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ABSTRACT: In this work, we have prepared water-soluble superparamgnetic
iron oxide nanoparticles (SPIONs) coated with a dual responsive polymer for
targeted delivery of anticancer hydrophobic drug (curcumin) and hyperthermia
treatment. Herein, superparamagnetic mixed spinel (MnFe2O4) was used as a
core material (15−20 nm) and modified with carboxymethyl cellulose (water-
soluble component), folic acid (tagging agent), and dual responsive polymer
(poly-N isopropylacrylamide-co-poly glutamic acid) by microwave radiation.
Lower critical solution temperature (LCST) of the thermoresponsive
copolymer was observed to be around 40 °C, which is appropriate for drug
delivery. The polymer-SPIONs show high drug loading capacity (89%) with
efficient and fast drug release at the desired pH (5.5) and temperature (40 °C)
conditions. Along with this, the SPIONs show a very fast increase in
temperature (45 °C in 2 min) when interacting with an external magnetic field,
which is an effective and appropriate temperature for the localized
hyperthermia treatment of cancer cells. The cytocompatibility of the curcumin loaded SPIONs was studied by the methyl
thiazol tetrazolium bromide (MTT) assay, and cells were imaged by fluorescence microscopy. To explore the targeting behavior
of curcumin loaded SPIONs, a simple magnetic capturing system (simulating a blood vessel) was constructed and it was found
that ∼99% of the nanoparticle accumulated around the magnet in 2 min by traveling a distance of 30 cm. Along with this, to
explore an entirely different aspect of the responsive polymer, its antibacterial activity toward an E. coli strain was also studied. It
was found that responsive polymer is not harmful for normal or cancer cells but shows a good antibacterial property.

KEYWORDS: targeted drug delivery, hyperthermia, curcumin, superparamagnetic nanoparticle, dual responsive polymer,
cytotoxicity study, cell imaging

1. INTRODUCTION

In the last few decades, nanotechnology has emerged as one of
the very important fields of medicine and more specifically in
targeted drug delivery. The therapeutic index of nearly all drugs
currently being used would be improved if they were more
efficiently delivered to their biological targets through
appropriate application of nanotechnologies.1 The best way
to increase the efficacy and reduce the toxicity of any drug is to
direct the drug to its target and maintain its concentration at
the site for a sufficient time for therapeutic action to take effect.
The concept of a “targeted” drug delivery system includes the
coordinating behavior of three components, the targeting
moiety, the carrier, and the therapeutic drug, and the potential
of targeted drug delivery will be decided by proper functioning
of all these three components.
In the recent years, several studies have been done and it was

found that, having good carrier and targeting moieties, most of
the currently available drugs have limited potential because they
are very toxic and insoluble in water, possess side-effects, or are
very expensive and thus beyond the reach of the majority.
Curcumin is one of them, a polyphenol type compound derived

from the rhizome or root of the plant Curcuma longa, a
perennial herb belonging to the ginger family that is cultivated
extensively in south and southeast tropical Asia (India, Japan).
Research over the last few decades has shown that curcumin is a
potent anti-inflammatory agent with strong therapeutic
potential against a variety of cancers such as breast cancer,
cervical cancer, pancreatic cancer, and many more.2 Curcumin
has been shown to suppress transformation, proliferation, and
metastasis of tumors. It also inhibits proliferation of cancer cells
by arresting them in various phases of the cell cycle and by
inducing apoptosis.
Despite the excellent properties, it shows very limited

application in cancer treatment because of its hydrophobic
nature which shows low solubility, poor stability in aqueous
solution (11.0 ng mL−1), rapid degradation in physiological
conditions, active binding with serum proteins, and fast
clearance from circulation.3 Along with this, the clinical trials
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also demonstrated the low or no therapeutic effect of free oral
curcumin on various types of cancer. To address these
problems and enhance solubility, stability, and the pharmaco-
kinetic profile of curcumin, two different pathways of research
have been adopted. One area is the modification of curcumin
by making its conjugates with cyclodextrins,4 cyclodextrin
dimers,5 poly(β-cyclodextrins),6 alginate−cyclodextrin carriers,7

only alginate,8 or calix [4] arene structures.9 The second route
focuses on the development of new targeted drug delivery
systems such as surfactant complexes,10 liposomes,11 liposome-
based hybrid carriers,12 hydrogels,13 nanoemulsions,14 nano-
suspensions,15 solid lipid nanoparticles,16 polymeric and
magnetic nanoparticles,17 etc. Among them, magnetic targeting
using superparamagnetic iron oxide nanoparticles (SPIONs) is
the most popular way to achieve this goal. When the size of the
magnetic nanoparticles (magnetite, Fe3O4, and spinel ferrites,
MeFe2O4, where Me = Co, Mg, Mn, Zn)18 decreases to below a
critical size, (∼15−20 nm), each individual nanoparticle has a
large constant magnetic moment and behaves like a giant
paramagnetic atom with a fast response to applied magnetic
fields with negligible remanence and coercivity.19 These
features make SPIONs attractive for a wide range of biomedical
applications because the magnetization can be controlled by an
external magnetic field without the risk of magnetic attraction
at room temperature.19 They can also be designed to generate
heat when a high frequency magnetic field is applied for
hyperthermia treatment where cancer cells usually get ablated
at around 42−45 °C and other healthy body cells remain safe.20

