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ABSTRACT

Purpose Polyethylene glycol (PEG) functionalized magnetic
nanoparticles (MNPs) were tested as a drug carrier system, as
a magnetic resonance imaging (MRI) agent, and for their ability
to conjugate to an antibody.

Methods An iron oxide core coated with oleic acid (OA) and
then with OA-PEG forms a water-dispersible MNP formulation.
Hydrophobic doxorubicin partitions into the OA layer for
sustained drug delivery. The T, and T, MRI contrast properties
were determined in vitro and the circulation of the MNPs was
measured in mouse carotid arteries. An N-hydroxysuccinimide
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group (NHS) on the OA-PEG-80 was used to conjugate the
amine functional group on antibodies for active targeting in the
human MCF-7 breast cancer cell line.

Results The optimized formulation had a mean hydrodynamic
diameter of 184 nm with an ~8 nm iron-oxide core. The MNPs
enhance the T, MRl contrast and have a long circulation time in
vivo with 30% relative concentration 50 min post-injection.
Doxorubicin-loaded MNPs showed sustained drug release and
dose-dependent antiproliferative effects in vitro; the drug effect
was enhanced with transferrin antibody-conjugated MNPs.
Conclusion PEG-functionalized MNPs could be developed as
a targeted drug delivery system and MRI contrast agent.

KEY WORDS anticancer drugs - anti-proliferative effect -
contrast agent - iron-oxide - reticuloendothelial system -
transferrin antibody

INTRODUCTION

Magnetic nanoparticles (MNPs) have gained significant
interest in recent years for various biomedical applications.
Their intrinsic magnetic properties have been explored in
cell labeling/cell separation, bioassay development, mag-
netofection, drug delivery, induction of local hyperthermia
in response to an external alternating magnetic field, and
selective cancer cell destruction (1). In addition, MNPs are
used in clinical diagnosis as a magnetic resonance imaging
(MRI) contrast agent (2).

Our interest 1s in developing MNPs with dual functional
characteristics for drug delivery and as an MRI agent.
These two applications are complementary in many ways,
as they provide the unique ability to assess the efficiency of
drug delivery to the target site in real time, as well as to
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monitor the progression of the disease in response to the
therapy using a non-invasive MRI technique (3). Drug-
loaded MNPs can play roles in therapy and/or detection,
and therefore are of high clinical importance.

Although several MNP formulations have been developed
to meet the specific needs of a particular application, there
have been limited efforts towards developing MNPs with
combined properties of drug delivery and imaging (2). This
could, in part, be due to the different sets of issues involved
in achieving both the objectives with one formulation of
MNPs. The general approaches are to incorporate the drug
of interest and MNPs in liposomes/emulsion/polymers, or to
conjugate the drug of interest to the coating, usually dextran,
that 1s used for stabilizing the core material in an aqueous
system. However, such approaches usually result in low
efficiency of drug association with MNPs; the associated drug
rapidly dissociates (4), the process of drug conjugation
oftentimes results in the loss of magnetization of the core
material, and/or causes significant increase in particle size.
These changes significantly affect the imaging property of
MNPs. Further, the rapid clearance of MNPs from the
circulation and their sequestering by the reticuloendothelial
system (RES) limit the drug-targeting efficiency and imaging
applications of MNPs to targets other than the organs of the
RES such as the liver or lymphatic systems.

Thus, critical to the successful development of MNPs with
multifunctional properties would be to meet the needs of drug
delivery without compromising their MRI characteristics.
Ideally, such a formulation should have the following
functional properties: 1) surface that would prevent the rapid
clearance of the MNPs by the RES following intravenous
administration, i) ability to load drugs without influencing the
physical properties of the MNP formulation or magnetization
property of the core material, and iii) ability to conjugate
MNPs to a targeting ligand or antibody. With the above
intention, we have been developing an MNP formulation that
contains an iron-oxide core which is first coated with oleic acid
(OA) and then with OA-conjugated poly(ethylene) glycol
(PEG) (OA-PEG). It was hypothesized that the OA of OA-
PEG would anchor on to the OA coated on the iron-oxide
core, and the PEG would form a corona that would impart
water dispersity and steric stability to the MNPs. In addition,
functionalized PEG would prevent the rapid clearance of
MNPs by the RES, a known characteristic of PEG, and
provide the functional groups for conjugation to a targeting
ligand. The OA coat around the iron-oxide core could act as a
reservoir for loading of hydrophobic drugs. Further, function-
alized groups on PEG can be used for conjugation to antibody
or targeting ligands.

In this study, we have optimized the various formulation
parameters and characterized the PEG-functionalized MINPs
for physical properties and chemical analysis of the surface.
Further, we have determined protein binding to MNPs and
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their uptake by macrophages i vitro. To determine their drug
delivery application, we have demonstrated loading of
doxorubicin (base) as a model anticancer cancer drug and
studied the antiproliferative effect of the drug-loaded MNPs
in the MCF-7 breast cancer cell line. The imaging properties
of MINPs in phantom agar gels and clearance of the MNPs
in the mouse carotid artery were determined using MRIL
Magnetic resonance properties and clearance of our MNPs
were compared with Feridex IV, a dextran-coated iron-oxide
formulation used in clinical diagnostic applications.

MATERIALS AND METHODS
Materials

Iron(IT) chloride hexahydrate (FeClse6H,O) 99% pure
granulated (Fe(IlI)), Iron(II) chloride tetrahydrate
(FeClg*4H,0) 99+°% (Fe(Il)), ammonium hydroxide
(5 M), and oleic acid (OA) were purchased from Fisher
Scientic (Pittsburgh, PA). SUNBRIGHT OE-020CS (OA-
PEG-20), OE-040CS (OA-PEG-40) and OE-80CS (OA-
PEG-80), namely (a-succinimidyloxysuccinyl-w-oleyloxy)
poly(oxyethylene)s differing in molecular weight of PEG
chain length (i.e. 2104, 4352, and 8525, respectively) were
purchased from NOF Corporation (Tokyo, Japan). Feridex
IV (11.2 mg Fe/mL, 5.6-9.1 mg dextran/mL) was
purchased from Berlex Laboratories, Inc. (Montville, NJ).
Bacto nutrient agar dehydrated was purchased from Difco
Laboratories (Detroit, MI). Doxorubicin hydrochloride was
a gift from Dabur Research Foundation (Ghaziabad,
India). A primary transferrin antibody FITC (rabbit
polyclonal to transferrin) was purchased from Abcam Inc.
(Cambridge, MA). Transferrin was received from Sigma
(St. Louis, MO). Sterile nitrogen-purged water was used in
all steps in the synthesis of magnetic nanoparticles (MNPs).

