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Abstract

There is significant interest in recent years in developing MNPs having multifunctional
characteristics with complimentary roles. In this study, we investigated the drug delivery and
magnetic resonance imaging (MRI) properties of our novel oleic acid-coated iron-oxide and pluronic-
stabilized magnetic nanoparticles (MNPs). The drug incorporation efficiency of doxorubicin and
paclitaxel (alone or in combination) in MNPs was 74-95%; the drug release was sustained and the
incorporated drugs had marginal effects on physical (size and zeta potential) or magnetization
properties of the MNPs. The drugs in combination incorporated in MNPs demonstrated highly
synergistic antiproliferative activity in breast cancer cells. The T relaxivity (r,) was higher for our
MNPs than Feridex IV, whereas the T, relaxivity (r1) was better for Feridex 1V than for our MNPs,
suggesting greater sensitivity of our MNPs than Feridex IV in T, weighted imaging. The circulation
half-life (t1/2), determined from the changes in the MRI signal intensity in carotid arteries in mice,
was longer for our MNPs than Feridex IV (ty/» = 31.2 vs 6.4 min). MNPs with combined
characteristics of MRI and drug delivery could be of high clinical significance in the treatment of
various disease conditions.
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1. Introduction

Magnetic nanoparticles (MNPSs) have been explored for various biomedical applications that
include their use in cell labeling/cell separation [1,2], magnetofection to facilitate gene delivery
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[3], as contrast agents for magnetic resonance imaging (MRI) [4], to induce local hyperthermia
in response to an external alternating magnetic field to selectively destroy cancer cells [5], and
as a magnetically targeted carrier system in drug delivery applications [6,7]. However, there
issignificant interest in recent years in developing MNPs having multifunctional characteristics
with complimentary roles [8]. For example, the imaging enhancement property of MNPs can
be used in conjunction with drug delivery applications for real-time monitoring of drug
distribution to the target tissue, as well as to follow the effect of therapeutics on the progression
of disease [9].

Nanocarrier drug delivery systems such as polymeric nanoparticles, liposomes, micelles, etc.,
do not have the inherent imaging characteristics to monitor their distribution in vivo.
Pharmacokinetic modeling that is commonly used to determine drug distribution in various
body compartments (e.g., one compartment model, two compartment model, etc.), based on
serum/urine drug levels, is useful for drugs that are administered intravenously without a
nanocarrier system where the drug distribution to various tissues is primarily controlled by its
diffusion coefficients [10]. Since nanocarriers have a different set of parameters that control
their biodistribution, such as their interactions with the components of the reticuloendothelial
system (RES) [11], the above pharmacokinetic model cannot predict drug concentration in
various body compartments. Further, other factors such as size, shape, surface properties
(charge, hydrophilicity/hydrophobicity, etc.) [12], targeting ligand and vascular porosity
influence biodistribution of nanocarriers [13]. To develop an optimal therapy, there is a need
of adrug carrier system, the biodistribution of which, and hence indirectly that of the associated
drugs, can be monitored in real time. This is particularly important in cancer therapy as
subtherapeutic dosing not only can pose the risk of tumor relapse but also it could develop drug
resistance [14].

Superparamagnetic iron-oxide (SPI1O) nanoparticles and ultrasmall superparamagnetic iron -
oxide (USPIO) nanoparticles have been widely used for MRI in clinical practice for diagnostic
applications (e.g., Feridex IV™ and Endorem™); however, their use as a drug carrier system
is still under investigation. The currently used MNPs are primarily dextran-coated iron-oxide
particles; the coating is necessary to form a water-dispersible system [15,16]. Although several
magnetic materials are under investigation, iron-oxide is the most commonly used magnetic
material because of its biodegradable nature, biocompatibility, and its superparamagnetic
effects on MRI contrast [17]. Several attempts have been made to use MNPs for drug delivery
while retaining their inherent magnetic and imaging properties. In the most commonly used
approach, the drug of interest is conjugated to the coated dextran or other polymeric coatings
such as starch, polyethylene glycol, block-co-polymers, etc. [6,18]. This approach requires
developing complex conjugation chemistry; which often results in limited drug association
with MNPs and its quite rapid dissociation [6]. Further the associated drug can also alter the
physical and/or surface characteristics of the original MNPs (e.g., hydrodynamic size, charge,
stability and magnetization) [19,20] that could influence the biodistribution of MNPs [21] and
thus imaging characteristics. In another approach, MNPs are dispersed in polymers (e.g.,
polylactide and poly dl-lactide co-glycolide) that are typically used in developing nanocarriers
for drug delivery applications [22]. However, this approach usually results in the formation of
large size microparticles with limited encapsulation of MNPs. Hence, the carrier is system has
overall magnetization [23-26] that could adversely influence both their drug targeting
efficiency in response to an external magnetic field as well as imaging properties. Liposomes
or emulsions incorporating both the drug of interest, as well as iron-oxide particles and other
contrast agents, have been tested in animal models of cancer for drug delivery and imaging
[27,28]; however, the drug loading efficiency of these formulations is usually low (2-3%)
[29].
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We have recently developed a formulation of MNPs in which the iron-oxide core is first coated
with oleic acid (OA) and then OA-coated particles are stabilized with pluronic to form a water-
dispersible system [30]. In the present study, we have further investigated the ability of the
above formulation for drug delivery and MRI applications. We are specifically interested in
evaluating our MNPs for anticancer drug therapy; hence, we selected doxorubicin (DOX) and
paclitaxel (PTX) for the combination study. These drugs work by different mechanisms; DOX
via intercalating with DNA [31] whereas PTX acts by interacting with microtubules [32,33].
The objectives of the current study were to demonstrate that: i) a single drug or combination
of drugs can be incorporated in our MNPs with high efficiency; ii) the combination of drugs
in MNPs demonstrate synergistic antiproliferative activity in cancer cells; and iii) the
incorporated drugs do not adversely influence the magnetic and imaging properties of the
formulation. Further, we determined the circulation half-life of MNPs by measuring the change
in the MRI signal intensity in mice carotid arteries.