A single problem associated with the use of SPIONs in drug
delivery is their high surface to volume ratio, as they tend to
agglomerate forming clusters in the bloodstream. Plasma
proteins adsorb on the nanoparticles surface and macrophage
cells activate the clearance mechanism (opsonization), before
they reach the target site. An effective way of cellular
internalization is to modify the surface of SPIONs with a
ligand or some hydrophilic and biocompatible polymer that can
be efficiently taken up by the cancer cells. To address and
overcome these problems, several modifications of SPIONs or
magnetic nanoparticles (MNPs) have been reported so far, viz.,
modification with polyethylene glycol-polylactic acid block
copolymer,21 3-aminopropyltriethoxysilane,22 chitosan, or oleic
acid as shell23 and PEG.24

Recently, stimuli responsive polymer (SRP) coated MNPs or
SPIONs have become very popular in the field of targeted
delivery and cancer therapy. Responsive polymers possess an
interesting property; i.e., they can undergo structural and
physical transitions (like phase, solubility, hydrophobicity,
conformation, etc.) with change in the environmental
conditions (i.e., change in pH, ionic strength, light, temper-
ature, magnetic or electric properties, etc.).25 Among the
previously reported SRPs, temperature and pH-responsive
polymers are more popular, where the drug release depends
upon change in the temperature and pH values varies in
different tissues and cellular compartments (the extracellular
environment of a tumor has a lower pH (∼5−6) than blood
and normal tissues (pH 7.4).26 One of the unique and exciting
properties of the temperature-responsive polymers is the

Scheme 1. Schematic Illustration of the Tumor Cell Uptake of Curcumin with and without Drug Carriera

aAlong with representation of their promoted and targeted uptake in the presence of external magnetic field.
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presence of a critical solution temperature (CST). Below this,
the responsive polymer is soluble in water and, after heating,
becomes insoluble, i.e., formation of emulsion.27 Poly(N-
isopropylacrylamide) (PNIPAm) is the widely used temper-
ature-responsive polymer, and it exhibits a lower critical
solution temperature (LCST) of around 32 °C, which is
slightly lower than body temperature and not well suited for
drug delivery. Several works have been reported to raise the
LCST of polymer by addition of acrylamide,28 acrylic acid,29

styrene,30 maleic acid,31 2-carboxy isopropylacrylamide,32 N-
hydroxymethyl acrylamide,33 etc as comonomer. Similarly,
various pH responsive drug delivery systems have been
constructed for realizing the pH-triggered drug release.
Nevertheless, most of these systems are only responsive to a
single pH variation, either in the tumor extracellular environ-
ment or in the intracellular endo/lysosomal condition. To
overcome or resolve all these drawbacks, multistimuli
responsive polymers were developed. Recently, Sahoo et al.
have reported a temperature (LCST = 31 °C) and pH (5.0)
dual responsive core−shell magnetic nanoparticle coated with
smart polymer as an anticancer drug carrier for doxorubicin and
cancer cell-specific targeting agent.34 Yadavalli et al. have
reported a dual responsive PNIPAm−chitosan targeted
magnetic nanopolymer for targeted drug delivery of curcumin
(LCST = 45 °C).35 However, the dual responsive polymer
modified-MNPs for targeted delivery of curcumin or any
hydrophobic anticancer drug are still under development.
We report a dual responsive (pH and temperature) polymer

modified SPION as an anticancer drug carrier and cancer cell-
specific targeting agent. Herein, we have tried three different
and fresh modifications during the preparation of responsive
SPIONs. First, we have modified SPIONs with carboxymethyl
celluloses (CMC), which are very important derivatives of
cellulose; they have good solubility and high chemical stability
and are toxicologically innocuous. As a result, the SPIONs
conjugated with CMC are soluble in water, and they are also
used to anchor folic acid (tagging agent) onto the nanoparticle
surface. Second, we have used glutamic acid (GA) as
comonomer of NIPAm to raise the LCST of responsive
polymer; additionally, it also adds the pH-responsive behavior
in the resulting block-polymer. Third, we have synthesized the
responsive polymer modified SPIONs by the microwave
synthesis method. The microwave heating process has a high
temperature, enabling the reactions in the solution to occur in a
relatively short time, and thus, they are completed faster than
those under conventional thermal conditions. With the
application of these three new synthetic steps, we have
synthesized a dual responsive, target-specific, drug carrier for
curcumin (Scheme 1). The drug delivery by the proposed
carrier in the different pH values (5.5 and 7.4) and
temperatures (25, 37, and 40 °C) has been successfully
explored. To investigate the real phase application of the
proposed modified SPIONs, a cell viability assay and cancer-cell
imaging was also performed. The polymer-modified SPIONs
generated a very fast increase in temperature (45 °C in 2 min)
when exposed to an external magnetic field. Along with this, to
examine an entirely different aspect of the responsive polymer,
its antibacterial activity toward an E. coli strain was also studied.
It was found that the responsive polymer is not harmful for
normal or cancer cells but shows a good antibacterial property.

