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Abstract
We have developed a multi-layer approach for the synthesis of water-dispersible
superparamagnetic iron oxide nanoparticles for hyperthermia, magnetic resonance imaging (MRI)
and drug delivery applications. In this approach, iron oxide core nanoparticles were obtained by
precipitation of iron salts in the presence of ammonia and provided β-cyclodextrin and pluronic
polymer (F127) coatings. This formulation (F127250) was highly water dispersible which allowed
encapsulation of the anti-cancer drug(s) in β-cyclodextrin and pluronic polymer for sustained drug
release. The F127250 formulation has exhibited superior hyperthermia effects over time under
alternating magnetic field compared to pure magnetic nanoparticles (MNP) and β-cyclodextrin
coated nanoparticles (CD200). Additionally, the improved MRI characteristics were also observed
for the F127250 formulation in agar gel and in cisplatin resistant ovarian cancer cells (A12780CP)
compared to MNP and CD200 formulations. Furthermore, the drug loaded formulation of
F127250 exhibited many folds of imaging contrast properties. Due to the internalization capacity
of the F127250 formulation, its curcumin loaded formulation (F127250-CUR) exhibited almost
equivalent inhibition effects on A2780CP (ovarian), MDA-MB-231 (breast), and PC3 (prostate)
cancer cells even though curcumin release was only 40%. The improved therapeutic effects were
verified by examining molecular effects using Western blotting and transmission electron
microscopic (TEM) studies. F127250-CUR also exhibited haemocompatibility, suggesting a
nanochemo-therapuetic agent for cancer therapy.
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1. Introduction
Magnetic nanoparticles (MNPs) are increasingly being considered for a number of
biomedical applications due to their inherent ultra fine size, biocompatibility and
superparamagnetic properties [1–3]. The functional properties of the MNPs can be tailored
for specific biological functions, such as drug delivery [4], hyperthermia or magnetic
targeting [5–7], magnetic resonance imaging (MRI) [8,9], cell labeling and sorting [10,11],
and immunoassays [12]. Among the MNPs, iron oxide nanoparticles (magnetite γ-Fe2O3 or
magnetite Fe3O4) are the most popular formulations [4]. The applicability of iron oxide
nanoparticles depends upon nanoparticles size, functionality, stability, dispensability, and
interfacial surfaces [4,13–15]. Because of high spatial resolution, polymer stabilized
magnetic nanoparticles are being used for MRI, tracking cell migration and monitoring in
vivo status of cell differentiation [14,16,17]. However, conventional iron oxide nano-
formulations stabilized by natural/synthetic polymer or encapsulated in micro/nanogels,
colloidosome/liposome, micelles, microcapsules, or transfecting reagents (cationic lipids,
polylysine, and protamine sulfate), etc. [4,8] have exhibited lower efficacy of drug loading
or rapid release of drug molecules, loss of magnetization properties and often increase the
particle size of the formulation. Some of these complexes are unstable and tend to aggregate
in reaction tubes or even precipitate in the cell culture medium, resulting in cytotoxicity
[18]. Such formulations eventually lead to rapid clearance from the body's circulation by the
reticuloendothelial system (RES) and limit the efficacy of magnetic nanoparticle mediated
drug targeting ability.

Currently a number of MNP formulations have been developed to serve specific needs;
however limited efforts have been made toward developing a universal combined
formulation [18] for cancer applications. Therefore, developing a multi-functional magnetic
nanoparticle formulation which does not compromise basic characteristics is highly
desirable. Recently, such formulations were developed to gain different biological functions
[19]. These formulations can be utilized not only for drug delivery techniques but also for
MRI visible targeting [20], magnetically targeted photodynamic therapy [21], targeted
thermo-sensitive chemotherapy [22–24], and luminescence/near-IR/multi-model imaging
[25–26] applications. In this regard, a formulation composed of iron oxide nano-core
stabilized with a multi-layer coating could help to increase feasibility in drug delivery,
imaging and hyperthermia properties. However, the higher hydrodynamic diameter (> 200
nm) in aqueous medium limits its use in cancer therapeutic applications [27–29]. Therefore,
in our current investigation, we have applied different coating approaches to improve the
efficacy of such formulations for enhanced cancer therapeutics.

Our goal is to develop MNPs with multi-functional characteristics for drug delivery, MRI,
and hyperthermia applications. These applications are complimentary to each other and
provide the unique ability to review the drug delivery efficiency at the tumor site [8,19,30].
The MNPs loaded with anti-cancer drugs with detection capabilities promotes the clinical
importance of this approach. Accordingly, we have developed a formula of magnetic
nanoparticles composed of iron oxide core that is subsequently coated with β-cyclodextrin
(CD) and pluronic polymer (F-127). The advantages of our formulation include smaller
particle size, relatively lower protein binding, higher drug loading efficacy and enhanced
particles uptake in cancer cells without hampering inherent magnetization characteristics. In
this investigation, we have formulated these magnetic nanoparticles which are optimized
and characterized for physico-chemical properties. The magnetic and nuclear magnetic
resonance (NMR) relaxometry properties were studied in detail. In addition, the
nanoparticles loaded with curcumin demonstrated an enhanced uptake in cancer cells and
exhibited improved therapeutic effect of curcumin in in vitro cell culture models.
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2. Materials and Methods
2.1. Materials

Fe(III) chloride hexahydrate (99%), Fe(II) chloride tetrahydrate (99%), ammonium
hydroxide (28% w/v in water), β-cyclodextrin (CD), pluronic polymer (F127), curcumin
(≥95% purity, (E,E)-1,7-bis(4-Hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione),
acetone (≥99.5, ACS reagent grade), dimethyl sulphoxide (DMSO) (anhydrous grade),
ammonium acetate, hydroxylamine hydrochloride (reagent grade, 99%), 1,10-phenontroline
(99%), ammonium iron (II) persulphate hexahydrate (99%), bovine serum albumin (BSA)
(96%) and hydrochloric acid (HCl) (34–37%) were purchased from Sigma Chemical Co. (St
Louis, MO, USA). All the chemicals and reagents were used without further purification.
Bacto nutrient agar dehydrated was purchased from Difco Laboratories (Detroit, MI, USA).
Millipore Milli-Q® (Burlington, MA, USA) purified water was used to make all aqueous
solutions.

2.1.1. Cell culture—A2780CP ovarian cancer cells were generously provided by Dr.
Stephen Howell (University of California, San Diego, USA). MDA-MB-231, MCF-7 breast
cancer cells were generously provided by Dr. W. Keith Miskimins (Director, Cancer
Biology Research Center, Sanford Research/USD, Sioux Falls, SD, USA), and PC3 prostate
cancer cells were generously provided by Dr. Meena Jaggi, (Associate Scientist, Cancer
Biology Research Center, Sanford Research/USD, Sioux Falls, SD, USA). These cells were
maintained as monolayer cultures in RPMI-1640 medium (A2780CP and PC3 cells) or
Dulbecco's Modified Eagle's Medium-High Glucose (DMEM-Hi) (MDA-MB-231 and
MCF-7) (Hyclone Laboratories, Inc., Logan, UT, USA) supplemented with 10% fetal
bovine serum (Atlanta Biologicals, Lawrenceville, GA, USA) and 1% penicillin-
streptomycin (Gibco BRL, Grand Island, NY, USA) at 37 °C in a humidified atmosphere
(5% CO2).