2. Materials and methods

2.1 Materials

Pluronic F-127 was received as a gift from BASF Corporation (Mt. Olive, NJ). Mohr’s salt,
1,10 phenanthroline, hydroxylamine hydrochloride and absolute ethanol (HPLC grade) were
obtained from Sigma-Aldrich (St. Louis, MO). Iron (111) chloride hexahydrate (FeClz-6H,0)
99% pure granulated (Fe(l11)), Iron (I1) chloride tetrahydrate (FeCl,-4H,0) 99+% (Fe(ll)),
ammonium hydroxide (5M), oleic acid (OA), concentrated hydrochloric acid (HCI) and liquid
scintillation counter cocktail (Scinti Verse I) were purchased from Fisher Scientific (Pittsburgh,
PA). Paclitaxel (PTX) was procured from Shanghai 21CEC Pharmaceuticals (China).
Doxorubicin hydrochloride (DOX.HCI) was a kind gift received from Dabur Research
Foundation (Ghaziabad, India). Feridex IV was obtained from Berlex Laboratories (Montville,
NJ). De-ionized water freshly purged with nitrogen gas was used in all the steps involved in
the synthesis and formulation of MINPs.

2.2 Synthesis of magnetic nanoparticles

Iron-oxide nanoparticles were prepared by co-precipitation of Fe(l11) and Fe(ll) with
ammonium hydroxide. Typically, 0.1M Fe(111) (30 mL) and 0.1M Fe(ll) (15 mL) were mixed,
to which 3 mL of 5M ammonium hydroxide solution was added drop-wise over 1 min while
stirring on a magnetic stir plate. The mixture was stirred for 20 min under a nitrogen-gas
atmosphere to which 100 mg OA was added; the mixture was then heated to 80 °C for 30 min
while stirring and then cooled to room temperature. The OA-coated iron-oxide nanoparticles
were separated by placing a magnet (12,200 G, Edmund Scientific, Tonawanda, NY) below
the beaker for about 5 min and the supernatant was discarded. The coated nanoparticles were
washed three times with water and then dispersed in 45 mL of water to which 100 mg of pluronic
F-127 was added. The mixture was stirred overnight on a magnetic stir plate; the suspension
of MNPs was then centrifuged (Sorvall Legend RT Centrifuge, Thermo Electron Corporation,
Waltham, MA) at 1,000 rpm for 15 min at 10 °C to remove large aggregates. The ratio of OA
to pluronic was optimized in our previous studies to obtain unaggregated MNPs with low
polydispersity [30]. Iron concentration in the formulation was determined using 1,10
phenanthroline colorimetric method and a standard plot prepared using Mohr’s salt in the range
of 0.5-6.0 pg Fe/mL [34].

2.3 Particle size and zeta potential measurements

The mean hydrodynamic particle size of the MNPs was determined in water by dynamic laser
light scattering (DLS) at scattering angle of 90° at 25 °C using NICOMP™ 380 ZLS (Particle
Sizing Systems, Santa Barbara, CA). The suspension of MNPs prepared either in water or PBS
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buffer (154 mM, pH 7.4) was used to measure zeta potential in phase analysis mode and the
current mode at a scattering angle of —14°.

Transmission electron microcopy (TEM) was used to determine the size of the iron-oxide core
d using a Philips 201 transmission electron microscope (Philips/FEI Inc., Briarcliff Manor,
NY). A drop of dilute aqueous suspension of MNPs was placed onto a Formvar coated 150
mesh copper TEM grid (Ted Pella Inc., Redding, CA) and then air dried. The TEM images
were analyzed for size of iron-oxide core using NIH ImageJ software
(http://rsb.info.nih.gov/ij/) [35]. The size distribution was determined using the diameters of
50-80 particles in a TEM image.