2. EXPERIMENTAL SECTION
2.1. Materials. N-Isopropylacrylamide (NIPAm) (>98%), N,N-

methylene bis acrylamide (BIS) (99%), sodium lauryl sulfate (SLS)
(>95%), ammonium peroxo disulfate (APS) (≥98%), glutamic acid
(GA) (≥99%), acryloyl chloride (>97%), carboxy methyl cellulose
(CMC) (>97%), 3-dicyclohexylcarbodiimide (DCC) (99%), folic acid
(FA) (>98%), and curcumin (>97%) were purchased from Sigma-
Aldrich (India) and TCI chemicals (Germany). Manganous sulfate
(MnSO4) (98%), ferric chloride (FeCl3) (99%), citric acid (99.5%),
sodium hydroxide (NaOH) (98%), N-hydroxysuccinimide (NHS)
(98%), and solvents like dimethyl sulfoxide (DMSO) (99%) and
ethanol (99.9%) were procured from Spectrochem Pvt. Ltd. (India)
and Merck (India). The TEM grids were purchased from TAAB
Laboratories Equipment Ltd., 3 Minerva House, Calleva Park,
Aldermaston, Berks, RG7 8NA, UK, through Aaryans International,
ED-11B Pitampura, Madhuban Chowk, New Delhi, 11088. All
materials were reagent grade and used as received.

2.2. Synthesis of CMC−Curcumin Conjugates. For the
synthesis of CMC−curcumin conjugate, 50 mg of CMC was added
to a water/DMSO mixture (10 mL, 1:1 v/v) and stirred vigorously for
5 h resulting in the finely suspended CMC solution. Then, 4.0 mg of
DCC was added, and the reaction mixture was stirred for 1 h at 20 °C
for the activation of carboxylate groups present in CMC. To the
activated CMC suspension, 50 mg of curcumin dissolved in 10.0 mL of
DMSO was added under N2 (g) atmosphere, and the mixture was
stirred for about 7 h at 60 °C. The resultant solution was cooled to
room temperature and dialyzed for 1 day against DMSO and 3 days
against deionized water using a dialysis membrane of molecular weight
cutoff of 3500 to remove the unreacted molecules. The pure CMC−
curcumin conjugate was stored in the refrigerator for further use.

2.3. Synthesis of CMC-Folic Acid Conjugate (CMC-FA). Folic
acid (0.45 g) was dissolved in 10 mL of DMSO and mixed with DCC
(0.78 mg) and NHS (0.98 mg) by stirring for 2 h at room
temperature. Separately, 5.0 mg of CMC was dissolved in distilled
water and added dropwise to the above mixture with continuous
stirring for overnight. After completion of the reaction, the product
was washed and dried in a vacuum oven.

2.4. Preparation of Water-Soluble MnFe2O4 Nanoparticles.
First, MnFe2O4 was prepared according to a previously reported
procedure.36 In brief, MnSO4 (1 mmol, 0.169 g) and FeCl3 (2 mmol,
0.324 g) were dissolved in a minimum amount of water, followed by
addition of 50 mL of NaOH. The mixture was heated at 70 °C with
continuous stirring for half an hour. The nanoparticles were
magnetically separated by a commercial magnet (Neodymium rare
earth magnet) and washed with distilled water (n = 6). For the
preparation of water-soluble SPIONs, the as prepared nanoparticles
were conjugated with CMC-FA conjugate using the same procedure
reported in Section 2.2, for the preparation of the CMC−curcumin
conjugate, and the pure FA-CMC-SPIONs conjugate was stored at
room temperature for further use.

2.5. Preparation of Glutamic Acid Monomer (2-Acrylamido-
pentanedioic Acid). Herein, we have synthesized GA-derivative and
used it as the comonomer for responsive polymer synthesis.37,38 In
brief, 10.0 mL of 0.5 M acryloyl chloride was added into the 0.5 M
cool basic solution of GA (10.0 mL) and stirred for 1 h at 40 °C. After
the completion of the reaction, the mixture was acidified with 37%
HCl (pH = 2), extracted with ethyl acetate, and stored in a vacuum
desiccator (yield = 87%). The compound was characterized on the
basis of elemental analysis [calculated (%) for C8H11NO5: C = 41.13,
H = 5.18, N = 7.99; found (%): C = 41.0, H = 5.21, N = 8.03] and FT-
IR (cm−1): 3290 (υ−O−H, −COOH group), 1680 (υ-CO), 1600
(υ-CC), 1210 (υ−C−O−, −COOH group).

2.6. Conjugation of GA-Monomer and FA-CMC-SPIONs. To
the 0.5 mg of modified FA-CMC-SPIONs aqueous solution, 50 mL of
20 g L−1 GA-monomer solution was added. The mixture was
continuously stirred at 65 °C for 2 h and naturally cooled to room
temperature. The precipitated FA-CMC-SPIONs-GA was separated
from the solution using magnetic decantation with a permanent
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magnet, and modified nanoparticles were washed three times with
deionized water and dried in a vacuum oven.
2.7. Synthesis of PNIPAm and PNIPAm-co-GA Modified