Synthesis of Magnetic Nanoparticles

Aqueous solutions of 0.1 M Fe(ITI) (30 mL) and 0.1 M Fe(II)
(15 mL) were combined in a 100 mL beaker with magnetic
stirring for 10 min. Ammonium hydroxide (5 M, 3 mL) was
added drop wise over 5 min, and stirring was continued for
30 min under nitrogen-gas atmosphere. The reaction was
stirred for 24 h for bare magnetite particles.

For oleic acid-coated MNPs (OA-MNPs), after 30 min of
stirring under nitrogen-gas atmosphere, 100 mg OA was
added to the above mixture, and the mixture was heated to
80°C: while stirring for 30 min. The resulting mixture was
cooled down to room temperature and stirred for 24 h. Poly
(ethylene) glycol (PEG)-functionalized OA-MNPs (PEG-OA-
MNPs) were prepared by cooling the OA-MNPs to room
temperature, and adding an aqueous solution of OA-PEG-20,
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OA-PEG-40, or OA-PEG-80 polymers (25—-300 mg) dissolved
in 5 mL of water over 5 min with stirring. The stirring was
continued for an additional 24 h at room temperature. The
PEG-OA-MNPs prepared with 200 mg of OA-PEG-20, OA-
PEG-40 and OA-PEG-80 are designated as OE-20, OE-40,
and OE-80 MNPs throughout the manuscript (Figure 1).

Bare MNPs, OA-MNPs, and PEG-OA-MNPs were
separated by magnetic separation by placing a magnet
(12,2000 G, Edmund Scientific, Tonawanda, NY) below the
beaker and allowing the solution to clear. The excess iron
salts, ammonium hydroxide, OA, and OA-PEG in the wash
were discarded. The particles were washed with 40 mL
nitrogen-purged sterile water four times using magnetic
separation, dispersed in 25 mL of sterile water, and
centrifuged at 1000 rpm for 10 min to remove large and
aggregated particles. Purified OE-80 MNPs to be used in
antibody conjugation were washed with water and centrifuged
as mentioned above but at 4°C.

Magnetic Nanoparticle Characterization

A 5-10 pL nanoparticle suspension (3—5 mg/mlL) was
diluted to 2.5 mL with distilled water and the mean

A

Fe(ll) + Fe(lll) » . »
Ammonium Oleic Acid

hydroxide

Bare magnetic

hydrodynamic particle size and zeta potential determined
by dynamic laser light scattering (DLS, NICOMP™ 380
ZLS, particle sizing systems, Santa Barbara, CA). The
particle size was also studied at the same concentration in
mannitol citrate buffer, saline (0.9 wt.% sodium chloride),
PBS (154 mM, pH 7.4), and 1 mM HEPES buffer adjusted
with 0.1 N sodium hydroxide or hydrochloric acid solutions
to a final pH of 3 to 10. Particle stability was determined by
storing 4 mg of particles in 1 mL of water, saline, PBS or
mannitol buffer and measuring the size at varying time
intervals.

Transmission electron microcopy (TEM) was used to
determine the particle size of the formulations in dry state
(Philips/FEI Inc., Briarcliff, Manor, NY). The particle size
in TEM images were measured using NIH Image] software
(http://rsbweb.nih.gov/1j/). Samples of lyophilized MNPs
were used for Fourier transform infrared (FTTR) spectroscopy
(PerkinElmer spectrum 100 spectrophotometer, PerkinElmer,
Shelton, CT), thermogravimetric analysis (T'GA, Thermog-
ravimetric analyzer pyres 1 TGA, PerkinElmer, PerkinElmer,
Shelton, CT), X-ray photoelectron spectroscopy (XPS)
(PerkinElmer PHI-5600, Physical Electronics, Eden Prairie,
MN), and magnetization measurements (MicroMag 2900
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Fig. 1 Magnetic nanoparticle synthesis (A) and layering of various OA-PEG polymers on the surface of the magnetic nanoparticles (B).
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alternating gradient field magnetometer, AGFM, Princeton
Measurements Corp, USA).

Protein Binding

To determine the protein binding, 1 mL of Bovine Serum
Albumin (BSA) at 330 pg/ml in mannitol buffer was
titrated with 1 mg/mL of OE-20, OE-40, OE-80 MNPs, or
Feridex IV in mannitol buffer. The BSA binding onto
MNPs was determined using the intrinsic fluorescence
quenching of the tryptophan residue on BSA (5). The
decrease in the fluorescence intensity of the tryptophan
residue due to interaction with MNPs was recorded
between 300-500 nm at A.,=295 nm at varying MNP
concentrations. MNPs alone did not change the spectral
intensity. The Lehrer and Fashman (6) and Chipman (7)
methods were used in Eq. 1 to determine the binding
constant (K;) and number of binding sites or binding
stochiometry (n).