2.2. Synthesis of magnetic nanoparticles (MNPs) formulations
2.2.1. Pure magnetic nanoparticles (MNPs)—Pure magnetic nanoparticles were
prepared by co-precipitating Fe2+ and Fe3+ ions in the presence of aqueous ammonia
solution [31] under nitrogen atmosphere. About 45 ml of water containing 810 mg of Fe3+

and 297 mg of Fe2+ ions (molar ratio 2:1) in a 100 ml beaker was stirred at 400 rpm under
nitrogen atmosphere on a stir plate for 20 min. To this solution, 3 ml of ammonium
hydroxide was slowly added and the speed was increased to 900 rpm in order to uniformly
precipitate magnetic nanoparticles. The resulting precipitate was stirred overnight to
evaporate excess ammonia. After three washes with water, the nanoparticles were
resuspended in 25 ml water and centrifuged at 1000 rpm to remove larger aggregates. The
supernatant stock solution was kept refrigerated until further use.

2.2.2. β-cyclodextrin modified magnetic nanoparticles—Similar to the previous
method, the surface modified magnetic nanoparticles with β-cyclodextrin (CD) were
prepared using 45 ml of water containing 810 mg of Fe3+ and 297 mg of Fe2+ ions (molar
ratio 2:1), and varying amounts of CD (50–300 μg), that was stirred at 400 rpm in a 100 ml
beaker under nitrogen atmosphere on a stir plate for 20 min. To these solutions, 3 ml of
ammonium hydroxide was slowly added and the speed was adjusted to 900 rpm. The
resulting precipitate was stirred overnight to evaporate excess ammonia. After washing, the
nanoparticles were resuspended in water and centrifuged to remove larger aggregates as
described above. The stock solutions were designated as CD50, CD100, CD150, CD200,
CD250 and CD300 formulations according to the amount of CD used.
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2.2.3. β-cyclodextrin-pluronic modified magnetic nanoparticles—To prepare
these formulations, 45 ml of water containing 810 mg of Fe3+ and 297 mg of Fe2+ ions
(molar ratio 2:1), and 200 mg of β-cyclodextrin, was placed in a 100 ml beaker and stirred
for 20 min on a stir plate at 400 rpm under nitrogen atmosphere. To this solution, 3 ml of
ammonium hydroxide was slowly added and speed was adjusted to 900 rpm. After 6 hrs, 50
mg of pluronic polymer (F127) was added to the nanoparticles suspension while stirring to
achieve a thin coating. The resulting precipitate was stirred overnight to evaporate excess
ammonia. After triple washes with water, the nanoparticles were resuspended in 25 ml water
and centrifuged at 1000 rpm to remove larger aggregates. This formulation was designated
as F12750. Similarly, various F127 coated formulations (F127100, F127150, F127200,
F127250 and F127300) were also prepared using 100, 150, 200, 250, and 300 mg of F127
polymer.

2.3. Characterization of magnetic nanoparticle formulations
2.3.1. Particles size and zeta potential—The particles size, distribution and zeta
potential of magnetic nanoparticle formulations were determined using Zetasizer (Nano ZS,
Malvern Instruments, Malvern, UK) based on dynamic light scattering principle technique.
For these measurements, 25 μl of 1 mg/ml nanoparticles suspension was added to 3 ml of
distilled water and ultra sonication was applied for 30 seconds. To determine particles size
and distribution, particles suspension was measured at 3 min at 25°C. An average diameter
and distribution of particles size was reported from 3 runs of each formulation. The zeta
potential of nanoparticles formulations was based on the average of 3 readings (each reading
= 30 runs).

2.3.2. Particles size and morphology—Nanoparticles size and morphology were
evaluated using JEOL-1210 Transmission Electron Microscope (TEM) (JEOL, Tokyo,
Japan) operating at 60 kV. For these measurements, 50–100 μl of nanoparticles suspension
(500 μg/ml) in water was ultra sonicated for 30 seconds and carefully placed on 200 mesh
formvar-coated copper TEM grid (grid size: 97 μm) (Ted Pella, Inc., Redding, CA, USA).
The excess suspension on the grid was removed using a piece of fine filter paper and the
samples were allowed to air dry for 10 hours prior to imaging the particles under the
microscope.

2.3.3. Physical characterization—For the physical characterization of Fourier
transform infrared (FTIR) spectra, X-ray diffraction (XRD) and thermo-gravimetric analyzer
(TGA), the magnetic nanoparticle formulations were lyophilized to obtain dry solid particles
using the Labconco Freeze Dry System (−48 °C, 133 × 10−3 mBar; Labconco, Kansas City,
MO, USA). The FTIR of particles were recorded employing a Smiths Detection IlluminatIR
FT-IR microscope (Danbury, CT, USA) with diamond ATR objective. FTIR spectra of
samples were acquired by placing nanoparticles on the tip of the ATR objective. Data was
acquired between 4000–750 cm−1 at a scanning speed of 4 cm−1 for 32 scans. The average
data of 32 scans was presented as FTIR spectra. X-ray diffraction (XRD) patterns of
nanoparticles were recorded employing a D/Max–B Rikagu diffractometer (Rigaku
Americas Corporation, Woodlands, TX, USA) using Cu radiation at λ = 0.1546 nm and
operating at 40 kV and 40 mA. The samples were mounted on double sided silicone tape and
measurements were performed at 2θ from 20 to 70°. Thermo-gravimetric analysis of
nanoparticles was accomplished on a TA Instruments Q50 TGA (TA Instruments, New
Castle, Delaware, USA) from 25 °C to 700 °C at a heating ramp of 10 °C, under a constant
flow (100 ml/min) of nitrogen gas.
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2.4. Curcumin loading
Curcumin (CUR) was used as a model cancer prevention and therapeutic drug. Diluted CUR
in acetone (200 μl, 10 mg/ml) was added drop-wise to an aqueous dispersion of magnetic
nanoparticles (10 mg of particles in 3 ml water) while stirring at 400 rpm on a magnetic
plate. The mixture was stirred overnight so that the CUR molecules would penetrate the CD
or CD-F127 polymer layers surrounding the nanoparticles core. The CUR loaded
nanoparticles were separated from the free drug using magnetic separation [32]. The drug-
loaded nanoparticles were washed three times by re-suspending them in water and then
separated with the help of magnets. Finally, the drug-loaded nanoparticles were dispersed in
2 ml sterile PBS solution in a refrigerator until further use. The curcumin loading estimation
was determined using UV spectrophotometer at 450 nm, following our previously reported
procedure [33].

2.5. Magnetic properties
The hysteresis for solid iron oxide formulations (2–3 mg) was measured in a small
polypropylene straw with a Lakeshore vibrating sample magnetometer using maximum
fields of 150 Oe. Their long axis was oriented parallel to the external field. The saturation
magnetization (Ms) was determined from Ms versus plots and extrapolated to infinite fields.
The heating effects of formulations (hyperthermia phenomenon) were evaluated with 1 ml
of iron oxide formulations (200 μg to 5 mg of formulation/ml) at H = 150 Oe and f = 300
kHz. The temperature rise in the formulation was measured with a thermocouple
immediately after the magnetic field was turned off. Similarly, the heating efficacy of these
formulations was also evaluated with 1 ml of iron oxide formulations (200 μg to 5 mg of
formulation/ml) containing 3% (w/v) agar solution phantom gels at H = 150 Oe and f = 300
kHz.