2.4 Drug loading in magnetic nanoparticles

Doxorubicin hydrochloride (DOX.HCI) was first converted to water-insoluble base (DOX)
using the procedure described previously [36]. Ethanolic solutions of either DOX (600 L,
5mg/mL) or PTX (600 pL, 5mg/mL) or a combination of DOX/PTX 1:1 w/w (300 pl of each
drug stock solution, 5 mg/mL) were added drop-wise while stirring to an aqueous dispersion
of MNPs (30 mg of particles in 7 mL of water). The mixture was stirred overnight (~16 h) to
allow partitioning of drug(s) into the OA layer surrounding the iron-oxide core. Drug-loaded
MNPs were separated from the free drug using a magnet. Typically, a glass vial (8 mL glass
vial, 17 mm diameter, Fisher Scientific) containing drug-loaded MNPs was placed between
two magnets (opposite poles facing each other) and allowed to stand for ~ 5 h to separate MNPs
under the magnetic field. The magnets were placed just below the top meniscus of MNPs
suspension so that if there are any insoluble unloaded drug particles (because of the limited
solubility of drugs in water), they would settle down and only MNPs loaded with drug(s) would
be attracted towards the magnets. The liquid was removed carefully without disturbing the
MNPs attracted toward the magnets. The drug-loaded MNPs were washed twice by re-
suspending them in water and separating by using magnets as above. Each washing was
analyzed for drug concentration to ensure the free drug that had not been partitioned in the OA
layer was removed. Finally, the drug-loaded MNPs were dispersed in 5 mL of sterile, distilled
water.

To determine DOX loading, a 200 pL aliquot of the suspension of MNPs was lyophilized for
2 days (at —50 °C and 7 um Hg vacuum, Freezone 4.5, LABCONCO, Kansas City, MO) and
the weight of each lyophilized sample was measured from the difference in the weight of the
tube without the sample and after lyophilization. To each lyophilized sample, 2 mL of 12.5%
v/v methanolic solution in chloroform was added to extract the drug. The samples were kept
on a shaker rotating at 100 rpm at room temperature for 24 h (Environ Shaker, Model 3527,
Lab-Line Instruments, Melrose Park, IL); and then centrifuged for 10 min at 14,000 x g at 4 °
C using an Eppendorf microcentrifuge (5417R, Eppendorf-Netheler-Hinz-GmbH, Hamburg,
Germany). A 100 uL aliquot of supernatant from each sample was diluted to 2 mL with 12.5%
v/v methanol in chloroform mixture (the base form of this drug is soluble in this combination
of solvents) to determine DOX concentration using a fluorescence spectrophotometer (LS55
Fluorescence Spectrophotometer, PerkinElmer LLC, Shelton, CT) at Agx = 485 nm and Agm =
591 nm.

To determine PTX loading, tritium-labeled PTX (Moravek Biochemicals, Brea, CA) was used
for loading. In a typical procedure, 5 uCi of 3H-PTX were mixed with 4 mg of unlabeled PTX
in 800 pL of ethanol, out of which 600 pL was used for drug loading in MNPs as described
above and the remaining solution was used to prepare a standard plot. To determine drug
loading, a 200 pL aliquot of PTX-loaded MNPs was lyophilized as above to which 1 mL of
absolute ethanol was added and the sample was incubated for 24 h. The particles were
centrifuged at 14,000 x g for 10 min at 4 °C. To 300 uL of the supernatant, 4 mL of liquid
scintillation counter cocktail was added and radioactivity was measured using a scintillation
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counter (Beckman LS 6500, Beckman instruments Inc. Fullerton CA). A standard plot was
prepared in the drug concentration range of 1 — 50 pg/mL using the identical procedure.

2.5 Antiproliferative activity of drug loaded magnetic nanoparticles

MCEF-7 (breast cancer) cells procured from American Type Culture Collection (ATCC,
Manassas, VA) were maintained in RPMI 1640 medium supplemented with 10% fetal bovine
serum and 100 pg/mL penicillin G and 100 pg/mL streptomycin (Gibco BRL, Grand Island,
NY) in an incubator (Thermo Electron Corporation, Asheville, NC) at 37 °C in a humidified
and 5% CO, atmosphere. Cells were seeded at 3,000 cells per well in 96-well plates and were
allowed to attach for 24 h. Cells were treated either with drugs in solution or drugs incorporated
in MNPs at different doses to determine 1Csq values.