1
b= v X”q/—((?_g)) m

where Fj and F; are the relative fluorescence intensities of
the BSA solution and BSA solution saturated with MNPs,
respectively. The relative fluorescence intensity (F) was

obtained from the area under the fluorescence curve. The
magnetic nanoparticle concentration /MNP is in mg/mL.
Number of binding sites (n) was obtained from the slope of
log [(Fy-F)/ (F-F,)] vs log [MNP]. Logarithm of dissociation
constant (Ky;,) equals log [MNP] at log [(Fy-F)/ (F-F;)]=0.
Binding constant (R}) is 1/ Ky,

Macrophage Uptake

Macrophage cells (RAW 264.7 Cell Line murine, Macro-
phage from blood) were purchased from Sigma (St. Louis,
MO) and maintained in RPMI 1640 medium supplemented
with 10% fetal bovine serum, 100 pg/mlL streptomycin
(Gibco BRL, Grand Island, NY) and 100 pg/mL penicillin
G (Gibco BRL, Grand Island, NY). Cells were kept in a
humidified, 5% COg atmosphere at 37°C, seeded in 6-well
plates and allowed to reach 80% confluence. The media was
then replaced with 2 mL of 0.05 and 0.10 mg/mlL OA-
PEG-MNPs or Feridex IV suspensions in growth media, and
incubated for 4 h. The cells were washed three times with
PBS, collected by scraping, and centrifuged at 1000 rpm at
4°C. The pellets obtained were analyzed for iron levels using
1,10-phenanthroline colorimetric method (8), and the levels
were normalized with respect to cell protein content using
Pierce BCA Protein Assay (Pierce, Rockford IL/Fisher
Scientific).
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Preparation and Magnetic Resonance Imaging of Phantom Gels

A 2.5% w/v agar solution was prepared by heating 250 mg
agar in 10 mL PBS at 80°C for about 20 min and was
maintained at 80°C. Phantom gels were prepared by
mixing 160 pL of the above agar solution with 840 pL
dispersion of PEG-OA-MNPs with different concentrations of
Fe so that the final concentrations are in the range of 0-50 ug
Fe/mL. Dispersions of PEG-OA-MNPs were preheated to
60°C to prevent gelation while mixing with agar solution. A
250 pL aliquot of each mixture was transferred quickly to
300 pL. microcentrifuge tubes and allowed to cool to room
temperature. Similarly, agar gels with Feridex IV were
prepared, as well as a control phantom gel using an equivalent
volume of 1X PBS.

Gel aliquots were kept inside the coil of the MRI (9.4T
MRI 94/20, Bruker BioSpin Corporation, Billerica, MA)
scanner for simultancous imaging. Paravision 3.0 software
(Bruker BioSpin Corporation) was used for data acquisition,
reconstruction and visualization/analysis of images. Images
were acquired at various echo time (TE) from 10 ms to 340 ms
with repetition time (TR) of 10,000 ms. Axial slice images of
thickness 2.0 mm were used to measure the signal intensity.
Intensities were measured within the manually drawn regions
of interest (ROI). Transverse relaxation rate Ry (Ro=1/T))
was calculated by curve-fitting the plot of signal intensity vs.
TE. The Ry was calculated for gels with different iron
concentration, and slope (T relaxivity) was calculated to
compare different formulations for sensitivity of the contrast-
enhancing properties. Similarly, for calculating R, (the
longitudinal relaxation rate 1/T,) for the corresponding
samples, TE was kept fixed at 10 ms, TR was varied
between 15.4 ms to 10,000 ms, and T, relaxivity was
calculated.

Clearance of Magnetic Nanoparticles In Vivo

All experimental procedures involving live animals were
approved by the Cleveland Clinic Foundation Institutional
Animal Care and Use Committee, Cleveland, Ohio.
Athymic nude mice (male, nu/nu, 30—40 g; Charles River
Laboratories, Wilmington, MA) were used for i wiwo
experiments. The mice were maintained on isoflurane
anesthesia throughout the experiments. Feridex IV and
OE-80 MNP suspensions in mannitol citrate buffer were
injected via tail vein over 40 s using a 30 gauge needle
connected to PE-20 tubing at a dose of 7 mg Fe/kg mouse.
Dynamic scanning of mice pre- and post-injection of the
MNPs was carried out using the 9.4T MRI to detect the
changes in the signal intensities in the carotid arteries. A
FLASH sequence (TR/TE=12.4/3.5 ms, FOV=2.0x
2.0 cm, matrix=128X 128, a=30°, slice thickness=1 mm)
was employed to acquire axial images of the carotid arteries for
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each mouse. Signal intensities within ROIs drawn inside the
carotid arteries were measured at different time intervals.
Relative concentrations of OE-80 MNPs and Feridex IV
particles were calculated from the signal intensity changes by
the following equation, a simplified version of the Bloch
equations for the FLASH acquisitions with short TR and T2%*
changes caused by the particle suspensions (9):

[MNP] o —In[S(¢)/So] (2)

where o is the signal intensity before MNP injection, S(7) is
the signal intensity at time ¢ post injection. Echo time (TE)
was kept constant for each acquisition.

Drug Loading of Magnetic Nanoparticles

Doxorubicin (DOX) was used as a model anticancer drug.
Doxorubicin hydrochloride was first converted to a water-
insoluble base (DOX) (10), so that it could partition into the
OA layer. An ethanolic solution of DOX (200 pL, 5 mg/mlL)
was added drop-wise while stirring to an aqueous dispersion of
PEG-OA-MNPs (10 mg of particles in 3 mL water) and stirred
overnight (~16 h). The DOX-loaded PEG-OA-MNPs
(DOX-MNPs) were separated from the free drug by washing
three times using magnetic separation and dispersed in 2 mL
of sterile distilled water. Doxorubicin-loaded MINPs were
characterized using DLS for size and zeta potential, and FTTIR
for chemical composition.

To determine DOX loading, a 200 pL aliquot of the
suspension of DOX-MNPs was lyophilized for 2 days, and
the weight of each lyophilized sample was determined. To
cach lyophilized sample, 2 mL of 12.5% v/v methanol 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, then centrifuged for 10 min at
14,000 g. A 100 pL aliquot of the supernatant from each
sample was diluted to 2 mL with 12.5% v/v methanol in
chloroform, and the DOX concentration determined using
a fluorescence spectrophotometer (LS55 Fluorescence
Spectrophotometer, PerkinElmer LLC, Shelton, CT) at
Aex=485 nm and A, =591 nm. A standard plot was
prepared under identical conditions in the concentration
range of 0.5-10 pg/mL. The supernatant from the control,
i.e., PEG-OA-MNPs without drug, was used as a blank.