2.6. In vitro magnetic resonance imaging
For MRI studies, 3% (w/v) agar solution containing different amounts of magnetic
nanoparticles formulations was prepared by heating agar solution at 80 °C for about 20 min
and stirring thoroughly to obtain uniform solution, then allowed to cool down to room
temperature. These phantom gels were employed to test the in vitro MRI properties. In vitro
MRI properties were measured using a 9.4T (400MHz H1), 89 mm vertical bore MR system
(Varian, Inc. Walnut Creek, CA, USA) equipped with triple axis gradients (100 G/cm) and a
4 cm Millipede transmit/receive radiofrequency coil. T1 relaxation times of the samples
were measured using a spectroscopic inversion-recovery sequence. The sequence was
applied using 12 inversion times and a repetition time (TR) of 10s [34]. T2 relaxation time
was measured using a spin-echo NMR spectra analysis sequence with 32 echo times arrayed
exponentially from 5 to 300 ms and TR of 8000 ms. The T1 and T2 relaxation times were
computed using a nonlinear regression applied by the system software (VnmrJ 2.3A). For
further analysis, the T1 and T2 relaxation curves were exported so that relaxivities could be
extracted by graphing the relaxation rates (1/T1 and 1/T2) versus concentration using Origin
6.1 software. Additionally, images of each sample were acquired using a multiple-echo
multiple-slice (MEMS) sequence with the following parameters: repetition time (TR), 1000
ms; echo time (TE), 8 ms; number of echoes (NE), 8; number of excitations (NEX), 4;
matrix size of 128 × 128; and field of view 15 mm × 15 mm. The concentration of iron
oxide used in each formula was assessed to be within 10–40 μg Fe/ml.

2.7. Drug delivery
2.7.1. Protein Binding—The protein binding interaction study with nanoparticles
illustrates the behavior of nanoparticles in circulation. To determine an effective formulation
that can be used for drug delivery application, we performed an in vitro bovine serum
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albumin (BSA) interaction with magnetic nanoparticle suspensions in 1× PBS solution. For
this experiment, 1 ml of BSA solution (330 μg/ml) was titrated against 1 mg/ml of magnetic
nanoparticle formulations. The intensity of interaction of protein molecules and
nanoparticles was determined using an intrinsic fluorescence quenching in fluorescence
spectrum [35]. The extent of decrease in the intensity of fluorescence due to interaction with
nanoparticles was recorded between 300–500 nm at λex = 295 nm using a Shimadzu
RF-5301PC Fluorimeter (Shimadzu Scientific Instruments, Columbia, MD, USA). The
Chipman and Beaven methods [35,36] were employed [Equation (1)] to determine binding
constant (kb) and number of binding sites or binding stoichiometry (n).

(1)

where F0 and Fs are relative fluorescence intensities of protein solution alone and protein
solution saturated with MNPs, respectively. The relative fluorescence intensity (F) was
obtained from the area under the fluorescence curve and [MNP] is the concentration of
nanoparticles (mg/ml). Number of binding sites (n) was obtained from the slope of plot, log
[(F0−F)/(F−Fs)] vs log [MNP]. Logarithm of dissociation constant (Kdiss) equals log
[MNP] at log [(F0−F)/(F−Fs)] = 0. Binding constant (Kb) is reciprocal of Kdiss. Standard
deviations were obtained from 3 replicates.

2.7.2. Nanoparticles cellular uptake—To compare the cellular uptake of magnetic
nanoparticles in cancer cells (A2780CP, MDA-MB-231 and MCF-7), 5 × 105 cells were
seeded in 6-well plates in 2 ml medium. After cells were attached, media was replaced with
25–100 μg of medium containing nanoparticles. After 6 hrs, cells were washed twice with
1× PBS, trypsinized, centrifuged and collected in 2 ml media. These cell suspensions (50 μl)
were injected into an Acuri C6 Flow Cytometer (Accuri Cytometer, Inc., Ann Arbor, MI,
USA) to determine the side scattering height fluorescence levels in FL1 channel [32].
Standard deviations were calculated from 3 replicates.

The uptake (internalization) pattern of nanoparticles was monitored by transmission electron
microscopy (TEM) to further validate the cellular uptake capability of magnetic
nanoparticles in cancer cells which was visually observed. For this experiment,
aforementioned cells (1 × 107 cells per 150 mm plate) were incubated with 1 mg of particles
in 20 ml media for 6 hrs. The treated cells were centrifuged and fixed with standard
formaldehyde (4%)-glutaraldehyde (1%) fixative solution followed by OsO4 fixative
solution. Next, cells were dehydrated in a graded series of acetone and embedded in Spurr
resin. These cell-containing resin blocks were sectioned using an ultramicrotome and
ultrathin sections (70–90 nm thickness) were transferred onto TEM grid (grid size: 97 μm)
(Ted Pella Inc., Redding, CA, USA). The grids were processed with uranyl acetate and lead
acetate solutions to visualize cellular ultra structures.

2.7.3. Quantitative internalization estimation of magnetic nanoparticle
formulations in macrophages and A2780CP cancer cells—To determine whether
our formulations are useful for drug delivery, we have evaluated their uptake in macrophage
cells and A2780CP metastatic ovarian cancer cells. For this, 5 × 105 macrophage (RAW
264.7) cells or A2780CP cells were seeded in 6-well plates in 2 ml medium. After cells were
attached, media was replaced with 50 or 100 μg of iron containing nanoparticles in medium.
After 6 hrs, cells were washed twice with 1× PBS, trypsinized/scraped and centrifuged at
1000 rpm for 5 min. Obtained cell pellet was lysed in 500 μl HCl and analyzed for iron
levels in cells using 1,10-phenonthroline colorimetric method [27]. Standard deviations were
calculated from 3 replicates. To further confirm this uptake phenomenon in macrophages
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and A2780CP cells, a transmission electron microscopy (TEM) analysis was employed as
explained in the previous section.

2.7.4. In vitro cytotoxicity (MTT Assay)—In vitro cytotoxicity was assessed using a
standard 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) based
colorimetric assay (CellTiter 96 AQeous, Promega, Madison, WI, USA). Ovarian
(A2780CP), breast (MDA-MB-231), and prostate (PC3) cancer cells were used for this
experiment. Cells (5000 cells/well in 100 μl media) were cultured in RPMI-1640 or DMEM
medium containing 10% FBS and 1% penicillin-streptomycin in 96-well plates and allowed
to attach overnight. The media was replaced with fresh media containing different
concentrations (2.5–40 μM) of CUR and CUR containing MNPs (F127250-CUR).
Equivalent amounts of DMSO or F127250 MNPs without drug in PBS were used as control.
These plates were incubated at 37 °C for 2 days. After day 2, the media was replaced with
100 μl fresh media and the MTT reagent (25 μl/well) was added to each well and plates were
incubated for 3 hrs at 37 °C in an incubator. The color intensity was measured at 492 nm
using a microplate reader (BioMate 3 UV-Vis Spectrophotometer, Thermo Electron
Corporation, Hudson, NH, USA). The anti-proliferation potential of CUR and F127250-
CUR treatments was calculated as a percentage of cell growth with respect to the DMSO
and F127250 formulation in PBS controls. Standard deviations were obtained from 6
replicates.