Different dilution of drugs were prepared in culture medium using stock solutions of PTX (4.8
mg/mL) in 200 proof ethanol and DOX.HCI (3.8 mg/mL) in 77% ethanol Similarly, a stock
suspension of drug-loaded MNPs was diluted appropriately in culture medium to provide an
equivalent amount of drugs used in solution. Medium from wells was replaced with either the
suspension of drug-loaded MNPs or drug in solution prepared in culture medium as above.
Cells were incubated as above; the medium was changed at 2 and 4 days after the treatment
and no further drugs were added. Medium and control MNPs (without drug) were the respective
controls for drug in solution and drug-loaded MNPs. Cell viability was determined on day 5
using an MTS assay (CellTiter 96 AQueous, Promega, Madison, WI). ICsg values were
calculated using the following equation:
A -A
r= 1+(x/x0)?

where X is drug concentration added, y is % growth determined by MTS assay, A; corresponds
to % growth on the top plateau region of the curve, A, corresponds to % growth on the bottom
plateau region of the curve; xq corresponds to the inflexion point of the curve and p corresponds
to the slope. Experimental data points were fit to this equation using Origin 7.5 (OriginLab
Corporation, Northampton, MA) and ICsq was determined by putting y = 50 in the above
equation and calculating x using the parameters obtained after curve fitting.

2.6 Preparation of phantom agar gels for imaging

Suspensions of MNPs in the concentration range of 0-50 pg/mL of iron were prepared in PBS.
A 2.5% wi/v agar solution was prepared by heating 250 mg of agar in 10 mL of PBS at 80°C
for 20 min. For preparing phantom gels, 160 pL of the above agar solution was mixed with
840 pL of MNP suspension at each concentration, and was preheated to 60 °C to prevent
gelation while mixing. MNPs and agar gel were mixed thoroughly while warm, in 1.5 mL
microcentrifuge tubes, by turning the tubes upside down repeatedly. An aliquot of 250 pL of
this mixture was transferred quickly to a 300 pL microcentrifuge tube and then allowed to cool
to room temperature.

2.7 Magnetization measurements

MRI contrast agents work by changing the relaxivity (T, and T5) of hydrogen nuclei in their
vicinity due to the additional magnetic field they produce. The static magnetic properties of
phantom gels were measured at room temperature using a MicroMag 2900 alternating gradient
field magnetometer (AGFM, Princeton Measurements Corp, Princeton, NJ). Small amounts
of the gels were transferred to polyethylene bags and sealed. Magnetization as a function of
field M(H) was measured with a maximum field of 1.2 T. The saturation magnetization Mg
and number of effective Bohr magnetons per MNP were determined by fitting the
magnetization curve to a Langevin function plus a diamagnetic contribution (y) due to the gel
and the polyethylene bag.
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2.8 Measurements of imaging characteristics of magnetic nanoparticles in phantom gels

Tubes containing MNPs in gel were positioned near the isocenter in a Bruker Biospec 9.4T
MRI scanner (Bruker BioSpin Corporation, Billerica, MA) within a 72 mm transmit/receive
coil with a homogeneous B; field to obtain the MRI images. The host software (Paravision ver
3.0.2) was used for data acquisition, reconstruction and visualization/analysis of the images.
To estimate the transverse relaxation time (T,) for each sample, coronal images (TH=2mm)
were acquired at various echo times (TE) from 10 ms to 340 ms with a repetition time (TR) of
10,000 ms. Similarly, the T, relaxation time for each sample was measured by varying TR
between 15.4 ms to 10,000 ms while keeping TE constant at 10 ms. After acquiring the images,
the magnitude image intensities were measured within manually-drawn regions of interest
(ROIs) for each of the samples. Relaxation rates Ry (R1=1/T1) and R, (Ry=1/T,) were
calculated by mono-exponential curve fitting of the signal intensity vs. time (TE or TR) data
(using Origin 7.5 software). The following equations were used for curve fitting:

For relaxation rate Ry: y = A*[1 - exp(—R1*TR)]
For relaxation rate Ry : y = A + C*[exp (-R,*TE)]

R1 or Ry was calculated for gels with different iron concentration. Tq relaxivity, r1 (or T»
relaxivity, rp) was then calculated as slope from a plot of Ry (or R2) vs. iron concentration in
gels to compare different formulations for sensitivity of the contrast enhancing properties.

2.9 Clarence of magnetic nanoparticles in vivo

Athymic nude mice (male, nu/nu, 30-40 g Charles River, Wilmington, MA) were maintained
on isoflurane anesthesia throughout the experiment. A suspension of MNPs or Feridex IV (7
mg Fe/kg) diluted in mannitol-citrate isotonic solution was injected via tail vein over 40 sec
using a 30 gauge needle connected to a PE20 tubing. The tubing was flushed with heparinized
saline prior to nanoparticle injection. Dynamic scanning of mice was performed using a 9.4T
Bruker Biospec MRI to observe the changes in the signal intensity in both the carotid arteries.
A FLASH sequence (TR/TE = 12.4/3.5 ms, FOV = 2.0 x 2.0 cm, matrix = 128 x 128, alpha
=30°, Slice thickness = 1 mm) was used to acquire axial images of the carotid arteries for each
animal. Typically, the pre-injection dynamic scans were performed for the first 4 images and
then nanoparticles were injected at the end of the 4! acquisition of the dynamic scan image.
The Regions of Interest (ROIs) were drawn in for both the carotid arteries for the each acquired
image. The signal intensities within ROIs were measured at different time intervals. Relative
concentration of iron-oxide nanoparticles (MNPs or Feridex 1V) was estimated from the signal
intensity changes using the following equation which has been used previously by others
[371:

[MNP] « —In [ SS(t)]

where, S, is the signal intensity before injection and S(t) is the signal intensity at time “t” post
injection of contrast agent and TE, echo time was kept same for all the acquisitions. This
equation is merely a simplification of the Bloch equations for the FLASH acquisitions with
short TR and T2* changes caused by the MNP contrast agent.