SPIONs. In order to explore the utility of GA in the responsive
polymer, two different polymers were synthesized: (1) with GA and
(2) without GA as comonomer. In brief, the monomer (NIPAm 4.5
mmol), cross-linker (BIS, 0.225 mmol), the stabilizer (SLS 7 mg), and
FA-CMC-SPIONs-GA (20 mg) were dissolved in 30.0 mL of distilled
water, separately. Then, all of the components were mixed together,
followed by addition of initiator (APS, 0.01 g dissolved in 4 mL of
water). The mixture was degassed for 30 min in the presence of N2

and kept in a domestic microwave for 40 min. After this, the prepared
reponsive polymer (PNIPAm-co-GA) modified SPIONs (poly-
SPIONs) were recovered by centrifugation at 10 000 rpm (9155g)
and subjected to dialysis for 4 days. Similarly, PNIPAm modified
SPIONs were also prepared as a reference without GA-monomer. The
schematic representation of poly-SPIONs synthesis is shown in
Scheme 2.
2.8. Physicochemical Characterization. Different intermediate

conjugates and polymers were characterized by FT-IR spectra using a
Varian Fourier Transform Infrared [FT-IR(USA)] spectrometer
recorded in the range of 400−4000 cm−1 and discussed in the
Supporting Information (Sections S1−S3 and Figures S1−S3). Particle
sizes were measured using a dynamic light scattering (DLS)
instrument (Zetasizer nano-S90, Malvern Instruments Ltd., UK)
with a He−Ne laser beam at a wavelength of 633.8 nm. Measurements
were made at 5 °C intervals using a temperature range of 25 to 45 °C.
A delay time of 5 min was used at each temperature to ensure that the
sample viscosity was equilibrated before the measurements were taken.
Transmission electron microscopy (TEM; model Tecnai 30 G 2 S-
Twin electron microscope) operated at 300 kV accelerating voltage
and field emission scanning electron microscopy (FE-SEM; Zeiss

Supra 55) were used to examine the morphology of the nanosystem.
TEM samples were prepared by depositing 1.0 mL of the nanoparticle
suspension on a copper TEM grid (200 mesh). The powder X-ray
diffraction (XRD) study was carried out by a Bruker D8 Focus X-ray
diffractometer instrument using a Cu target radiation source.
Magnetization as a function of the field was recorded using a vibrating
sample magnetometer (VSM; EG and G PAR 4500) by varying the
field between −5 and +5 kOe. The temperature sensitive behavior,
cloud point measurement, and optical density (O.D.) of the polymer
modified SPIONs were evaluated with a UV−vis spectrophotometer
(PerkinElmer Lambda 35, Singapore). The O.D. was measured over a
temperature range of 25−46 °C. Confocal images were acquired using
a Zeiss confocal laser scanning unit mounted on an LSM 710 fixed-
stage upright microscope. Atomic force microscopy (AFM) was
performed with a Bruker dimension icon nanoscope (Germany). For
this, the sample was coated on a 1.0 × 1.0 cm glass plate and dried at
room temperature.

2.9. In Vitro Drug Encapsulation Efficiency (EE) and Drug
Loading (DL). To explore the maximum drug encapsulation and drug
loading efficiency of poly-SPIONs, two parameters were optimized,
i.e., amount of nanoparticle and concentration of drug. In this work,
during drug loading, the CMC−curcumin conjugate was used in place
of only curcumin. First, different amounts of nanoparticle (100, 110,
120, 130, and 150.0 μg) were taken and incubated with a constant
amount of CMC−curcumin at 4 °C for 4 h. Second, a constant
amount of nanoparticle was incubated with different concentrations of
CMC−curcumin (1, 10, 100, and 1000 ppm). After loading, the
nanoparticles were separated by an external magnet; the remaining
curcumin present in the solution was extracted with 5.0 mL of ethyl
acetate-propane-2-ol solution (4:1), and UV absorbance of the
solution was measured. Drug loading and encapsulation efficiency
were calculated using eqs 1 and 2, respectively.

Scheme 2. Proposed Graphical Representation for the Design of Poly-SPIONs
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= ×M Mdrug loading / 100c t (1)

= ×M Mencapsulation efficiency / 100c 0 (2)

where Mc is the amount of curcumin in the poly-SPIONs, M0 is the
total amount of curcumin, and Mt is the total amount of the poly-
SPIONs. The concentration of the drug in the supernatant was
determined by equating against a standard linear calibration plot of a
concentration range of 2.0−25.0 mg L−1.
2.10. In Vitro Drug Release Study. The cumulative drug release

experiments were carried out at different conditions (temperature and
pH) to evaluate the stimuli-response behavior of the poly-SPIONs.
The release of curcumin from the drug loaded poly-SPIONs was
carried out at physiological (7.4) and tumor extracellular pH (5.5) at
three different temperatures (25, 37, and 40 °C). For each experiment,
110.0 μg of SPIONs loaded with 100 ppm curcumin (cur-SPIONs)
was taken in 1.0 mL of water (pH = 7.4 or 5.5) and incubated in the
above-mentioned temperatures. The amount of released drug was
checked by a UV−visible spectrophotometer (420 nm) at different
time intervals (30, 60, 90, 120, 150, 180, 210, 240, and 270 min). The
percentage of released drug was calculated from a standard calibration
curve of free drug solution.
2.11. Targeting of Drug Carrier to the Specific Site by

Magnetic Capturing Test. To explore the target specific behavior of
proposed magnetic nanoparticle, a magnetic capturing system was
used which simulated the nature of real blood vessels in the body
(Scheme S1, Supporting Information). It consisted of an injection
pump, a 5.0 mL syringe, a silicon tube of 1.0 mm inner diameter, and a
permanent magnet (max. flux density of 0.1 T). A 10.0 mL suspension
of cur-SPIONs (2.0 μg mL−1) was used for the test. First, the syringe
was filled with the suspension and injected into one end of the tube.
The magnet was fixed at the middle of tube, supposed to be the
targeted site. The captured particles were accumulated at the middle of
the tube, and the uncaptured samples were collected in a flask located
outside of the magnetic system. The percentage of captured particles

was determined by the weight difference using a UV−visible
spectrophotometer.