2.7.5. Colony Formation—Colony formation assay was performed to determine long-
term anti-cancer potential of our formulations. For this assay, cancer cells (A2780CP, MDA-
MB-231, and PC3) were seeded in 2 ml media in 6-well plates (1000 per well) and allowed
2 days to initiate the colonies. Cells were then treated with different concentrations (2–10
μM) of CUR or F127250-CUR over a period of 10 days. The plates were washed three times
with 1× PBS, fixed in chilled methanol, stained with hematoxylin (Fisher Scientific, Fair
Lawn, NJ, USA), washed with water and air dried. The number of colonies was counted
using MultimageTM Cabinet (Alpha Innotech Corporation, San Leandro, CA, USA) and
AlphaEase Fc software. The percent colonies were calculated using the number of colonies
formed in treatment divided by the number of colonies formed in DMSO or F127250
without drug in PBS. Standard deviations were obtained from 3 replicates.

2.7.6. Western blot analysis—The immunoblot analyses were performed to determine
anti-cancer effects of our formulation at the molecular level. For these experiments, cancer
cells were collected after 2 days of treatment with 10 μM and 20 μM CUR and 10 μM and
20 μM of F127250-CUR and processed for protein extraction and Western blotting using
standard procedures [33,37]. The cell lysates were separated by gel electrophoresis on
polyacrylamide gels containing sodium dodecyl sulfate and then transferred to PVDF
membranes. The membranes were blocked with Tris-buffered saline (TBS) containing 5%
(w/v) skimmed milk. After washing thrice with Tween 20, the membranes were incubated
overnight with primary antibody specific to Bcl-xL or PARP at 4 °C. After washing, the
membranes were incubated for 1 hr with secondary antibody (Promega, Madison WI, USA).
Protein bands were visualized using the Lumi-Light Detection Kit (Roche, Nutley, NJ,
USA) and detected with a BioRad Gel Doc (BioRad, Hercules, CA, USA).

2.8. Haemocompatibility
For this study, 8 ml healthy male human blood (Donor # 53554, Registration # 2577632,
Biological Specialty Corp, Colmar, PA, USA) was centrifuged at 2000 rpm for 10 min and
supernatant was discarded and red blood cells (RBC) were collected. RBCs were
resuspended in 8 ml RPMI1640 growth media. A total 100 μl cell suspension containing
RBCs was treated with CUR containing MNP, CD200 or F127250 formulations (10–100
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μg). The cells were incubated for 2 hrs at 37 °C, centrifuged and supernatant was collected
to determine the degree of haemolysis at λmax 570 nm using absorbance spectrophotomer.
The treated RBC pellets were redispersed in PBS and a drop of these solutions was placed
and spread on a glass slide and images were taken under an Olympus BX 41 phase contrast
microscope (Olympus, Center Valley, PA, USA)

2.9. Statistical analysis
Values were processed using Microsoft Excel 2007 software and presented as mean ±
standard error of the mean (S.E.M.). Statistical analyses were performed using an unpaired,
two tailed student t-test. The level of significance was set at *p < 0.05. All the graphs were
plotted using Origin 6.1 software.

3. Results and discussion
Recent literature reveals that there are many methods to produce stable water dispersible
superparamagnetic iron oxide nanoparticles [4,8]. Although most of the conventional
methodologies provide a uniform magnetic nanoparticle formulation they often fail in
achieving additional features such as (i) smaller particles size, (ii) good aqueous stability
over a period of time, (iii) higher magnetization, (iv) surface functionality and antibody
conjugation capability, (v) higher drug/bio-macromolecular encapsulation, and (vi)
bioavailability. We have employed a simple precipitation approach [28,31] to develop a
magnetic nanoparticle formulation with multi-functional properties, in which iron (II) and
iron (III) salts are reduced by ammonia in the presence of β-cyclodextrin (CD) and pluronic
polymer [(F-127, poly(ethylene-co-propylene glycol)]. Using nitrogen atmosphere
throughout the preparation to prevent oxidation resulted in formulations in the form of
magnetite. The developed formulations are schematically illustrated in Scheme 1. The
selection of CD for this formulation is based upon its combination of hydrophilic units
(−OH) which can bind to iron oxide nanoparticle surface and the presence of a hydrophobic
cavity to load anti-cancer drug(s) [28,31,38]. F127 consists of a hydrophobic
(polypropylene, PPO) chain which can bind to the hydrophobic cavities of CD and the
hydrophilic (polyethylene glycol, PEO) chain provides additional hydrophilicity and
stability to overall formulation [39–42]. Therefore, this formulation is comprised of an iron
oxide core with the presence of hydrophobic and hydrophilic layers.

3.1. Characterization of magnetic nanoparticles
3.1.1. Particles size and morphology—The initial focus of our investigation was to
elucidate which formulation has smaller particles size and distribution in aqueous medium
after surface engineering with CD or CD and F127 polymer. The particles size and
distribution measurements were obtained using a dynamic light scattering (DLS) instrument
(Table 1). Pure magnetic nanoparticles (MNPs) have shown a larger particles size of 201.4
nm with a polydispersity index (PI) of 0.22%. Coating of CD (50–150 mg) onto MNPs
resulted in a slight increase in particles size (208.43 nm to 256.17 nm) due to random
coating and/or the formed coating layers of CD molecules on the surface were not stable.
But further increases in CD (200–300 mg) for coating onto MNPs produced more uniform
formulations with average particles size ~175 nm. Therefore, we have selected 200 mg of
CD that is optimized to provide a good dispersion formulation. Further, it is shown that
F127 polymer layer coating (50–250 mg) improves its overall stability in aqueous dispersion
by reducing the size of CD200 particles from ~175 nm to ~90 nm. Overall, the DLS data
suggest that CD200 and F127 coatings prevent aggregation of iron oxide formulations,
unlike bare magnetic nanoparticles, conventional and multi-layer MNP formulations
[4,28,29,43–45] (Fig. 1A). The average cluster formation of MNPs consistently decreased
with the CD and F-127 coatings. This behavior can be seen visually in TEM studies. Pure
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magnetic nanoparticles aggregate to have an average cluster size of > 300 nm (Fig. 1B (a)).
When the particles were coated with 200 mg of CD, the cluster size is decreased to 170 nm
(Fig. 1B (b)). F127 polymer coating further reduced particle size and provided uniformly
suspended particles with an average size of 90 nm (Fig. 1B (c)). These data suggest that CD
and F127 layers on iron oxide nanoparticles not only coat particles but also attenuate their
cluster behavior in aqueous media. Further, F127250 formulation particles size (90.72 ±
0.23 nm) is considerably smaller compared to many double layered iron oxide formulations
prepared by co-precipitation approach [28,29]. However, an individual nanoparticle grain
size of this formulation is slightly increased after coating with CD and F127 polymers
(Table 1). But, all the individual particle grain sizes ranged between 7–10 nm which is
commonly observed with many precipitation procedures [4,14,28,39–42] (Fig. 1C).

Good stability in aqueous medium of CD or CD and F127 polymer coated magnetic
nanoparticle formulations is due to their negative zeta potential values (Table 1). The CD
coated formulations (CD50 to CD250) have − 32 to + 0.59 mV while CD200 with F127
coated formulations (F12750 to F127250) exhibited − 9.42 to − 10.79 mV. Such negative
zeta potential formulations help repel each particle in the suspension, ensuring long-term
stability and avoiding particles aggregation [46–48], whereas MNP formulations exhibited
positive zeta potential, i.e., 6.17 mV indicates some degree of aggregation phenomenon.