3.0 Statistical Analysis

All of the results are expressed as mean + s.e.m. Origin 7.5 was used to fit dose-response and
exponential equations to calculate 1Cgq values and relaxation times (T4 and T,), respectively.
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3. Results

3.1 Physical characterization of magnetic nanoparticles

The mean hydrodynamic diameter of our MNPs with and without incorporated drugs
(measured in distilled water or in PBS) was in the range of 210-250 nm. The incorporated
drugs had an insignificant effect on the mean hydrodynamic size. The mean hydrodynamic
diameter of Feridex IV was ~140 nm, either in water or PBS, which is lower than the mean
diameter of our MNPs (Table 1). However, the polydispersity index of our MNPs was
significantly lower compared to that of Feridex V. Loading of PTX did not change the zeta
potential of MNPs but DOX loading reduced the negative zeta potential of MNPs (Table 1).
All the formulations showed negative zeta potential in water but slightly positive zeta potential
in PBS. TEM of our MNPs showed a core particle size of 10-25 nm (Fig 1a). None of the MNP
formulations showed measurable coercivity. At the highest concentration, the drug-loaded
MNPs have noticeably lower saturation magnetizations per weight or volume than the unloaded
MNPs (Table 2). The saturation magnetization of our MNPs, with or without drugs, was higher
than that of Feridex IV at each of the iron concentrations studied.

3.2 Drug loading and release behavior of paclitaxel from magnetic nanoparticles

The drug entrapment efficiency for PTX was slightly higher than that for DOX (95% vs. 82%).
The total entrapment efficiency was 85% when the two drugs were used in combination, with
about 74% for DOX and 96% for PTX (Table 3). PTX release was sustained; with about 25%
cumulative release occurring in 48 h, 60% in one week, and almost complete release over three
weeks (Fig 1b). The release profile was PTX was almost identical to that reported for the DOX-
loaded MNPs in our previous study [30].

3.3 Antiproliferative effect of the drug loaded magnetic nanoparticles

Drug-loaded MNPs or drugs in solution exhibited the typical sigmoidal dose-dependent
antiproliferative effect on MCF-7 cells (Fig 2). PTX-loaded in MNPs and PTX in solution
showed almost similar 1Csq values (10.6 ng/mL vs. 9.8 ng/mL); however, DOX-loaded in
MNPs and DOX in solution showed a significant difference in the 1C5q values (796 ng/mL vs.
103 ng/mL) (Fig 3a). In the case of combination treatment (PTX:DOX ratio = 1:1 w/w), the
drugs loaded in MNPs showed slightly higher 1Csq values than the combination in solution
(15.5 ng/mL vs. 3.4 ng/mL).

The combination index (CI) values were used to determine whether the effect with drug
combination is synergistic, additive or antagonistic. Calcusyn v.2 (Biosoft, Ferguson, MO) was
used for calculating the CI values, which are based on the Median Effect of each drug as
described by Chou and Talalay [38]. Cl values <1, =1 and >1 are considered synergistic,
additive, and antagonistic effects, respectively. The combination treatment showed a highly
synergistic effect in the concentration range of 0.5 —100 ng/mL but the effect was antagonistic
at lower (0.001-0.5 ng/mL) and higher (500-20,000 ng/mL) drug concentration ranges (Fig
3b). The effect was consistent when the drugs were used in combination in solution or loaded
in MNPs. Cells treated with an equivalent amount of control MNPs (without drug) did not
show any cytotoxicity, as the cell growth was almost identical as in the medium control.

3.4 Magnetic resonance imaging characteristics of magnetic nanoparticles

The transverse relaxation time T, of water was reduced significantly by MNPs relative to the
control gel. As the MNP concentration, measured in pug Fe/mL, was increased in the phantom
gels, the signal intensity decreased and the relaxation curves became steeper (Fig 4a & 4b). As
the particle concentration increased from 0.5 pg Fe/mL to 50 pg Fe/mL, the T, relaxation times
were reduced from 110 ms to 2.9 ms, whereas for Feridex 1V, T, times were reduced from 123
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msto 4.0 ms. As expected, the relaxation rate, R,=1/T,, was linearly proportional to the particle
concentration (Fig 4c). T, relaxivities (r,) for our MNPs and Feridex were 6.8 s 1ug~tmL and
4.8 s7lug~tmL, respectively (Fig 5a). Similarly, the relaxation rate, R was found to be
proportional to particle concentration (Fig 5b). T1 relaxivities (r{) for MNPs and Feridex 1V
were 3.8 x 1073 s~ ugImL and 13.9 x 1073 s~ 1pg~ImL, respectively (Fig 5c).