Drug Release from OE-80 DOX-MNPs

Drug release studies were carried out in PBS containing
0.1% w/v Tween-80 at 37°C in a shaker at 100 rpm.
Dialysis tubing MWCO 12-kD, Spectrum®, Laguna Hills,
CA) containing 1 mL of 155 pg drug/mL of OE-80 DOX-
MNPs was placed in a 50 mL falcon tube containing 3 mL
PBS. To monitor the drug release from the MNPs, the

outside buffer was completely removed and replaced with
fresh PBS solution at varying time intervals. Throughout
the experiment, the concentration gradient was maintained,
and the drug concentration at any time point in the outer
buffer did not exceed 20% of the drug solubility in the
buffer. The DOX present in the collected samples was
determined using a fluorescence spectrophotometer as
described above with standards of DOX prepared in
Tween-PBS (0.38-1.55 pg/mL).

Transferrin Antibody Conjugation

Magnetic nanoparticles used for antibody conjugation were
synthesized through the addition of OA with continued
cooling of the solution to 4°C. A cooled solution of OA-
PEG-80 with NHS functional group (200 mg in 5 mL of
water) was added over 5 min to the OA-MNPs while
stirring at 400 rpm at 4°C. The stirring was continued for
an additional 24 h at 4°C. Conjugation of transferrin
antibody FITC to the OE-80 MNPs was carried out at 4°C
in PBS. A suspension of OE-80 MNPs (10 mg in PBS) and
500 pg antibody were mixed together to a final volume of
3 mL in PBS, and shaken overnight at 4°C. FI'TC-labeled
antibody was used to quantify the amount bound to MNPs.
The antibody-conjugated particles (OE-80-Ab MNPs) were
washed with 2 mL of PBS buffer three times by magnetic
separation, reconstituted in 3 mL of mannitol buffer after
the final wash, and stored at 4°C. Washings containing
unconjugated antibody were analyzed in a 96-well plate
using a spectrophotometer at A, =495 nm and A, =528 nm.
Antibody standards (1-8 pg/mL) were prepared in PBS at
4°C. The antibody conjugated to the particles was calculated
from the difference between the antibody used for conjuga-
tion and that present in the washings. The average number
of antibody molecules conjugated onto OE-80 MNPs was
calculated by dividing the number of antibody molecules
bound to MNPs by the calculated average number of MINPs
(n) using Eq. 3 (11):

n:6m/(HXD3><p) (3)

where m 1s the weight of OE-80 particles, D is mean diameter
of the OE-80 MNPs determined by dynamic light scattering
(DLS) and p is density of the OE-80 MNPs (weight/volume),
estimated as~4.2 g/cm’ based on OE-80 (MNP:74.88%,
0OA:12.78% and OA-PEG 5.83%) composition.

Antibody Orientation on OE-80-Ab MNPs
Antibody orientation following conjugation to OE-80
MNPs was determined by adding 100 pL of OE-80-Ab

MNPs (105 nM of antibody, of 157.61 pg antibody/mL
OE-80-Ab MNPs) to varying concentrations of transferrin
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antigen or control BSA solutions (129.87 nM to 25.97 uM).
The solutions were combined in 1.5 mL Eppendorf tubes,
incubated at 37°C for 2 h, cooled to room temperature and
the size determined by DLS as described above.

Antiproliferative Activity of Drug-Loaded MNPs

Breast cancer cells (MCF-7) from American Type Culture
Collection (ATCC, Manassas, VA) were maintained in
DMEM medium supplemented with 10% fetal bovine
serum, 100 pg/mL penicillin G, and 100 pg/mL strepto-
mycin at 37°C in a humidified and 5% COg atmosphere.
Cells were seeded at 3,000 cells per well in 96-well plates
and were allowed to attach for 24 h. Doxorubicin in
solution and DOX-MNPs were prepared and diluted to
different concentrations in culture medium to study the
dose-response effect. Medium from wells was replaced with
either DOX solution or the suspension of DOX-MNPs,
and the cells were returned to the incubator for 24 h. The
medium in the wells was changed at 2 and 4 days after the
treatment, and no further dose of the drug was added.
Medium and control MINPs (without drug) acted as the
respective controls for DOX solution and DOX-MNPs.
Cell viability was determined on day 5 using an MTS assay
(CellTiter 96 AQueous, Promega, Madison, WI). Prior to
the assay, the medium from each well was replaced with
100 pL fresh medium, and 20 pL of MTS reagent was
added. The plates were incubated at 37°C in COqy
incubator for 90 min, and the absorbance was measured
at 490 nm using a microplate reader (BioTek EL800,
BioTek Instrument Inc., Winooski, VT). Percentage prolif-
eration of cells in the presence of drug was calculated with
respect to the respective controls, 1.e., medium control for
cells treated with drug in solution and cells treated with
DOX-MNPs with control MNPs. The following equation
was used to calculate the 1C5, values:

Ay — 4y

= 1 + (X/X())p +A2 (4')
where y is % growth, x is the added concentration of
Doxorubicin content, 4; is the % growth on the top plateau
of the curve, 4, is the % growth on the bottom plateau of
the curve, x, 1s the inflection point, and p is the slope factor.
Experimental data points were fitted to this equation, and
the IC5y was determined by setting » equal to 50 in the
above equation and solving for x.

Statistical Analysis
The least square method was used for linear curve fitting.

Origin 7.5 (OriginLab Corporation, Northampton, MA)
was used to curve-fit the dose-response equation and
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exponential equations to calculate the ICs5, values and
relaxation times (T} and Ty).