3.1.2. Physical characterization—X-ray diffraction (XRD) patterns of different
formulations were analyzed to determine the crystal phase of the iron oxide nanoparticles
and surface engineered iron oxide nanoparticles (Fig. 2A). All the formulations (MNPs,
CD200, and F127250) have shown diffraction peaks at 2θ = 30.1°, 36.2°, 42.4°, 52.5°, 57.5°
and 62.2° due to face centered cubic lattice structures 220, 311, 400, 422, 440 and 511
which are characteristic peaks of Fe3O4 crystal structure [31]. All of the diffraction peaks in
Fig. 2A can be indexed and assigned to the cubic structure of Fe3O4 which is consistent with
the theoretical values (JCPDS card no.: 01-088-0315). Additionally, there are no peaks at
31° corresponding to γ-Fe2O3 and α-Fe2O3 for 210 and 213 in XRD patterns, supporting the
purity of synthesized iron oxide nanoparticles. This clearly suggests that iron oxide
formulations are composed of magnetite (Fe3O4), not maghemite. Further, formulations
were stored under nitrogen atmosphere to prevent possible oxidation which is responsible
for producing maghemite from magnetite.

To confirm the presence of β-cyclodextrin or F127 polymer layer(s) on magnetic
nanoparticles, FTIR analysis was taken into consideration (Fig. 2B). Pure magnetic
nanoparticles exhibited a broad peak between 3500–3000 cm−1 due to the presence of
hydroxyl/amino groups on the surface and a strong peak in the 550 cm−1 region due to –O–
Fe of iron oxide skeleton [32] (Fig. 2B, black line). In addition, β-cyclodextrin coated MNPs
(CD200) showed an intense band at 1010 cm−1 due to glycosidic (C-O-C) vibration and the
coupled (C-C/C-O) stretch vibrations. (Fig. 2B, red line) [31]. The F127 polymer coated on
the CD-MNP formulation (F127250) demonstrated the same peaks that appeared in CD200.
The peak at 1010 cm−1 belongs to the CH2 rocking and C-O-C stretch vibrations of F127
polymer (green line) [28].

We performed thermogravitic analyses to further confirm the presence of CD and F127
layer(s) on magnetic nanoparticle formulations (Fig. 2C). Pure magnetic nanoparticles have
a weight loss ~6.78 wt.% (iron oxide core content 93.22 wt.%), whereas CD coated
formulations lost ~11.38 wt.% (6.78 wt.% degradation of NPs + 4.6 wt.% is due to CD
coating) indicating 88.62 wt.% of iron oxide core in the formulation. In the case of F127250
formulations it was noticed 87.76 wt.% iron oxide core (6.78 wt.% degradation of NPs +
5.46 wt.% due to CD and F127 polymer layer coatings). Thus, we can confirm that
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additional weight loss in the case of CD200 (4.6 wt.%) and F127250 (5.46 wt.%)
formulations is due to coating of CD and F127 polymer layer(s).

3.1.3. Curcumin loading and release—The curcumin loading was estimated using a
UV-vis spectrophotometer as described in our previous report [49]. It was confirmed that the
loading capacity continuously increased as the amount of CD used for nanoparticles coating
increased. This indicates that curcumin molecules were entering into the CD layer on
nanoparticles via hydrophobic-hydrophobic interactions. Our recent report supports this
behavior of curcumin encapsulation into the hydrophobic bucket structure of the CD
molecule [38]. In addition, F127 polymer promotes its loading to a greater extent due to
PPO hydrophobic chains [28]. It was also confirmed that in pure magnetic nanoparticles,
curcumin is primarily on the surface of the nanoparticles. Because curcumin molecules are
loosely bound to surface of nanoparticles, curcumin release is much faster (Fig. 2D),
whereas CD200 and F127250 magnetic nanoparticle formulations have shown a bi-phasic
release characteristic. The initial burst of release was due to immediate dissociation of
surface bound curcumin molecules that exist on the CD or F127 polymer matrix. The
remaining sustained drug release was due to the slow release of the drug entrapped inside
CD and/or F127 polymer layers. The curcumin existence in nanoparticle layers was
confirmed by FTIR analysis. Curcumin exhibited sharp absorption bands at 1605 cm−1

(stretching vibrations of benzene ring), 1502 cm−1 (C=O and C=C vibrations of benzene),
1435 cm−1 (olefinic C-H bending vibration), 1285 cm−1 (aromatic C-O stretching
vibrations), and 1025 cm−1 (C-O-C stretching vibrations of CUR) (Fig. 2B, inset, black
line). The curcumin encapsulated formulation F127250-CUR also exhibited all these peaks
in addition to the parent F127250 formulation (Fig. 2B, blue line), indicating the presence of
curcumin in the formulation.

3.2. Hyperthermia Application
Magnetic nanoparticles are especially susceptible to induce localized hyperthermia in an
alternating magnetic field which may potentially shirk or destroy the tumors and sensitize to
radiation or chemo-therapies [50–54]. Iron oxide based magnetic nanoparticle formulations
are often employed for this purpose because of fewer side effects [55,56]. For a given
magnetic targeted application, an iron oxide formulation needs to meet superparamagnetic
properties (high saturation magnetization, Ms) with greater heat effect. Therefore, our
formulations were evaluated for magnetic properties, i.e., magnetic saturation (Ms), using a
vibrating sample magnetometer at 300 K and at alternating ± 12000 Oe magnetic field (Fig.
3A). The MNP, CD200 and F127250 formulations have saturation magnetization values of
54.47, 47.51 and 52.58 emu/g, respectively. These saturation magnetization values correlate
with the reported values for many polymer stabilized iron oxide nanoparticle formulations
[32,34,57]. This slight variation between the formulations is due to coating with F127
polymer and/or β-cyclodextrin, and a small variation in overall particles size. Further, no
coercivity and remanence were observed for any of the formulations at lower magnetic field
curves, confirming superparamagnetic characteristics (Fig. 3A, inset).

The deficiency of hyperthermic cancer treatment is due to the difficulty of raising the tissue
temperature properly [58]. Hyperthermia using magnetic nanoparticles can raise the
temperature in the tumor locally up to 41–45 °C and is capable of damaging the tumor cells
without damaging the healthy cells [59]. Our formulations were tested for these heating
effects and results are presented in Fig. 3B. The temperature of formulations is plotted as a
function of time at the field of 150 Oe and a constant frequency of 300 kHz. The heating
effects (hyperthermia) of formulations resulted from absorbing energy from the alternating
magnetic field which was transformed into heat by means of hysteresis loss during reversal
of magnetization. The order of heating effects of formulations was found to be F127250 >
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CD200 > MNP. This can be explained since iron oxide core is available for excellent heat
effects in the modified formulation of F127250 due to its freely dispersed stage, in contrast
to other formulations. On the other hand, smaller clustered particles have a higher specific
surface area which generates higher heat [59]. Therefore, we speculate the F127250
nanoparticles formulation would be highly useful as thermoseeds for localized hyperthermia
treatment of cancers [60–62]. Additionally, our formulations exhibited a continuous increase
in temperature with respect to an increased concentration of F127250 formulations
employed (Fig. 3C). This behavior is similar whether it is in solution form or in the gel
form. This is further support that the heat buildup is uniform throughout the sample.

3.3. Magnetic Resonance Imaging
Nanomedicine platforms combine therapeutic function with imaging abilities which have
proven to be the next generation of medicine [41]. Unlike traditional contrast agents or
drugs, image visible nanomedicine has the ability for simultaneous diagnosis and therapy in
one formulation [20,21,23]. We have evaluated our iron oxide formulations for in vitro MRI
agent characteristics. These tailor-made cocktails can address the challenges of tumor
heterogeneity and adaptive resistance which can ultimately help achieve the goal of
personalized medicine for cancer therapy [63].