3.5 Effect of drug loading on imaging properties of magnetic nanoparticles

The T, relaxivity (ro) calculated from the slope of 1/T, vs. Fe concentration plot was found to
be in the following order: MNPs (without drug) > PTX-loaded MNPs > Feridex IV > DOX-
loaded MNPs, suggesting the influence of the incorporated drugs; however, the T, relaxivity
values of drug-loaded MNPs (DOX-MNPs, 4.4 s 1ug~tmL and PTX-MNPs, 5.3 s 1pg1mL)
were closer to that for Feridex IV, 4.8 s tpugImL (Fig 5a & 5¢). Ty relaxivity (r) was in the
following order: Feridex IV > MNPs > PTX-loaded MNPs > DOX-loaded MNPs (Fig 5b &
5¢). DOX loading reduced the T4 relaxivity of MNPs whereas PTX loading did not show
significant change in the T4 relaxivity of MNPs (Fig 5b & 5c).

3.6 Clarence of magnetic nanoparticles in vivo

Immediately following injection of Feridex IV or our MNPs, rapid decrease in the MR signal
intensity was observed in the carotid arteries. Within the first five minutes, both Feridex 1V
and our MNPs showed a decrease in signal intensity but thereafter Feridex 1V continued to
show an exponential increase in the MR signal intensity whereas the intensity with our MNPs
remained almost stable for ~30 min prior to rapid increase (Fig 6a). The half-life (t1,) of
clearance calculated from the relative concentration vs. time profile for Feridex IV was 6.4
min whereas that for our MNPs was 31.2 min (Fig 6b).

4. Discussion

Developing MNPs with the dual functional properties of drug delivery and imaging is a
challenging task as it requires meeting the requirements of both the applications without
significantly compromising the efficiency of either one. Our overall results demonstrated that
drugs either alone or in combination can be incorporated into the formulation with high
efficiency and without significantly influencing the imaging properties. This is due to the
unique formulation characteristics of our MNPs, in which hydrophobic drugs partition into the
OA layer surrounding the iron-oxide core without significantly affecting the physical (size or
surface) properties of the formulation or magnetization characteristics of the iron-oxide core.

Pluronic F-127 is a block copolymer with poly (propylene oxide) as a central unit that is flanked
by polyethylene oxide chains on both sides. The hydrophobic segment of poly (propylene
oxide) (PPO) chain anchors into the hydrophobic OA coating, extending the hydrophilic,
polyethylene oxide (PEO) chains towards the aqueous phase and imparting steric stability and
aqueous dispersity to the particles. The coated OA and PEO contribute toward the
hydrodynamic diameter of MNPs which is higher than the diameter of the iron-oxide core as
determined using TEM to be in the range of 10-25 nm. It appears that the incorporation of
DOX slightly reduces the negative zeta potential of MNPs but PTX has no effect. This may be
because of the basic nature of DOX, which may have partially neutralized the carboxyl groups
of OA coated on iron-oxide core; however it had insignificant effect on the mean hydrodynamic
diameter of MNPs. Zeta potentials of all the formulations measured in PBS ranged from close
to neutral to slightly positive. This could be because of the counter-ion effect of the salts present
in the buffer.

Our results demonstrate that the loading efficiency was slightly higher for PTX than for DOX
(95% vs. 82%) which may be because of the difference in their hydrophobicity; PTX being

Biomaterials. Author manuscript; available in PMC 2009 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jain et al.

Page 9

more hydrophobic than DOX (logP, PTX = 4 vs. DOX= 1.85) [39,40]. In cancer therapy,
combination drug therapy is used primarily to achieve a synergistic effect so that the overall
total dose of the drugs required is reduced, which is anticipated to result in a better therapeutic
outcome with fewer side effects than single-drug therapy. Our results demonstrated that DOX
in combination with PTX significantly reduced the ICsq value, and demonstrated highly
synergistic activity in a specific concentration range. Although the synergistic effect was also
seen with drugs in solution, the advantage of using the drug combination in MNPs would be
that the same ratio of drugs, as optimized with in vitro experiments, can be delivered to the
tumor tissue in vivo. With drugs in solution, the amount of each drug reaching the target tissue
would depend on their pharmacokinetic and pharmacodynamic parameters, and hence would
require further optimization of doses. Although we have tested the two drugs in 1:1 w/w ratio
to provide a proof of principle that a combination of drugs can be delivered using our MNPs,
the dosages can be further optimized.

