR). The SAR values of PPNM were found to be
38, 54.3 and 74.0 W/g of Fe with an applied field of 0.251, 0.293
and 0.335 kOe, respectively. Since SAR values are dependent on the
used field strength and frequency, we have calculated system-
independent intrinsic loss power (ILP) as follows™:

-

Hf

where, H is the field strength and f is the frequency. The ILP values
obtained were 0.35, 0.37 and 0.39 nHmz/kg with an applied field of
0.251, 0.293 and 0.335 kOe, respectively for 2.30 mg/ml of the
sample, which itself shows the normalization ineffective of the
different applied field. Further, the rise in temperature is also found
to be dependent on the concentration of particles in the
suspension. However, the heating efficacy (i.e., SAR) decreases with
increasing Fe concentration (even though time required for
reaching hyperthermia temperature decreases). This may be due to
the decrease in Brownian contribution to hyperthermia and
increase in  magnetic dipole—dipole interactions between
nanoparticles in suspension as a result of the increase in local
concentration.*” The ILP values obtained in present study are in the
range of those reported for commercially available ferrofluids.*
The rise in temperature of PPMN suspension under AMF is also
visualized from IR thermogram (centre bright circle) and it further
demonstrates the localized heating of PPNM (inset of Fig. 5b). This
is highly advantageous for the in-vitro hyperthermia. Therefore,
these PPNM can be used as excellent heating source for
hyperthermia treatment of cancer.

The negatively charged surfaces of PPNM make it an attractive
vehicle for delivery of electrostatically bound drug molecules. DOX
a cationic drug used in chemotherapy is chosen as a model drug to
estimate the drug loading and release behavior of PPNM. The high
affinity of DOX for negatively charged species are well reported in
literatures.>****  We have performed zeta-potential and
fluorescence spectroscopic studies to explore the binding of DOX
with PPNM. The zeta-potential of 1 ml aqueous suspension of
PPNM (100 pg) is increased from -32.0 mV to -9.5 mV upon
interacting with 10 pg of DOX (Fig. S9, TESI). This change in surface
charge value can be attributed to the binding of cationic DOX with
negatively charged nanomagnets through electrostatic interactions,
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Fig. 6. Normalized fluorescence spectra of 1 ml of DOX (10 pg)
upon reacted with different amounts (0, 20, 40, 60, 80, 100, 120
and 140 pg) of PPNM. Inset shows the encapsulation efficiency
obtained from decrease in fluorescence intensities.
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thus partially passivating the surface. The interaction of DOX
molecules with PPNM was also apparent from the variation in
fluorescence intensity of the supernatant liquid after removal of
DOX loaded PPNM through magnetic separation (Fig. 6). The
fluorescence intensity of supernatant liquid drops with increasing
concentration of PPNM, due to increase in available surface site for
drug conjugation. From encapsulation efficiency plot (inset of Fig.
6), the encapsulation efficiency is found to be strongly dependent
on the weight ratio of PPNM to DOX (no significant increase in
encapsulation efficiency is observed beyond 1:14 ratio). An
encapsulation efficiency (w/w) of 64 % was obtained upon
interacting 0.5 ml of aqueous solution of DOX (1 mg/ml) with 2.5 ml
of the aqueous suspension of PPNM (5 mg) for 1 h in dark. Further,
the drug loaded PPNM offered a DOX loading content of 6.4 %. It is
worth mentioning that PPNM still reserve water solubility and good
dispersibility after being coupled with DOX molecules (TEM image
of DOX loaded PPNM is shown in Fig. S10, TESI).

The release of drug from DOX-PPNM system (Fig. 7) shows a time
dependent release of drug molecules and release rate increased
with decreasing pH value. The initial stage of drug release is
characterized by a rapid release of drug, followed by a slow and
steady release of drug. It has been noted that about 54.6 and 60.5
% of loaded DOX molecules were released from the DOX-PPNM at
pH 5 vs. pH 7.4 and pH 4 vs. pH 7.4, respectively after 48 h under
reservoir-sink conditions at 37 °C (Fig. 7). The release of DOX could
be attributed to the weakening of the electrostatic interactions
between cationic DOX and partially neutralized phosphate groups
on the surface of nano-magnets at acidic pH. Thus, the pH-triggered
DOX release occurs across the range of pH values usually found in
intracellular matrix (pH~4), or the local environment in some
cancerous tissues, thereby enabling targeted therapeutics by
passive release at the clinically relevant sites.