RESULTS
Particle Characterization

The mean hydrodynamic diameter of the poly(ethylene)
glycol-coated oleic acid magnetic nanoparticles (PEG-OA-
MNPs) depends on the amount and molecular weight of the
OA-PEG polymers used for coating, and the buffer used to
disperse the MNPs. An optimal concentration of 200 mg of
the polymer produced the smallest particle diameter with a
low polydispersity index of 0.009-0.11 for all three of the
OA-PEG polymers tested in water (Figure 2A), with an iron
oxide core of ~8 nm (Figure 2B). The particle size and
aggregation increased when the particles were dispersed in
saline or 1X PBS but did not change in water or mannitol
citrate buffer (Figure S1).

Presence of the magnetic core, OA, and polymer coating
of the MNPs was confirmed by Fourier transform infrared
(FTIR) spectroscopy. Bare MNPs had a strong FTIR peak
in the region of 550 cm™' from the iron oxide skeleton
(<O-Fe), and a broad peak between 3500-3000 cm™ ' due
to surface -OH and NHj groups (Figure 3A). Intense bands
appeared in the OA-MNPs at 2914/2848 and 1465 cm™'
due to -CHjy asymmetric/symmetric stretching and bending
vibrations of the hydrophobic OA chain. The hydrophilic
carboxyl group on OA caused asymmetric vibration of the
C=0 at 1708 cm ' After the addition of OA-PEG
polymers to the OA-MNP core, prominent peaks
appeared in the OE-20, OE-40, and OE-80 MNPs at
1354 and 1102 cm™ ' indicating asymmetric and symmet-
ric stretching of C—O-C, and out-of-plane bending of
the -CH of the PEG chains at 960 cm '. Elemental
composition of the MNPs was determined by thermogra-
vimetric analysis (TGA), with weight loss of 5.94, 4.56 and
5.71 wt.% of polymers OE-20, OE-40 and OE-80 from
the MNPs and 42.55% dextran polymer coating on Feridex
IV (Figure 3B).

Elemental surface composition of the MNPs was
determined using X-ray photoelectron spectroscopy. Bare
MNPs had peaks at 848 eV and 709 eV from Fe 2 s and
2p3/2 electrons, 528 ¢V from O 1 s electrons, 283 ¢V from
C 1 s electrons, and at 54 ¢V from Fe 3p3/2 clectrons
(Figure 4). The additional carbon atoms on the surface of
the OA-MNPs and OE-80 MNPs increased the peak
intensity at 283 eV. Atomic concentrations of iron, carbon,
and oxygen were calculated from the integrated area of the
respective photoemission peaks of the atoms and compared
with Feridex IV (Table SI). Superparamagnetic behavior
determined by the magnetization saturation (Ms) values of
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Fig. 2 Magnetic nanoparticle size changes with OA-PEG polymer coating. A Mean particle size in water after modification with 25-300 mg of OE-20, OE-40,
or OE-80 polymers. B Representative transmission electron micrograph of OE-40 polymer-coated MNPs. Diameter of iron-oxide core ~8 nm.

the PEG-OA-MNPs and Feridex IV range from 66.08—
85.66 emu/g Fe (Table SI).

Protein Binding and Macrophage Uptake

The OE-80 MNPs have a lower protein-binding constant
(K},) and fewer binding sites than the OE-20 MNPs, OE-40
MNPs, and Feridex IV when measured in mannitol buffer.
In PBS, OE-20 MNPs have the lowest K;, and fewer
binding sites than all other formulations (Table I). Feridex
IV had less macrophage iron uptake than the PEG-OA-
MNPs per milligram of protein (Figure 5). The levels of
macrophage iron uptake generally increased as the overall
diameter of the particles increased (Figure 5, Inset).

Magnetic Resonance Imaging

An increase in the particle concentrations (ug Fe/mL) in
phantom gels significantly decreased the MR signal

100

A

80 Bare MNPs

| 0E-20 MNPs

OE-40 MNPs

OE-80 MNPs

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Weight (%)
o]
(9]

intensities, particularly in OE-80 MNPs at 20 and 50 pg
Fe/mL gel (Figure 6A). The relaxivity rates r; (T} relaxivity)
and 1y (Ty relaxivity), calculated from 1/T, and 1/Ty
(Figure 6B and C), varied among the different formulations
(Table II). Feridex IV had higher T, relaxivity, and OE-80
MNPs had highest Ty relaxivity.

The strong Ty contrast characteristics of our OE-80
MNPs i vitro led to our testing its application i viwo. The
MR signal intensity in the mouse carotid artery following tail
vein injection of Feridex IV or OE-80 MNPs is graphed as
the relative concentration vs. time. (Figure 7). The relative
concentration of Feridex IV decreased steadily for 26.5 min,
at which point most of the particles were cleared from
circulation. The OE-80 MNPs had a sharp initial drop in the
relative concentration, followed by a slow rise in the relative
concentration for 45 min. However, approximately 30% of
the OE-80 MINPs were in circulation after 52 min. Feridex
IV had 30% of particles remaining in circulation at about
10 min, with almost all particles cleared by 50 min.

T

'
OA Content

OE-40 Polymer Content
OE-80 Polymer Content

Bare MNPs
75 ——— OA-MNPs
—— OE-20 MNPs
70 4—— OE-40 MNPs
—— OE-80 MNPs
— Feridex IV

T T T T T T T T

100 200 300 400 500 600 700 800 9001000
Temperature (°C)

OE-20 Polymer Content

Dextran Polymer Content

Fig. 3 Polymer maodifications to OA-MNP core confirmed by (A) FTIR and (B) TGA.
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Fig. 4 X-ray photoelectron spectra with plain, OA, and OA and PEG-
OE-80 coatings.