The release of incorporated drugs from the MNPs extended over three weeks. The initial release
could be because of the diffusion of the drug from the OA layer due to the difference in the
concentration gradient with the outside environment, but the subsequent release is likely due
to the dissociation of the OA layer from the iron-oxide core. The relatively higher ICsq values
observed with DOX- or the DOX/PTX combination-loaded MNPs relative to drugs in solution
could result from the sustained release properties of our MNPs, as only a fraction of the
incorporated drug(s) is released over the experimental period of 5 days. However, such a
difference in the 1Csq was not seen when PTX alone was tested in MNPs and in solution. This
may be because of the potent nature of PTX relative to DOX, as is evident from their respective
ICsq values (9.8 ng/L vs. 796 ng/mL). It is interesting to note that the 1C5g of DOX alone is
high, but in combination with PTX, it is significantly reduced. Thus, one can foresee the use
of such a combination to reduce the dose of DOX to minimize its cardiotoxicity [41-43].

Achieving sustained drug release in cancer therapy is not only important for anticancer efficacy
but also to prevent the cancer from relapsing and developing drug resistance [44,45]. Alexiou
etal. [6] observed complete dissociation of mitoxantrone within 1 hin vitro. Such a formulation
could cause premature leaching of the associated drug into the systemic circulation prior to the
nanoparticles accumulation in the target tumor tissue. Several mechanisms have been proposed
to explain the enhanced efficacy of drugs delivered using MNPs. Wang et al. [46] have
demonstrated greater cellular accumulation of daunorubucin in resistant K562 leukemia cells
which was suggested to be due to nanoparticles competitively binding to the P-glycoprotein,
thus preventing the drug efflux. Rudge et al. studied the cytotoxicity of magnetically targeted
carriers loaded with DOX on SK-Br3 cells and demonstrated dose-dependent antiproliferative
effect [47]. Thus there are significant potential advantages of using MNPs for the delivery of
anticancer agents.

The T, relaxation process occurs because of the exchange of energy between protons in water
molecules. In the presence of an externally applied magnetic field, SPIO nanoparticles create
inhomogeneity in the magnetic field affecting the microenvironment that results in dephasing
of the magnetic moments of protons and hence T, shortening. The relatively higher T,
relaxivity (rp) of our MNPs relative to Feridex 1V suggests a better contrast property of our
formulation, and hence can be more sensitive as an MRI contrast agent. This may be attributed
to the ability of MNPs to induce more local inhomogeneity in the magnetic field than Feridex
IV, as is evident by the high saturation magnetization values of MNP-doped phantom gels
(Table 2). At high magnetic fields (like the 9.4 T of our MRI measurements), the local increase
in magnetic field is related to the saturation magnetization of the superparamagnetic contrast
agent [48]. Greater local magnetic field inhomogeniety creates more contrast and hence greater
T, relaxivity (ro).
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We also found that T relaxivity in the following order of decreasing values: Feridex IV >
MNPs > PTX-loaded MNPs > DOX-loaded MNPs. Since the T, relaxation process requires
close proximity of the hydrogen atoms to the contrast agent [49], it appears that the dextran
coating used in Feridex IV, because of its more hydrophilic nature than pluronic coating, allows
closer proximity of the contrast agent to water molecules, leading to shortening of the spin-
lattice relaxation time. Pluronics contain hydrophilic PEO and hydrophobic PPO chains, and
perhaps the OA coating causes our formulation to be less hydrophilic than dextran-coated
Feridex 1V, and hence has a reduced hydration effect, thus causing reduced proximity of water
molecules to the iron-oxide core of MNPs. The drug loadings in our MNPs seem to further
decrease the T, relaxivity of MNPs slightly, perhaps because the hydrophobic nature of the
drugs further decreases the hydrophilicity of MNPs, even though the incorporated drugs did
not change the hydrodynamic size.

One of the key parameters to successfully develop our MNPs for drug delivery and imaging
of tumor is minimizing their uptake by circulating macrophages to prevent rapid clearance by
the reticuloendothelial system (RES). We anticipated that the pluronic coating of our MNPs
would impart that characteristic [50-52]. Relatively slow clearance of our MNPs than Feridex
IV supports the role of pluronic coating. The initial rapid increase in signal intensity could be
due to biodistribution of injected nanoparticles in the animal vasculature. The clearance of
injected nanoparticles also depends on the chain length of PEO. Hence, it would be interesting
to determine how different pluronics varying in the ratio of PPO:PEO chain length influence
the circulation time of MNPs. Prolonged circulation time would not only allow MNPs to
localize drug(s) into the tumor tissue due to leaky vasculature but also to facilitate imaging of
the tumor. It is known that tumor-sprouted vessels are greater in both number and diameter
than their healthy counterparts [13,53,54]. This abnormal vascularity can be studied and
quantified to monitor the effect of chemotherapy on tumor growth. Apart from the drug delivery
and imaging applications, our drug-loaded MNPs can be used to enhance the efficacy of drugs
for cancer therapy by inducing hyperthermia in response to an alternating magnetic field [5,
55]. Studies have shown that hyperthermia can sensitize cancer cells to the drug effect [56,
57]. Such a strategy can be useful for treating cancers which are refractory to normal chemo-
or radiation therapy. The magnetic properties can also be used for magnetic targeting with the
assistance of external magnetic field gradients, thus concentrating the drug effects to the target
area.