Based upon the collected images (Fig. 4A), increased concentration of MNPs resulted in a
greater reduction in signal. Relative to the control gel, the increase in iron oxide
concentration also resulted in shorter transverse relaxation times (Fig. 4B). For example, as
the concentration of iron oxide in the MNP increased from 10 μg Fe/ml to 40 μg Fe/ml, T2
relaxation times diminished from 20.8ms to 6.3ms. Similar to T2 relaxation times,
longitudinal relaxation T1 noted a reduction in relaxation time with iron concentration. By
plotting the transverse relaxation rate, R2, (1/T2) as a function of the concentration of Fe in
each sample, R2 increased linearly with the concentration of Fe (Fig. 4C) in all the
formulations according to the equation: R2 = 1/T2 = 1/T°2 + r2*[Fe], where 1/T2 is the
relaxation rate in the presence of iron oxide, 1/T°2 is the relaxation rate of pure water, r2 is
the transverse relaxivity, and [Fe] is the concentration of iron in each sample. The T2
relaxivity (r2) was found to decrease in the following order for the tested compounds:
F127250-CUR > F127250-CUR in cells > F127250 > F127250 in cells > MNP > CD200. In
comparison to T2 relaxation, application of F127250 to curcumin with and without cells
resulted in an increase in relaxivity. For example, the r1 for F127250-CUR was found to be
28.6 × 10−3 s−1 μg−1 ml; whereas, F127250 had a relaxivity of 12.5 s−1 μg−1 ml. The
observed difference suggests that curcumin increases local inhomogeneity in the magnetic
field. For T2-weighted imaging procedures, the F127250 MNP can potentially improve
observation through contrast enhancement. It has been proven in previous reports that these
multi-layer coated magnetic nanoparticles have superior imaging characteristics over
Feridex IV® formulations [28].

3.4. Drug Delivery
3.4.1. F127250 formulation lowers protein binding characteristics—One major
shortcoming of the magnetic nanoparticles is their destabilization following adsorption of
plasma proteins which leads to nonspecific uptake by the reticulum-endothelial system
(RES). To evade clearance by RES and avoid agglomeration, and to improve the circulation
time of particles, iron oxide nanoparticles (MNP) were coated with CD (CD100) or CD and
F127 polymers (F127250). This coating process led to composite heterogeneous particles
composed of an iron oxide inner core with a modifying CD or CD-F127 outer coating.
Agglomeration is prevented by the firm coating, emulsifying and adhesive properties of
F127 efficiently. To prove this concept, our formulations were tested for in vitro protein
adsorption (BSA) in 1× PBS solutions. The BSA adsorption was measured by the dimension
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of fluorescence of tryptophan residue of BSA. It was noticed that fluorescence intensity
reduced with increase of particle addition to BSA solution (Fig. 5A). This reduction is
probably dependent upon the formulation. The order of reduction was found to be MNP >
CD200 > F127250 formulation. From this data, the number of binding sites (n) and binding
constant (k) were calculated for each formulation presented in Fig. 5B. It was found that
F127250 has a low number of binding sites and binding constant (n = 1.57 and k = 0.025 μg/
μg) while CD200 and MNP formulations have n = 1.74 and 2.08, k = 0.037 μg/μg and 0.038
μg/μg, respectively. These analyses suggest that the F127250 formulation will have greater
circulation time than remaining formulations due to its number of binding sites and lower
binding constant [28]. Therefore, in the next section we have evaluated the internalization
efficacy of F127250 formulation to determine its utility as a drug delivery carrier.

3.4.2. F127250 formulation intracellular uptake—Intracellular uptake of
nanoparticles improves therapeutic outcome because the internalized nanoparticles
containing drug are retained in cancer cells. Higher internalization is an index for more
accumulation of drug molecules, which release slowly and have sustained effects on cancer
cells. We have evaluated our formulations for cellular uptake in three different cancer cells
(A2780CP, MDA-MB-231, and MCF-7) by using Flow Cytometeric (Fluorescence activated
cell shorter, FACS) analysis [32,38,49]. Particles uptake by cancer cells leads to shifting in
the side scattered (SSC) height in the Flow Cytometeric analysis. An increased uptake was
noticed with increased amount of nanoparticles (0–100 μg) incubated for internalization
(Fig. 6A, black to green). The qualitative estimation of particles uptake by various cancer
cells demonstrates higher uptake by cisplatin resistant ovarian cancer cells (A2780CP)
compared to MCF-7 and MDA-MB-231 breast cancer cells at all the concentrations (Fig.
6B). The order of particles uptake by cancer cells is A2780CP > MDA-MB-231 > MCF-7.
This phenomenon is clearly observed in the transmission electron microscopy particle
uptake experiments (Fig. 6C). A large portion of magnetic nanoparticles (F127250) are
accumulated in the epithelial membrane, endoplasmic reticulum, golgi and cytosolic of
A2780CP cancer cells. The particles aggregation is also observed in MDA-MB-231 at a few
spots. Compared to A2780 and MDA-MB-231 cells, less uptake/accumulation of particles
was observed in MCF-7 (non-metastatic) cells. This data demonstrate that our nanoparticles
are capable of internalizing within 6 hrs, even in resistant and metastatic cancer cells. In
addition, we have also observed that the magnetic nanoparticles uptake in A2780CP cancer
cells is relatively higher compared to our recently fabricated PLGA nanoparticles [49].

3.4.3. Internalization of formulations in macrophage and A2780CP ovarian
cancer cells—A drug delivery carrier must be present in the blood stream for an
appropriately long time to reach and accumulate at its therapeutic site. The opsonization/
phagocytosis or removal of drug delivery vehicles from the body by a mononuclear
phagocytic system which is also known as the reticuloendothelial system (RES) is a major
obstacle to achieving efficient drug delivery. Knowledge on how to design particles to
escape phagocytosis could help to overcome this limitation. The macrophages of the
mononuclear phagocytic system have the capability to drain nanoparticles from the
circulation within seconds. In other words, lower uptake of particles by macrophages
determines their efficient use for the drug delivery applications. Therefore, we compared the
uptake (indication of phagocytosis) efficiency of MNP, CD200 and F127250 formulations in
RAW 264.7 (Mouse leukaemic monocyte macrophage cell line) as determined by Yallapu et
al. [27]. Our MNP and CD200 formulations exhibited a greater level of phagocytosis
(uptake) compared to the F127250 formulation (Fig. 7A) at two concentrations (50 and 100
μg/ml). The reason for lower phagocytosis of the F127250 formulation is probably due to
the protective coating of F127 polymer (pluronic) which helps to form stable nanoparticles
in aqueous media [28,29]. Altogether, these observations reveal clear differences in the
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phagocytosis pattern of different particles. The lower macrophage uptake of F127250
formulation suggests that this would be a better choice for drug delivery application.

Next, we monitored the internalization of MNP, CD200, and F127250 formulations with
respect to 50 and 100 mg dosages (Fig. 7B) in A2789CP metastatic ovarian cancer cells. The
entry of MNP, CD200, and F127250 formulations into the cancer cells was determined [27]
and it is varied in different formulations. Evidently, with increase of dose, their uptake is
increased. The cellular uptake of the nanocarriers is mainly dependent upon the route of
entry, i.e., endocytosis or phagocytosis. Phagocytosis is considered when the particles size
was above 300 nm [8,14,19]. Whereas endocytic pathways for nanocarriers are subdivided
into four categories: namely, clathrin-mediated endocytosis, caveolae-mediated endocytosis,
macropinocytosis, and clathrinand caveolae-independent endocytosis [8,14,19]. Taken
together, our studies suggest that the internalization of F127250 formulation is 5% in
macrophages and is > 75% in cancer cells, indicating uptake is based on endocytosis but not
phagocytosis (Fig. 7A–B). This phenomenon is also evident in the TEM analysis of particles
uptake in macrophage and A2780CP cancer cells (Fig. 7C). A large number of F127250
nanoparticles can be seen inside the A2780CP cancer cells but not in macrophages (RAW
264.7).