Doxorubicin Loading, Characterization, and Drug
Release

Loading efficiencies of the anticancer drug doxorubicin
(DOX) into the MINPs in water were similar in the three
OA-PEG-MNPs. The particle size after DOX loading
increased from about 184 nm to 250 nm, while cationic
charge of DOX increased zeta potential of the OA-PEG-
MNPs (Table III). The DOX and MNP interaction was
confirmed by FTIR (Figure 8A). Peaks in the DOX-MNPs
at 1706, 1614, and 1577/1550 cm” ' were also observed for
DOX alone. Stretching of PEG C-O-C was maintained at
1352 and 1102 em™', with broadening of C-O-C indicating
some hydrogen bonding between the drug molecules and
the PEG chains. Peaks between 1300 and 1220 Cmfl, 1018
and 986 cm™ ', and broadening of the peaks at 1088 and
839 cm™ ' further confirm the presence of DOX in the
DOX-MNP formulations. Drug release from OE-80-DOX
MNPs was sustained, with about 14.9% cumulative release

Table | Protein Binding Constant (K,,) and Number of Binding Sites (n) of
MNPs in Mannitol Citrate Buffer and PBS

Formulation Mannitol Citrate Buffer PBS

Ko (uljug) n Ko (uliug) n
OE-20 MNPs 122x 1072 13 56% 1072 1.2
OE-40 MNPs 10.9% 1072 |4 6.6x 1072 1.6
OE-80 MNPs 7.2%x1072 1.3 58x 1072 1.4
Feridex IV [1.1x1072 1.3 1671072 1.9
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Fig. 5 Macrophage uptake of particles with respect to iron level in protein.
(Inset) Particle size in RPMI media (data is represented as mean=SEM, n=3,
#p<0.05 compared to Feridex V).

occurring in the first 7 days and 26.8% in 32 days
(Figure 8B).

Antibody-Conjugated OE-80 MNPs and DOX Loading

Transferrin antibody conjugation to the OE-80 MINPs was
confirmed with FTIR, and proper orientation of the antibody
molecules was tested by adding transferrin to the MNPs and
determining the particle size. Intensified peaks for OE-80-
DOX MNPs and OE-80-Ab-DOX MNPs at 2919, 1723,
1615, 1578, and 1407 cm ™" compared to OE-80 MNPs and
the appearance of additional peaks at 1285, 1068, and
974 cm™' were attributed to DOX in the formulations
(Figure 9A). Broadening of the peak between 3610-—
3010 cm ™" in OE-80-Ab MNPs is due to hydrogen bonding
of the antibody molecules with the PEG chains, and a peak
at 1732 em ™" is from the amide bonds of the antibody.
Transferrin antigen significantly increased the size of the
OE-80-Ab MNPs but not the OE-80 MNPs (Figure 9B).
Bovine serum albumin exhibited a similar trend as transferrin,
but at higher concentrations, likely due to non-specific
interactions. The increase in size after the addition of
transferrin antigen or BSA indicates that the antibody is
binding to the OE-80 MNPs with the proper outward
orientation of the antigen binding sites. Drug loading into
the OE-80 MNPs at 4°C was less than the drug loading at
room temperature, and it was reduced further after antibody
conjugation (Tables III and IV). The drug loading did not
change the amount of antibody present in the formulations.

Antiproliferative Activity

To further address the applicability of drug targeting and
controlled drug release behavior of our formulation, we
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Fig. 6 Magnetic resonance imaging. A Contrast at varying iron concentrations for OA-PEG-MNPs and Feridex IV in agar gels. T, relaxivity (B) and T,
relaxivity (C) for OE-80 MNPs. (Data as values obtained from curve fitting and standard errors are uncertainties in fitting.)

determined the 1C5 for the DOX-OE-80 and DOX-OE-Ab
MNP formulations in treating the MCF-7 breast cancer cell
line i vitro. The OE-80 MNPs and OE-80-Ab MINPs did not
have cytotoxic effects on the MCF-7 cells at the drug
concentrations tested. Treatment of MCF-7 cells with DOX
solution, DOX-OE-80 MNPs, and DOX-OE-80-Ab MINPs
resulted in dose-dependent antiproliferation. Doxrubicin
solution was most cytotoxic. Antibody-conjugated MNPs
loaded with DOX increased the amount of drug uptake
within cells and decreased the IC55 by almost two-fold
compared to DOX-OE-80 MNPs (Table IV).

DISCUSSION

There are several major obstacles when modifying MNPs
for chemotherapeutic applications that affect the magnetic
properties for MRI and the drug release from the particles.
Conventional magnetic particles such as magnetic micro-
spheres, micro- and nano-gels, dendrimers (12—-16), and
natural polymer coated MNPs (17-22) may have less
morphological control and lower magnetization saturation
(Ms) when used as a drug carrier compared to synthetic
polymer-coated MNPs. Additional challenges for drug
delivery include low loading of therapeutic agents, especially

Table Il T, and T, Relaxivity of MNPs in Phantom Gels (0-20 ug Fe/ml)

Formulation T relaxivity (ry) T, relaxivity (ry)
(s g ' mb) (s 'ug ' mb)

OE-20 MNPs 34x1073 42

OE-40 MNPs 52%x 1073 3.5

OE-80 MNPs 79%1073 9.0

Feridex IV 13.9% 1073 48

hydrophobic drugs, fast release of the loaded drug molecules
within a few days from the formulations, aggregation of
particles, and complexity of drug and biomacromolecular
conjugation. To address these common problems, we
designed a multifunctional MNP with PEG, a biocompatible
synthetic polymer that can be used for drug delivery,
targeting, and imaging applications.