5. Conclusions

Our MNPs can be loaded with water-insoluble anticancer therapeutics with high efficiency
either alone or in combination for synergistic activity while retaining their MRI property.
Further our MNPs demonstrated prolonged circulation time in mice, an important characteristic
for drug delivery and vascular imaging. Thus, our MNPs can be potentially developed with the
dual functional properties of drug delivery and imaging, which would have significant clinical
applications, particularly in real time monitoring of drug distribution as well as to study the
response of chemotherapy on tumor progression.
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Figure 1.

Characterization of magnetic nanoparticles (MNPs). (a) Transmission electron micrograph of
MNPs (Bar = 100 nm). White lines drawn across few particles (see black arrow) indicate the
diameter of the iron-oxide core which was measured using ImageJ software, (b) Hydrodynamic
particle size distribution of MNPs in water measured by using dynamic laser light scattering,
and (c) Release of paclitaxel from MNPs under in vitro condition. The drug loading in MNPs
was 9.5% w/w. Data as mean = s.e.m. (n = 3).
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Figure 2.

Antiproliferative effect of drugs in solution and loaded in MNPs with (a) paclitaxel, (b)
doxorubicin and (c) combination of paclitaxel and doxorubicin in MCF-7 cells. Cells were
treated with drug either in solution or loaded in MNPs, medium was changed on day 2 and 4,
and cell viability was measured using an MTS assay on day 5. Data as mean + s.e.m. (n = 6).
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Antiproliferative effect of drugs in MCF-7 cells. (a) 1Csq values for paclitaxel, doxorubicin
and combination of paclitaxel and doxorubicin (1:1 w/w ratio) in solution (white bar) and
loaded in MNPs (gray bar). (b) The combination index values for the combination of drugs in
solution or loaded in MNPs. Data as mean * s.e.m. (n=6).
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Magnetic resonance imaging properties of MNPs. (a) T, relaxation analysis curves of MNPs
in phantom agar gel at different iron concentrations (Data as mean intensity within ROI with
standard deviation in intensities of pixels). (b) Signal intensity weighted images (TR = 10,000
msec, TE = 10 msec) of MNPs in phantom agar gel at various iron concentrations at 25 ° C,

blank phantom agar gel was taken as a control. (c) T, relaxation rate (R) of MNPs versus iron
concentration. (Data as values obtained from curve fitting and standard errors are uncertainties

in fitting).
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(r1) and T relaxivity (rp) of different formulations of MNPs. (Data as values obtained from
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Figure 6.

Circulation half-life of magnetic nanoparticles in mice. (a) Changes in the MRI signal
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Signal Intensity (MNPs)

intensities measured in the ROIs of the carotid artery following intravenous injection of Feridex
IV (Black) and MNPs (Red) to athymic nude mice at a dose of 7 mg Fe/kg. (b) Calculated
relative iron-oxide concentration vs. time profiles in carotid artery for Feridex IV and MNPs.
Half-life (t1/,) of clearance of particles was read at the relative concentration = 0.5 (dashed
line). Shown is the change in one carotid artery but both the carotid arteries showed almost

identical pattern.
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Table 2

Saturation magnetization measurements of MNPs in phantom agar gels at different iron concentrations.2
Ms (emu/ml of gel)
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Gel

2 mg Fe/ml 1 mg Fe/ml 0.5 mg Fe/ml
Feridex 1V 0.168 0.070 0.040
MNPs 0.321 0.091 0.060
DOX-MNPs 0.203 0.093 0.042
PTX-MNPs 0.262 0.117 0.058

a . " L _ .
Data as values obtained from curve fitting. Samples were measured once and uncertainty in the fitting was determined.
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Table 3
Drug loading of doxorubicin and paclitaxel in MNPs.2
Doxorubicin Paclitaxel Total Drug Loading (%
Added (% wiw) Loaded (% wiw) Added (% wiw) Loaded (% wiw) wiw)
0.0 0.0 10.0 95+0.2 95+0.2
5.0 3.7£02 5.0 48+0.1 85+0.1
10.0 82403 0.0 0.0 82+0.3

a
Data as mean + s.e.m. (n=3)
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Table 4
T4 and T, relaxivities of different formulations of MNPs in phantom agar gels.
Sample T, relaxivity (ry) (s'lug'lml) T, relaxivity (r,) (s'lpg'lml)
Feridex IV 13.9x 103 4.8
MNPs 3.8x10°° 6.8
DOX-MNPs 1.5x 107 4.4
PTX-MNPs 30x10° 5.3
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