3.4.4. CUR encapsulated F127250 formulation anticancer efficacy—The
therapeutic efficacy of curcumin encapsulated F127250 was evaluated in three different
cancer cell lines (A2780CP: ovarian, MDA-MB-231: breast, and PC3: prostate) by MTS cell
viability assay [38]. All the studied cell lines have shown typical dose dependant anti-
proliferative effects (5–40 μM) by both native curcumin and curcumin encapsulated
F127250 formulation (Fig. 8). The control (DMSO or F127250) treatments did not show any
effects on cell growth. The in vitro 50% cell growth inhibitory concentration (IC50) is the
quantitative measure for the cell toxicity induced by chemotherapeutic drug. The IC50
values were 12.6, 18.8 and 10.6 μM with curcumin and 12.1, 11.9, and 12.8 μM with
curcumin encapsulated F127250 formulation, for A2780CP, MDA-MB-231 and PC3 cancer
cells, respectively. This data demonstrates that F127250 containing curcumin is equally
efficient in suppressing cell growth even though the release is only 40 percent of
nanoformulations within the 48 hour treatment time. Therefore, we can consider that
inhibition of cell proliferation is more effective and sustained for long period of times.

Previous literature suggests that colony formation assay provides the ability to evaluate
long-term anti-cancer efficacy of the developed drug(s) or drug(s) formulations. To prove
our MNP curcumin formulation has greater effects in long term anti-cancer efficacy assays,
we have studied free CUR and F127250 curcumin formulation in A2780CP, MDA-MB-231
and PC3 cancer cell lines at equivalent doses 4, 6, and 8 μM. Equivalent quantities of
DMSO or F127250 formulations were used as controls for CUR and F127250 CUR
formulation, respectively. A significant (p<0.05) decrease in the density of colonies was
observed with F12725 curcumin formulation compared to free curcumin (Fig. 9). For
example, at 4 μM, F127250 CUR formulation showed 38, 52, 21 and 56% colony densities,
whereas free curcumin showed 59, 58, 30, and 100% colony densities after 10 day treatment
in A2780CP, MDA-MB-231, and PC3 cancer cells, respectively. The lower colonies
indicate an improved therapeutic efficacy of F127250 CUR formulation, resulting from an
intracellular uptake effect and sustained release properties.

3.4.5. Molecular pathway—Bcl-xl is a transmembrane molecule in the mitochondria. It
is one of several anti-apoptotic proteins which are members of the Bcl-2 family of proteins.
It has been implicated in the survival of cancer cells [33,64,65]. The expression level
analysis suggests strong suppression of Bcl-xL expression after treatment with 10 or 20 μM
F127250-CUR compared to equivalent amounts of CUR, DMSO and F127250. This data
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demonstrate less cancer cell survival with the F127250-CUR formulation compared to CUR
treatment (Fig. 10A). No change in Bcl-xL expression was observed with control (DMSO
and F127250 formulation) treatments. From this study, it was clear that F127250-CUR at 10
and 20 μM exhibited less cancer cell survival and implies induction of apoptosis or cancer
cell death. To study its apoptosis, we have investigated the pattern of Poly(ADP-ribose)
polymerase (PARP) cleavage which is a protein involved in a number of cellular processes
including DNA repair and cell death [66,67]. Cleavage of PARP is an indicator of DNA
damage and apoptosis in response to a diverse range of cytotoxic agents. Because of good
PARP expression and its cleavage in response to stress signal, we have chosen PC3 cells for
PARP apoptosis assay. PC3 cells treated with 20 μM CUR or equivalent amounts of
F127250-CUR exhibited considerable cleavage of full length PARP (116 kDa) into cleaved
PARP (86 kDa), which indicates the cancer cells are undergoing cell death via apoptosis
pathway (Fig. 10B). The PARP cleavage caused by F127250-CUR formulation is much
stronger compared to pure CUR treatment, which suggests an improved efficacy of
F127250-CUR formulation for cancer therapy.

The variation of ultrastructural changes in the cancer cells upon exposure to control (DMSO
and F127250 formulation), 20 μM CUR or 20 μM F127250-CUR were observed by
transmission electron microscopy (TEM) analysis. The control treatments did not cause any
ultrastructural changes in PC3 cancer cells (Fig. 10C (a–b)), but both F127250-CUR and 20
μM CUR treated cells demonstrated the formation of endosomal-lysosomal-vacules, which
is an indication of cell death (Fig. 10C (c–d). However, this effect was more pronounced in
F127250-CUR treated cells, suggesting its improved therapeutic efficacy (Fig. 10C (d)). The
vacuole formation is usually caused by the destabilization of subcellular organelle,
mitochondrial swelling, opening of the permeability, dissipation of the mitochondrial
potential which is a hallmark of typical apoptosis. The internalization of the F127250-CUR
and sustained release of active curcumin in the cells probably enhanced the apoptosis in
cancer cells, which as a result, further improved therapeutic efficacy of our formulation.

3.5. Toxicity evaluation
In general, nanoparticles have extremely fast systemic translocation rates following in vivo
administration. Blood is one of the common translocation routes to organs for any
nanoparticle-mediated therapy. Thus, we want to evaluate our CUR encapsulated F127250
formulation for haemocompatibility. For this, different concentrations (10–100 μg) of CUR
containing MNP, CD200, and F127250 formulations were incubated in 100 μl of human
blood for 2 hrs. OD measurements recorded on a UV-vis spectrophotometer at λmax 570 nm
indicate both CUR containing CD200 and F127250 formulations are haemocompatible but
CUR containing MNP formulation is toxic after a concentration of 30 μg (Fig. 11A). A
similar observation can be found with the red blood cells morphology studies (Fig 11B).
Data in Fig. 11B(a–b) shows a clear morphology of red blood cells without any particles.
After 2 hrs of MNP-CUR particles exposure to red blood cells, a rigorous change in the
morphology and a higher amount of deposition of particles were noticed (Fig. 11B(c)).
Other CUR containing formulations (CD200 and F127250) showed slight deposition of
particle clumps; however, no change in the morphology of red blood cells was noted (Fig.
11B(d–e)). In conclusion, F127250-CUR formulation is haemocompatible. The possible
reason for diminished haemolytic activity or haemocompatibility is low toxicity coatings of
cyclodextrin and/or pluronic polymer F127. These results are consistent with reported
nanoparticles [68] coated with pluronic polymers which showed almost no toxicity.