2.12. In Vitro Cellular Uptake of Poly-SPIONs. The internal-
ization of CMC−curcumin and cur-SPIONs into breast cancer cells
(MCF7) was observed by fluorescence microscope imaging. For
intracellular uptake studies, 10 μg mL−1 of the drug and/or
nanoparticles was incubated with MCF7 cells for 1 and 4 h to
determine the time dependent uptake of the drug and/or nano-
particles. After incubation, cells were fixed with 4% paraformaldehyde
for 15 min, washed with PBS, and observed under a fluorescence
microscope.

2.13. Cell Viability Study through the Methyl Thiazol
Tetrazolium Bromide Assay. In vitro cytocompatibility of the
poly-SPIONs with or without curcumin was investigated using a
standard methyl thiazol tetrazolium bromide (MTT) assay on MCF7
cells. For this, MCF7 cells were seeded in 96-well plates in a growth
medium consisting of Dulbecco’s modified eagle media (DMEM)
supplemented with 10% fetal bovine serum and 1% antibiotic solution
and maintained at 37 °C in a humidified 5% CO2 atmosphere. The
cells were treated with various concentrations (0−30 μg mL−1) of
poly-SPIONs and cur-SPIONs and were cultured for another 24 h.
After incubation, 20.0 μL of MTT was added to each well and the
optical density was evaluated at 570 nm. Cell viability was calculated as
follows:

= − × −A A A Acell viability (%) ( ) 100%/( )sample blank control blank

(3)

where Asample is the absorbance of a well with cells, MTT solution, and
poly-SPIONs or cur-SPIONs; Ablank is the absorbance of a well with
medium and MTT solution, without cells; Acontrol is the absorbance of
a well with cells and MTT solution, without poly-SPIONs or cur-
SPIONs. The data was expressed as the percentages of viable cells
compared to the survival of a control group (untreated cells as controls
of 100% viability).

Figure 1. (A) XRD spectra of PNIPAm-co-GA (a), nonmodified (bare) MnFe2O4 nanoparticles (b), and poly-SPIONs (c). (B) Magnetic hysteresis
loop of SPIONs and poly-SPIONs. (C) Cloud point measurement and (D) mean count rate (in kilo counts per second, kcps), poly dispersity index
(PDI), and z-average diameter (nm) plotted as a function of temperature (°C) of poly-SPIONs. The inset shows a camera picture of poly-SPIONs
below and above LCST.
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3. RESULTS AND DISCUSSION

3.1. X-ray Diffraction Studies. Figure 1A shows the XRD
patterns of the PNIPAm (curve a), nonmodified (bare)
MnFe2O4 nanoparticles (curve b), and poly-SPIONs (curve
c). The strong diffraction peaks depicted in curve b at 29.65°,
34.9°, 42.4°, 46.4°, 52.6°, 56.1°, 61.5°, 69.8°, 72.7°, 73.7°, and
88.1° corresponds to (220), (311), (400), (331), (422), (511),
(440), (620), (533), (622), and (731) planes, respectively

(JCPDS file no. 73-1964). These diffraction peaks belong to the
characteristic crystalline cubic structure (JCPDS file no. 73-
1964) having space group Fd3m (227) of MnFe2O4. The XRD
spectrum of PNIPAm-co-GA was also recorded as reference,
which shows a broad peak at 25° (curve a). When the
MnFe2O4 nanoparticles are coated with the polymer, a hump
around 25° is observed, which confirms the successful coating
of polymer on the SPIONs (curve c).

Figure 2. FE-SEM images of (A) nonmodified (bare), PNIPAm-co-GA (at low (B) and high resolutions (C)), and (D) PNIPAm-modified SPIONs.
AFM images of (E) nonmodified (bare) and (F) PNIPAm-co-GA-modified SPIONs.
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3.2. FE-SEM, AFM, and TEM Studies. Figure 2A shows
the surface morphology and particulate structure of bare
SPIONs by FE-SEM. Figure 2B,C shows the PNIPAm-co-GA
modified SPIONs (poly-SPIONs) at low and high magnifica-
tion. As shown in Figure 2B,C, SPIONs have a clear
distribution of the spherical nanoparticle, but the SPIONs,
modified with PNIPAm only, look like a fibrous surface in
which nanoparticles are invisible (Figure 2D). This suggests the
role of GA during polymerization, in which polymer prepared
on SPIONs surface is more structured and well architected
compared to the PNIPAm only. The surface topography of bare
SPIONs and poly-SPIONs was again confirmed using an AFM.
The AFM image of bare MnFe2O4 nanoparticles (Figure 2E)
shows sharp particulate features/character whereas poly-
SPIONs (Figure 2F) shows broad grain boundaries. The
AFM results complement the FE-SEM observations.
The size, shape, and morphology of modified and