Functionalized poly(ethylene glycol)-based polymers sta-
bilize nanoparticles and offer advanced features to control
the chemical structure and tailor the surface or functional
groups on the nanoparticles (23-26). We tested three
different molecular weight OA-PEG polymers at varying
concentrations and found the stability and size of PEG-OA-
MNPs depends on both the molecular weight and amount
of polymer added to the MNP. Plain OA-MNPs aggregate
and cluster due to the interaction of the hydrophobic OA
layers. The high hydrophilic content of OA-PEG reduced

—— Feridex IV

1.04 —— OE-80 MNPs

0.8

0.6+

0.4+

Relative Concentration

0.2

0.0

Time (min)

Fig. 7 Calculated relative iron concentration vs. time profiles of magnetic
nanoparticles in a mouse carotid artery. Shown is the change in one
carotid artery but both carotid arteries, and MNP injections in additional
mice, showed an almost identical pattern.
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Table Il Characterization of

DOX-Loaded MNPs Formulation

Size (nm) and

Zeta potential (mV)  Drug loading (%) Loading efficiency (%)

(Polydispersity Index)

OE-20-DOX MNPs
OE-40-DOX MNPs
OE-80-DOX MNPs

260.0 (0.144)
252.5 (0.076)
250.7 (0.066)

-04 5.4 53.9
=57 6.4 63.9
—16.7 5.2 522

aggregation and decreased particle size, while the increased
molecular weight of the different OA-PEG polymers tested
likely led to greater size with increasing molecular weight of
OA-PEG polymers (26,27). Interestingly, adding up to
100 mg of the OE-80 PEG polymer initially increased the
particle size; the size declined when up to 200 mg of coating
was added (Figure 2A). The initial increase in size of OE-80
polymer-coated MNPs may be due to the longer hydrophilic
PEG chains of the OE-80 polymer which led to insufficient
coating and aggregation of particles. Further increasing the
OE-80 concentration could have caused the OA group from
the OA-PEG-80 to align along the OA-coated iron-oxide
core, thus stabilizing the particle dispersion. (Figure 1B).
Since the hydrophilic PEG chains are smaller in OE-20 and
OE-40 polymers than in the OE-80 polymer, the balance
between the hydrophilic PEG and hydrophobic OA could
have caused these to anchor onto the OA coated around the
iron-oxide core.

The hydrodynamic diameter of the OA-PEG MNPs is
larger than typical PEG, PVA, dextran, and starch-coated
MNPs due to the OA-OA-PEG layers formed around the
magnetic core. However, most of the superparamagnetic
formulations have a greater polymeric content (40-50 wt%bo)
on their surface for stability (20,24,28), but our formulations
were stable with a low polymer content of 4.56-5.94 wt%
(Figure 3B). The low polymer content of our MNP
formulation with -NHS functional groups facilitates further
chemical modification, and the polymer acts as a shield over
the magnetic core. Our OA-PEG polymer coatings lower the

1OO-DAO><

80 pox.0E-20 MNPs

60
DOX-OE-40 MNPs

40 - DOX-OE-80 MNPs
osromes YN

204

Transmittance (%)

1600 1400 1200 1000 800
Wavenumber (cm™)

1800

magnetization saturation of the MNPs compared to bare
particles and OA-MNPs, but our formulation has a close Ms
value compared to the commercial contrast agent Feridex IV.

A critical parameter in nanoparticle design is to prevent
phagocytosis and avoid rapid clearance by the RES after IV
administration. PEG helps reduce the protein adsorption i vitro
(Table I) by increasing the hydrophilic content of the particles.
In particular, the longer hydrophilic chain length in the OE-
80 formulation lowered BSA binding compared to the
remaining formulations with lower or no hydrophilic domains
(Figure 1B). Increased protein binding to Feridex IV may be a
result of electrostatic interactions between BSA and the iron-
oxide core as dextran equilibrates with the surrounding
medium (29). Such interactions could have been prevented
in our MNP formulation because of PEG forming the corona.
Despite higher protein binding, Feridex IV showed lower
phagocytic uptake  vitro than our formulations, which could
be the effect of smaller size of Feridex IV than our formulation.
Particle uptake by macrophages is dependent on both particle
size and surface coating of the particles (26). Thus, while
protein binding is known to lead to rapid clearance i o,
there appears to be no correlation in our @ vitro experiments
between protein binding and phagocytic uptake of MNPs
because Feridex IV, despite higher protein binding, shows
lower phagocytic cell uptake (Figure 5 and Table I).

In general, the process of Ty shortening (T; relaxivity)
requires the direct interaction between protons and the
magnetic component of the contrast agents (30). The greater
hydrophilic content of dextran-coated Feridex IV and of

30

1B
254 E/E/E/E
/
204 A

Cumulative release (%)
o
1

Time (days)

Fig. 8 Characterization and drug release of DOX-MNPs. A Polymer formulations modified with DOX and (B) release profile of DOX from DOX-OE-

80 MNPs (data is represented as mean=SEM, n=3).
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Fig. 9 Transferrin antibody conjugation to OE-80 MNPs. A Antibody conjugation to plain and DOX-loaded OE-80 MNPs. B Transferrin and BSA binding
to OE-80-Ab MNPs indicates proper orientation of transferrin antibody antigen binding sites (data is represented as mean=SEM, n=3).

OE-80 MNPs compared to OE-40 and OE-20 MNPs may
increase the proximity of the contrast agent to water
molecules (protons) and lower the spin-lattice relaxation time
(T} relaxivity). The hydrophobic domains from the OA layer
in the OE-20, OE-40 and OE-80 MNPs may have
decreased the T, relaxivities (Table II and Figure 6). Our
OE-80 MNPs show closer T relaxivity (lower T relaxivity
value) to the Feridex IV formulation than the OE-20 and
OFE-40 MNPs, likely due to the higher PEG chain lengths
and greater hydrophilicity of the formulation.

The large particle size, magnetization saturation (Ms), and
long polymer chain length can each enhance the Ty MRI
contrast of magnetic nanoparticles. Particle aggregation
changes the magnetic relaxation properties of nearby water
protons, reducing the Ty relaxation times (31,32), while
increasing Ms increases in the Ty relaxivities and contrast.
Each of these properties may support the relative increase in
Ty relaxivity and better contrast properties of our OE-80
formulation compared with Feridex IV (Table II) and our
similar formulations with Pluronic®-coated OA-MNPs

Table IV Characterization of MNPs after DOX Loading and Antibody
Conjugation

Formulation Size (nm) and Drug loading  1Csg
(Polydispersity Index) (%) (ng/mL)
Doxorubicin - - 40.6
OE-80 MNPs 234.2 (0.17) - -
OE-80-DOX MNPs 288.9 (0.20) 3.1 952.6
OE-80-Ab MNPs* 2424 (0.17) - -
OE-80-Ab-DOX MNPs*  288.8 (0.21) 23 530.6

#An average of 3.4 antibody molecules bound to each MNP with 88.2%
conjugation efficiency

® The OE-80 MNPs and OE-80-Ab MNPs were non-toxic at all concentrations
tested

(3.8x107° s~ ug™' mL) (33). The shorter chain lengths of
the OE-20 and OE-40 may increase the aggregation altering
the local magnetic heterogeneity in the agarose gels and Ty
contrast properties (34).