In-vitro experiments were also conducted to determine the
effects of these PPNM on cell viability. From MTT assay, it has been
observed that PPNM had negligible effect on the viability of WEHI-
164 cells even at concentrations as high as 1.5 mg/ml (Fig. 8a). This
result indicates that PPNM have minimal inherent toxicity on WEHI-
164 cells. However, DOX and DOX-PPNM showed significant
reduction in proliferation of WEHI-164 cells (Fig. 8b). The relatively
low cytotoxicity of DOX-PPNM, compared to pure DOX, can be
ascribed to the sustained release behavior of the drug from DOX-
PPNM system (the loaded drug is expected to release slowly over
experimental period“). In addition, the percentage of hemolysis
was found to be around 3% upon incubation of 0.5 mg of PPNM,
which indicates their good hemocompatibility. We also investigated
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Fig. 7. pH dependent drug release profile of DOX-PPNM in cell
mimicking environment (reservoir (r): pH 5/pH 4 and sink (s): pH
7.4) at 37 °C.
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Fig. 9. CLSM images of WEHI-164 cells after incubation with the
DOX-PPMN and DAPI at culture conditions.

the interaction of PPNM with BSA protein in physiological medium
(0.01 M PBS, pH 7.4). The PPNM do not show any significant change
in the zeta-potential (Table S1, ESIT) even after incubation with BSA
for 2 h, revealing their protein resistance characteristics in
physiological medium.

The high loading affinity of PPNM for DOX and their sustained
release, and cytotoxicity effect further impelled us to explore the
cellular uptake of DOX-PPNM. Fig. 9 shows the CLSM images of
WEHI-164 cells after incubation with DOX-PPMN under culture
conditions. A significant uptake of DOX-PPMN was clearly observed
from the red fluorescence image arising from DOX emissions,
suggesting that the drug loaded nanoparticles were internalized in
the cells. The blue fluorescence image shows emission from the
nucleus stained with DAPI. The merged image of DOX and DAPI
fluorescence (as is seen from the magenta colour) clearly indicates
that DOX-PPMN is mainly localized in the cytoplasm. This study
demonstrates that the use of these nanocarriers as drug delivery
vehicles could significantly enhance the accumulation of the DOX at
target cancer cells leading to a high therapeutic efficacy.
Specifically, the present study demostrates the formation of stable,
highly crystalline, biocompatible, protein resistance polyphosphate
grafted nanomagnets having good magnetization and excellent

This journal is © The Royal Society of Chemistry 20xx

intrinsic loss power. This makes it amenable for promising
applications in hyperthermia treatment of cancer as well as pH
triggered release of DOX for combination therapy involving
hyperthermia and chemotherapy.

Conclusions

In summary, the synthesis of a hydrophilic multifunctional
polyphosphate grafted nanomagnets of average size 10 nm is
reported. XRD and TEM analysis confirmed the formation of highly
crystalline single phase Fe;0, nanostructures. The detailed
structural analysis by FTIR, TGA, DLS and zeta-potential confirmed
the successful grafting of nanomagnets with polyphosphate
moieties. These superparamagnetic nanomagnets exhibit good
colloidal stability and biocompatibility along with self-heating
efficacy under AC magnetic field. The drug loading efficiency of the
PPNM and their pH triggered release were also investigated by
using DOX as a model drug. Cellular imaging experiments reveal
that these nanomagnets can be easily internalized by cells. These
multifunctional nanomagnets may have potential benefits by
enhancement of in-vivo therapeutic efficacy via decreasing systemic
toxicity of antitumor drugs both through protection of the drug
throughout circulation and by means of magnetic fields to target
the nanomagnets to the infected area. Further, high loading affinity
for DOX with their sustained release and localized heating ability
under AMF makes these novel magnetic nanoparticles suitable for
cancer therapy.
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