unmodified nanoparticles were further confirmed by the
TEM investigation. It was clearly shown in Figure 3A,C that
the magnetic nanoparticles are well dispersed and are spherical
in shape with a mean (±standard deviation) particle size 17 ± 2
nm. However, after polymer coating on the SPIONs, the
particle size increased to 37 ± 3 nm (Figure 3D). Along with
this, the presence of the inner magnetic core with an outer
polymer layer with a thickness of 3−8 nm is clearly observed
(Figure 3B). According to the literature, the most suitable
particle size to penetrate the cancer cells is below 10 nm, but
the particles of this size are rapidly cleared by the renal
infiltration or excretion process. However, particles with a size
of more than 50 nm are filtered out by the Kupffer cells of the
liver,28 treating them as a foreign substance, or sequestered by
the reticuloendothelial system (RES) of the spleen and liver
(>100 nm).39 The nanoparticle size of <100 nm can easily
evade RES, and therefore, the appropriate size of drug carriers

and/or nanoparticles is in the range of 10−50 nm for magnetic
hyperthermia applications.19 Herein, the cur-SPIONs lie in this
acceptable range and therefore can be used for drug delivery
application.

3.3. Magnetic Property (VSM). For separation and
hyperthermia applications, it is important that magnetic
nanoparticles retain their favorable magnetic properties after
modification with nonmagnetic polymers. Herein, the magnetic
properties of both modified and nonmodified SPIONs were
studied by VSM analysis. The room temperature magnetization
curves of polymer modified and bare SPIONs are shown in
Figure 1B. The saturation magnetization value of bare and poly-
SPIONs was found to be 526.0 and 348.0 emu g−1, respectively.
The magnetization curve showed very small coercivity (41.29
Oe), which suggests the superparamagnetic nature of the
prepared materials.28 Superparamagnetism exhibited in the
nanoparticles is due to their size effect (<50 nm) and mixed
spinel structure, where each particle is a single magnetic domain
and the energy barrier for their spin reversal is easily overcome
by thermal vibrations.19 In the mixed spinel structure, about
20% of the Mn2+ occupy octahedral (B) sites and the rest
occupy tetrahedral (A) sites. However, the remaining
tetrahedral and octahedral sites are occupied by Fe3+ metal
ions.28 This strong A−B interaction is also responsible for
magnetic behavior of SPIONs. Figure S4, Supporting
Information, illustrates that polymer modified SPIONs are
active to the external magnetic field, where a magnet is able to
manipulate the SPIONs within 20 s of time span. This
important property of polymer coated SPIONs is in favor of
targeted drug delivery of curcumin under the external magnetic
field.

3.4. Determination of Lower Critical Solution Temper-
ature of Polymer Modified SPIONs. Thermoresponsive
polymers having a hydrophobic interaction with water

Figure 3. TEM (A and B) and particle size distribution images (C and D) of SPIONs and poly-SPIONs, respectively.
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undergoes a phase transition from a swollen state at certain low
temperatures to a collapsed state above that (high) temper-
ature. Polymers, which become insoluble upon heating, have a
so-called lower critical solution temperature (LCST). Below the
LCST, the polymer is hydrophilic and becomes hydrophobic
above this temperature, which can be visualized by the soluble
and cloudy nature of the polymer at these temperatures (Figure
1C, inset). The LCST of polymer coated SPIONs with
(PNIPAm-co-GA) and without GA (only PNIPAm) was
estimated by heating the particles from 25 to 46 °C and
studying the UV−visible spectrophotometer data at various
temperatures (Figures 1C and S5, Supporting Information).
From 25 °C to about 32 °C, the plot is almost horizontal
undergoing the least absorption, indicating the copolymer to be
hydrophilic in this temperature range. A sudden rise in
absorption occurs at 32 °C in the polymer without GA (only
PNIPAm) and at 40 °C in the case of PNIPAm-co-GA, which is
supposed to be the LCST of the corresponding polymers. At
this temperature, polymer becomes hydrophobic and expels

water by dehydrating. Due to the shrinkage of copolymer
volume, its porosity decreases and thus UV absorption
increases for all temperatures above LCST. The variation in
optical density and the increase of cloud point in the case of
both the polymers confirms their thermoresponsive behavior.
However, the role of GA is also confirmed here which causes an
increase in the LCST value of PNIPAm.

3.5. Determination of Hydrodynamic Diameter of
Polymer Modified SPIONs. The DLS measurement of the
dispersed poly-SPIONs was performed at various temperatures
and pH values to monitor their condition dependent change in
hydrodynamic volume. As shown in Figure 1D, the mean count
rate (in kilo counts per second (kcps)), poly dispersity index
(PDI), and z-average diameter (nm) are plotted as a function of
temperature (°C). As shown in the figure, the kcps, PDI, and
average diameter of the particle decrease to their lowest values
at the LCST, which suggests the thermoresponsive behavior of
the polymer. A similar behavior was observed for the polymer
modified SPIONs at pH 5.5. The variations of poly-SPIONs