The significance of formulating MNPs with various
polymer coatings is to minimize macrophage uptake and
improve blood circulation time (34-38). There are several
commercial dextran- or polymer-coated MNP formulations
available for diagnostics, but the low & vwo half-life and
rapid capture of the particles by cells and organs of the
RES limit their application to spleen and liver diagnostics
(2). We observed an initial steep drop in contrast with our
formulation followed by a gradual increase, compared to
Feridex IV, which gradually decreased over time following
injection. The initial sharp decline with our OE-80 MNP
formulation may be due to particles initially being removed
from circulation into body compartments, such as the liver,
and then returning to circulation instead of being broken
down and cleared by the liver. The long chain length of our
PEG-coated MNPs may not be recognized as foreign
particles i vivo as easily as dextran-coated Feridex, and
our MNPs may slowly equilibrate with the vascular compart-
ment, leading to a gradual increase in the signal intensity
detected. We observed a similar pattern of change in the
dynamics of iron content in different tissue with time in our
previous studies with similarly formulated pluronic-stabilized
MNPs (39). Conversely, Feridex IV may decline gradually as
the dextran, which is in equilibrium with the surrounding
environment and weakly associated with the iron-oxide core
(29), dissociates and particle aggregate. This observation is
similar to our ¢ viro observation of protein binding, where
we saw greater protein binding on Feridex than our MNP
formulation (Table I). The prolonged circulation time of our
OE-80 formulation in the mouse carotid arteries compared
to both Feridex IV (Figure 7) and Pluronic®-based for-
mulations may be due to the longer PEG chain length and
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high hydrophilic content of the OE-80 MNPs (40). We
observed less macrophage uptake for the smaller Feridex IV
formulation @ witro, thus reducing the size further, and
increasing the hydrophilic content of the current formulation
may result in an even longer circulation time  viwo (36,41).

A major advantage in using nanoparticles for chemothera-
peutic applications is to prevent systemic drug toxicity by
encapsulating the drug. In addition, the particles can allow for
sustained drug release over time, potentially lowering the
dosing frequency and improving patient compliance. The OA
layer in the current formulation entraps the hydrophobic drug
Doxorubicin through physical interaction. This physical
interaction 1s a significant advantage over nanoparticle-drug
conjugates, magnetic liposomes, and drug-encapsulated for-
mulations because easy drug loading, high loading efficiency,
and sustained release occurs as opposed to burst release. In
particular, the release of hydrophilic drugs from hydrophilic
compounds is rapidly reversible, and the drug dissociates within
hours (4). The sustained release of doxorubicin from the
MNPs over several days likely occurs through two mecha-
nisms, drug release from the surface of the MNPs and
through diffusion from OA layers due to concentration
gradient with respect to the surrounding environment.

The versatility of the OE-80 MNP formulation allowed us
to investigate antibody conjugation and thus targeted drug
delivery in addition to the MRI. The OA-PEG-80 chain has
an active -NHS end group which offers high and direct
conjugation capacity to the amine group on antibodies
without requiring a cross-linker like some polymer-coated
MNP formulations used for conjugation (42). For antibody
conjugation, the reaction and drug loading were carried out
at 4°C in PBS. The hydrophilicity of the particle after
antibody conjugation and at the low temperature reduced
the drug loading capacity of the formulation compared to
drug loading at room temperature because the parent OA
freezing point is 16.4°C. In addition, drug loading in PBS
may have further reduced the loading capacity due to some
aggregation of the particles which was not observed when
drug was added to particles suspended in water (Table S1
and Table III). However, the drug loading combined with
antibody conjugation was still sufficient to provide a two-fold
decrease in drug required to inhibit 50% of cell growth
vitro (Table IV). In addition, drug is released over several
weeks from the MNPs, whereas 100% of the free drug is
available to inhibit cell growth. Based on the drug release
profile (Figure 8B), about 13.68% of the drug is released
over five days, the length of the i vitro study. Thus, the drug
released may be around 72.6 ng/mL for OE-80-Ab-DOX
MNPs, and 130.3 ng/mL for OE-80-DOX MNPs, which is
much closer to the 40.6 ng/mL DOX required to inhibit
50% of the cell growth i witro. Confocal scanning laser
microscopy of DOX MNPs confirms that drug is present
within the cytoplasm and likely still associated with the
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MNPs (43). There is a slow increase in accumulation of drug
detected in the nucleus, the site of action, as the drug is
released from the MNPs. Plain drug, alternatively, is visible
almost exclusively in the nucleus; this likely accounts for the
higher toxicity observed of free DOX compared to that of
DOX MNPs. Our formulation can be further optimized for
the drug and also for specific targeting ligand and its density
around MNPs to further improve the efficacy.

Our MNPs have potential to be developed as an image-
guided drug therapy because they can be imaged using MRI
and simultaneously deliver drugs to the target tissue. Image-
guided drug therapy is particularly important in cancer therapy
because of significant variations in tumor vascularity, hetero-
geneous and diverse expression of cell surface receptors, and
genetic make-up of cancer cells (44), as these factors could
significantly influence the eflicacy of nanocarrier-mediated
drug delivery as well as drug response. Nanocarriers with
imaging capacity can ensure drug delivery to the target tissue.

CONCLUSION

We show that our MNP formulation has dual functionality,
.e. drug delivery and MRI properties. In the future, our
MNPs can potentially be used as a theranostic agent for
image-guided cancer therapy to maximize therapeutic
effect while minimizing drug toxicity.
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