4. Conclusion
It is essential to develop a tailor made magnetic nanoparticle formulation for multi-
functional biomedical applications. A number of magnetic nanoparticle formulations have
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been generated in the recent past. However, their effective utility has been limited due to
higher particle size, loss of magnetization, other inherent properties and lower
internalization capacity into the cancer cells which ultimately results in poor therapeutic
efficacy in cancer treatment. Our present study illustrates that multi-layer β-cyclodextrin and
F127 polymer coated magnetic nanoparticles offer good stability, enhanced cellular uptake,
sustained release characteristic of encapsulated anti-cancer drug (curcumin) with improved
anti-cancer therapeutic efficacy. The F127250-CUR formulation has shown almost similar
growth inhibitory effects as pure curcumin in the cancer cells. The F127250-CUR
formulation has also exhibited haemocompatibility, representing an excellent drug delivery
approach. On the other hand, recent reports on these types of nanoformulations have shown
similar anti-proliferative effects [28,29,38,49] but they do not provide MRI and
hyperthermia properties. Additionally, our formulation has shown enhanced molecular
effects in cancer cells toward apoptosis.
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Fig. 1.
Particles size characterization of magnetic nanoparticle formulations: (A) Dynamic light
scattering particles size data of (a) pure magnetic nanoparticles (MNP), (b) magnetic
nanoparticles coated with 200 mg of CD (CD200) and (c) magnetic nanoparticles coated
with 200 mg of CD and 250 mg of F127 polymer (F127250). (B) Transmission electron
microscopic images of (a) pure magnetic nanoparticles, (b) magnetic nanoparticles coated
with 200 mg of CD and (c) magnetic nanoparticles coated with 200 mg of CD and 250 mg
of F127 polymer. (C) Transmission electron microscopic image of (a) pure magnetic
nanoparticles, (b) magnetic nanoparticles coated with 200 mg of CD and (c) magnetic
nanoparticles coated with 200 mg of CD and 250 mg of F127 polymer. Data showing
individual particle grain size of 7–10 nm.
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Fig. 2.
Physical characterization of magnetic nanoparticle formulations: (A) X-ray diffraction
patterns, (B) Fourier transform infrared spectra, and (C) thermograms of MNP, CD200, and
F127250 nanoparticle formulations. (D) Curcumin release profiles from curcumin loaded
MNP, CD200, and F127250 formulations. Cumulative release was estimated using UV-vis
spectrophotometric method. Data presented is a mean of three replicates. Note: (B) also
presents curcumin and curcumin containing F127250 nanoparticle formulations (F127250-
CUR).
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Fig. 3.
(A) Hysteresis loops of MNP, CD200 and F127250 nanoparticle formulations at room
temperature. (B) Time course of the raised temperature of MNP, CD200 and F127250
nanoparticle formulations under an alternating magnetic field operating at 300 kHz. (C)
Temperature of various concentrations of F127250 nanoparticles in solution and agarose
gels after altering magnetic field applied for 15 min.
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Fig. 4.
Magnetic resonance image (MRI) characteristics of magnetic nanoparticle formulations: (A)
Signal intensity T2 weighted MR images of magnetic nanoparticle formulations in phantom
agar gel at 10–40 μg/ml concentration at 25 °C. (a) MNP, (b) CD200, (c) F127250, (d)
F127250 in A2780CP cells, (e) F127250-CUR and (f) F127250-CUR in A2780CP cells. (B)
T2 relaxation curves of various magnetic nanoparticle formulations in phantom agar gel. (C)
T2 relaxation rates (1/T2) plotted as a function of the Fe concentration for various magnetic
nanoparticle formulations.
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Fig. 5.
(A) BSA protein interaction with magnetic nanoparticle (MNP) formulations. Fluorescence
emission spectra of BSA solution with various concentrations (0–70 μg) of nanoparticles (a)
MNP, (b) CD200, and (c) F127250 at room temperature. (B) Binding constant (k) and
number of binding sites calculation graph from fluorescence spectral data. Fo, F and Fs are
the relative fluorescence emission intensity of BSA alone, in the presence of nanoparticles,
and infinity saturated nanoparticles, respectively. Data is a mean of three replicates.
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Fig. 6.
Cellular uptake of magnetic nanoparticle formulations in cancer cells. (A) Side scattered
measurements of nanoparticles uptake by cancer cells using FACS. (B) The quantitative
internalization of magnetic nanoparticle formulations in A2780CP (cisplatin resistant
ovarian cancer cells), MDA-MB-231 (metastatic breast cancer cells) and MCF-7 (non-
metastatic breast cancer cells) are based on the side scattered fluorescence height values.
Data represents mean of 3 repeats for each treatment. (C) Transmission electron
micrographs of F127250 nanoparticle uptake in (a) A2780CP, (b) MDA-MB-231 and (c)
MCF-7 cancer cells. Arrow points indicate F127250 nanoparticles internalization with a
distinct contrast.
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Fig. 7.
Quantitative estimation of magnetic nanoparticle formulations in (A) macrophage cells
(RAW 264.7 Mouse leukaemic monocyte macrophage cell line) and (B) A2780CP cancer
cells. Data indicates mean of 3 repeats for each treatment. (C) Transmission electron
micrographs of F127250 nanoparticle uptake in (a) macrophage cells and (b) A2780CP
cancer cells.
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Fig. 8.
Anti-proliferative effect of CUR and F127250-CUR treatment in ovarian (A2780CP), breast
(MDA-MB-231), and prostate (PC3) cancer cells. Cells were treated with CUR or F127250-
CUR in solution, medium was changed on day 2 and cell viability was measured using MTT
assay using UV-vis spectrophotometer at 492 nm. Data is mean ± SEM (n = 6). DMSO and
F127250 (magnetic nanoparticles contain β-cyclodextrin and pluronic polymer F127
coatings) control did not show any effect at these concentrations.
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Fig. 9.
(A) Representative photographs of colony formation assays of prostate cancer cells (PC3)
treated with CUR or F127250-CUR (nano-CUR). (B) Quantitation of colony densities in
CUR and F127250-CUR treatment groups in three prostate cancer cell lines. Data represent
mean of 3 repeats for each treatment, mean ± SEM (n =3). DMSO and NPs (F127250,
magnetic nanoparticles contain β-cyclodextrin and pluronic polymer F127 coatings) control
did not show any effect at these concentrations.
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Fig. 10.
(A–B) Immunoblot analysis for Bcl-xL expression and PARP cleavage in CUR or F127250-
CUR (nano-CUR) cancer cells. Note: F127250-CUR (nano-CUR) has shown a decrease in
Bcl-xL expression compared to free curcumin (CUR) which indicates reduced cell survival.
F127250-CUR has also shown enhanced PARP cleavage compared to free CUR. DMSO and
NPs (F127250, magnetic nanoparticles contain β-cyclodextrin and pluronic polymer F127
coatings) control did not show any effects. (C) Ultrastructural cellular changes induced by
CUR or F127250-CUR treatments.
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Fig. 11.
Haemocompatibility of CUR containing magnetic nanoparticle (nano-CUR) formulations.
(A) nano-CUR formulations were incubated with red blood cells for 2 hrs, centrifuged and
supernatant absorbance at 570 nm in UV-vis spectrophotometer was recorded. Controls:
magnetic nanoparticles (without curcumin) showed results similar to F127250-CUR
formulation (data not shown). Note: MNP formulation shows toxicity on red blood cells
because of deposition towards greater aggregation. (B) Red blood cells morphology after
incubation with different formulation.
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Scheme 1.
Synthesis route of multi-layer coated magnetic nanoparticle (MNP) formulation and
curcumin drug loading process. (A) Iron salt precipitation into iron oxide (magnetic)
nanoparticles and β-cyclodextrin and F127 polymer coatings leads to F127-CD-MNP
(F127250) nanoformulation. (B) Curcumin (200 μl of curcumin in acetone, 10 mg/ml)
loading into F127250 magnetic nanoparticles (10 mg of particles in 3 ml 1XPBS buffer) is
carried out via diffusion process. Loading is estimated using UV-vis spectrophotometer.
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