Figure 4. (A) UV−vis spectra of different concentrations of standard curcumin solutions in the range of 2.0−25.0 mg L−1. (B) Plot of %
encapsulation efficiency and loading capacity of poly-SPIONs. (C) Drug release profile for poly-SPIONs at different pH values (5.5 and 7.4) and
temperatures (25, 37, and 40 °C). (D) Hyperthermia plot of SPIONs and poly-SPIONs showing an increase in temperature with a variation in time.
(E) Cell viability study of poly-SPIONs (without curcumin) and curcumin loaded SPIONs on MCF7 cancer cells at low concentrations. (F) Cell
viability study of MCF7 cancer cells in the presence of high concentrations of poly-SPIONs.
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with both pH and temperature provide clear evidence for the
formation of dual responsive polymer modified magnetic
nanoparticles.
3.6. Drug Loading and Encapsulation Studies. The

curcumin loading/encapsulation efficiencies were evaluated
using a standard calibration curve obtained for a series of
curcumin solutions (Figure S6, Supporting Information). The
corresponding UV spectrum is given in Figure 4A. For drug
loading, the poly-SPIONs were incubated with a CMC−
curcumin solution, for different time intervals. After that, the
nanoparticles were separated by an external magnet and the
remaining curcumin present in the solution was extracted by
ethyl acetate-propane-2-ol. The UV spectra were obtained for
the extracted curcumin solutions and the corresponding drug
loading was calculated (Figure S7, Supporting Information). As
shown in the spectra, curcumin shows an intense peak at 425
nm, but after incubation with poly-SPIONs, the peak intensity
continues to decrease, until 16 h of incubation. After that, the
peak intensity remains constant, suggesting the saturated
binding of drug to the poly-SPIONs.
Prior to studying the drug loading/encapsulation efficiencies

of the poly-SPIONs, the amount of nanoparticle and
concentration of the drug were optimized. It was found that
110 μg of poly-SPIONs with a curcumin concentration of 100
ppm gives a maximum of 45% encapsulation and 41% drug
loading efficiency. Figure 4B shows the variation of drug
loading/encapsulation in the poly-SPIONs with change in time,
where drug loading/encapsulation efficiencies increase with
increases in time. After 16 h of incubation, the highest loading
capacity (89%) and encapsulation efficiency (98%) was
observed. Afterward, drug loading was passive and almost
smooth for hours later. The loading of curcumin into the poly-
SPIONs is due to the noncovalent interaction between CMC
and polymer functional groups present in the curcumin
molecule. To further support the bonding between poly-
SPIONs and curcumin, their UV spectra was also provided in
the Supporting Information (Figure S8). First of all, the UV
spectrum of curcumin was recorded, which gives a strong peak
at 425 nm (curve 1). However, in the CMC−curcumin
conjugate, the peak gets shifted and appears at 300 nm (curve
2). On the other hand, poly-SPIONs does not show any peaks
in the UV spectra (curve 3), but when the poly-SPIONs get
incubated with CMC−curcumin, it gives a peak at 350 nm,
which suggests the bonding between curcumin and poly-
SPIONs (curve 4). Due to the use of soluble CMC−curcumin
conjugate and strong binding interaction between poly-SPIONs
and curcumin in this work, the curcumin loading amount in the
poly-SPIONs was found to be much higher compared to other
polymeric drug carriers reported for curcumin. To support the
high solubility of curcumin after loading, the camera picture of
curcumin, CMC−curcumin, and cur-SPIONs in aqueous
medium is given in Figure S9, Supporting Information. The
cur-SPIONs (incubated for 16 h) were used for further drug
release studies due to their high drug uptake.
3.7. In Vitro Drug Release Study. In vitro drug release

from cur-SPIONs at different temperatures and pH values is
shown in Figure 4C. The release was studied at three different
temperatures: (1) below LCST (25 °C), (2) at body
temperature (37 °C), and (3) at LCST (40 °C). Similarly,
the two pH values selected here are 5.5 (pH value observed
inside the tumor cells) and 7.4 (normal physiological pH). At
normal pH, ∼6% drug release was observed at any temperature
in the first 30 min, which increases to ∼20% after 150 min. This

shows the specific delivery of drug carrier. However, in the
same time span, at pH 5.5, the drug release is very slow when
the temperature is below LCST, i.e., 25 and 37 °C. The drug
release is at a maximum at pH 5.5 and temperature of 40 °C,
where 28% release was obtained in the first 30 min and reached
85% in 150 min. The drug release profile confirms the
dependence of release rate on variation in pH and temperature.
Afterward, the rate of drug release was passive and smooth
probably due to additional diffusion processes.

3.8. Magnetic Capture and Heat Generation Test
(Hyperthermia). In general, it was shown that magnetic
nanoparticles show a lower value of magnetization after
modification with polymer. The lower value is related to the
reduction in total magnetic content and an increase in
nonmagnetic polymer. Herein, we adopted a very simple but
effective test to explore the future in vivo application of poly-
SPIONs. The experiment was divided in two sets. In the first
one, magnetic heat-generation characteristics of SPIONs and
poly-SPIONs were studied by dispersing the 25.0 μg of
nanomaterials in 1 mL of water and subjecting them to an
alternating magnetic field of 7.2 kA m−1 and frequency of 70
kHz for 1 h. In the second experiment, the approach of cur-
SPIONs toward an external magnetic field was studied. Figure
4D shows the temperature variation with time of magnetic
treatment. Initial temperatures were 25 °C for both
observations. The temperature of the magnetic solution
containing only SPIONs (nonmodified) increased to about
58 °C in 5 min, whereas polymer modified SPIONs caused a
temperature increase of about 55 °C in the same time.
Moreover, the temperature of the poly-SPIONs increased to 45
°C in ∼2 min, which is an effective and appropriate
temperature for the localized hyperthermia treatment of cancer
cells.19

The specific absorption rate (SAR) was also calculated to
normalize the heating efficiency of these nanoparticles in W/g
using the formula given below:40

= × ×C T t m mSAR(W/g) (d /d ) ( / )s m

where C is the specific heat capacity of suspension (=4.186 J
g−1 °C−1), (dT/dt) is the slope of temperature versus time
graph, ms is the mass of suspension, and mm is the mass of
magnetic materials. The slope of the dT/dt curve was measured
by taking into account only the first 60 s. The SAR values for
SPIONs and poly-SPIONs were calculated to be 112.18 and
84.38 W g−1, respectively. Herein, it was found that the
calculated SAR value of poly-SPIONs is lower than the SAR
value of nonmodified SPIONs. However, it is sufficient enough
for hyperthermia treatment.
Similarly, in the second set of experiments, the cur-SPIONs

were targeted from one place to another using an external
magnet (Scheme S1, Supporting Information). A camera
photograph of the cur-SPIONs attracted by an external magnet
is also presented (Figure S4, Supporting Information). Upon
application of an external magnetic field to the bottle filled with
the magnetic nanoparticle, the particles were deposited on the
side of the bottle that was in close proximity to the magnet, and
the dispersion was clear and transparent. Similarly, when the
cur-SPIONs were injected at one end of the tube (assumed to
be the blood vessel), they travel to the other end where the
magnet is fixed and the remaining clear solution gets collected
in the vial attached at the other end of the tube. Almost 99% of
the nanoparticle gets accumulated around the magnet in 2 min
by traveling the distance of 30 cm (Figure S4, Supporting
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Information). The experiment suggests the targeted delivery of
curcumin at the required site.
3.9. Cellular Uptake Study by Fluorescence Imaging.

The confocal laser scanning microscopic images for the
curcumin only and cur-SPIONs were taken after excitation at
488 nm and presented in Figure 5. As portrayed in the images,
initially, the cancer cells (MCF7) are healthy and clearly
visualized, when drug or cur-SPIONs is just injected. However,
after 2 h of incubation, the cells start dying in the presence of
cur-SPIONs and remain healthy in the presence of curcumin
only. After 4 h, almost all the cells become deformed in their
shape and some changes are also visible in the curcumin only
incubated cells. This may be due to poor solubility of curcumin
inside the cancer cell, resulting in poor interaction and effect.
However, in curcumin loaded SPIONs, more interaction occurs
with cancer cells and as a consequence fast and effective results
are obtained.
3.10. Cytocompatibility of Polymer Modified SPIONs

(MTT Assay). Considering the high toxicity of acrylic
monomers,41 mainly for N-isopropylacrylamide, it is very
important to examine the toxicity of polymers before
employing them as a drug delivery system. In order to examine
the acute toxicity of SPIONs, with and without drug, MCF7
cells were incubated for 12 h with poly-SPIONs in
concentrations ranging from 0 to 0.25 μg L−1. The cell

viability, as determined with the MTT assay, demonstrated that
cell lines incubated with poly-SPIONs are nontoxic at all tested
concentrations, since the cell growth rates with poly-SPIONs
are the same as that of the medium control. However, as shown
in Figure 4E, the cell viability decreased remarkably against cur-
SPIONs. Fewer than 25% of cells remain after incubation with
0.25 μg L−1 cur-SPIONs. However, at a very high concentration
of 25 mg L−1, none of the cells are affected in the presence of
polymer modified SPIONs (without drug) (Figure 4F). The
results demonstrate that synthesized poly-SPIONs do not show
any cytotoxicity to both normal and cancer cells. The assay
confirms the cytocompatibility as well as targeted drug delivery
of curcumin. The results were well supported by an earlier
reported study, in which Cooperstein and Canavan found that
the NIPAm monomer in pure powdered form at 0.5 mg/mL
was toxic to all tested cell types (endothelial, epithelial,
fibroblast, and smooth muscle cells).41 However, PNIPAm was
not cytotoxic to the four cell types evaluated in the direct
contact test. In addition, antibacterial properties of poly-
SPIONs have been studied for E. coli and discussed in the
Supporting Information (Sections S4 and S5, Figure S10).

Figure 5. Confocal laser scanning fluorescence images of MCF7 cancer cells with only curcumin and curcumin loaded SPIONs at different
incubation times.
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4. CONCLUSIONS

Dual responsive polymer modified water-soluble SPIONs
attached with tagging agent (folic acid) were synthesized by a
simple microwave technique. Curcumin, a hydrophobic
anticancer drug, was used as a model compound to evaluate
the characteristic features of poly-SPIONs. It was found that
the cur-SPIONs are potentially capable of temperature and pH
responsive targeted drug delivery of curcumin to cancer cells.
The poly-SPIONs also show a very fast and efficient
temperature increase when interacting with an external
magnetic field. This may be due to the mixed spinel nature
of SPIONs or their small size (15−20 nm). In the cell imaging,
it was shown that poly-SPIONs were taken up specifically by
MCF7 cancer cells and the drug was preferably released at pH
5.5 and temperature of 40 °C (LCST). Excellent efficacy for
simultaneously targeting and destroying cancer cells was
achieved. The loading capacity and encapsulation efficiency
reached as high as 89% and 98%, respectively. From the MTT
assay, it was also found that the poly-SPIONs are not harmful
for cancer-cells but have a very good antibacterial property.
From all the studies, it can be concluded that synthesized poly-
SPIONs are excellent entities that may serve as carriers in
cancer specific targeting, imaging, and therapeutic application in
a single motif.
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