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Abstract

Magnetic Block lonomer Clusters (MBIClusters) with hydrophilic ionic cores and nonionic
coronas have been prepared that have ultrahigh transverse NMR relaxivities together with
capacities for incorporating high concentrations of polar antibiotic payloads. Magnetite-polymer
nanoparticles were assembled by adsorbing the polyacrylate block of an aminofunctional
poly(ethylene oxide-b-acrylate) (H,N-PEO-b-PAA) copolymer onto magnetite nanoparticles. The
PEO blocks extended into aqueous media to keep the nanoparticles dispersed. Amines at the tips
of the HoN-PEO corona were then linked through reaction with a PEO diacrylate oligomer to yield
MBIClusters where the metal oxide in the precursor nanoparticles were distinctly separated by the
hydrophilic polymer. The intensity average spacing between the magnetite nanoparticles within
the clusters was estimated to be ~50 nm. These MBIClusters with hydrophilic intra-cluster space
had transverse relaxivities (r,’s) that increased from 190 to 604 s~ mM Fe™! measured at 1.4 T
and 37 °C as their average sizes increased. The clusters were loaded with up to ~38 wt% of the
multi-cationic drug gentamicin. MRI scans focused on the livers of mice demonstrated that these
MBIClusters are sensitive contrast agents.
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Introduction

Magnetite nanoparticles have emerged as versatile probes for biomedical applications,
especially as contrast agents for magnetic resonance imaging (MRI). Early MRI results with
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magnetite-dextran agents that were ~150 nm in average diameter established that the
particles accumulated preferentially in normal tissue in the liver and spleen with less
accumulation in cancerous tissue, thus allowing for diagnosing hepatic and splenic
tumors.1=3 In the past decade, multifunctional magnetite nanocarriers that integrate
therapeutic agents into one system have attracted considerable interest because they may
enable monitoring of biodistribution via MRI together with treatment.#~8 The concept is
challenging, however, because the contrast agents can disperse broadly in vivo and sufficient
concentrations must accumulate in close proximity to provide good contrast. Another
emerging application of magnetic particles is for cell-based therapies where cells can be
labeled with magnetite and potentially monitored with T,- and To*-weighted MRI in vivo
following transplantation.®-14 However, it is desirable to monitor cell migration and
differentiation, and again, a challenge is to improve detection sensitivity.1>-2! Therefore,
particles and agents with high transverse relaxivities are needed to improve upon tracking
efficiencies of labeled cells as well as monitoring biodistribution of encapsulated drugs.

Magnetite nanoparticles are of interest as contrast-enhancement agents for T,-weighted MRI
due to their high magnetization, low toxicities and surface properties that allow for coatings
to be applied so that the particles can be dispersed under physiological conditions.>:6.8.12.22
The contrast is generated through dephasing of the magnetic moment of water protons near
these complexes in the transverse plane, and higher rates of relaxation correlate with
improved signal in the images. Recent results strongly suggest that the nanoscale size of
magnetite-polymer particles is important for obtaining high transverse relaxivity.23-28 We
previously reported magnetite nanoparticles coated with copolyethers and showed that they
could be aggregated slightly by tuning the hydrophaobic versus hydrophilic compositions of
the copolymers. Small increases in intensity average hydrodynamic diameter (from
approximately 50 to 75 nm) were associated with transverse relaxivities that increased from
approximately 150 to 240 s~1 mM Fe™1. This was encouraging, and the best relaxivities
obtained using that approach were about a factor of 1.7 better than commercial materials
such as Feridex (as reported herein).26 We also introduced the concept that a hydrophilic
space between magnetic nanoparticles in a cluster may be important for increasing
relaxivities, and developed a model which predicted that ~100 nm between particles in an
aggregate would be optimal.252° To test the model, functionalized ferritin protein was
crosslinked to produce ~1.2 nm between the proteins. Transverse relaxivities increased by
~70% even with the small spacing over the non-crosslinked analogue, but the relaxivities of
ferritin are low and this only produced a maximum relaxivity of ~16 s™1 mM Fe™1. Related
materials that contained magnetite clusters in hydrophobic cores have also been reported.30
Altogether, both theoretical and experimental investigations of relationships among the
properties of polymer coatings, sizes of aggregates, and relaxivities of the complexes have
been initiated, but the optimal structure-relaxivity parameters remain far from defined.

We have prepared magnetite-polymer nanoparticles by adsorbing poly(ethylene oxide-b-
acrylate) (PEO-b-PAA) onto magnetite.31 A portion of the PAA block of the copolymer
complexed with the metal oxide surfaces to form a core, while the PEO component extended
into aqueous media to form a corona. Realizing the need to enhance detection sensitivity of
the nanocarriers, we herein report Magnetic Block lonomer Clusters (MBIClusters) with
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controlled sizes and with significant hydrophilic space between the magnetite particles
within the clusters. Their prominent longditudinal and transverse relaxivities together with
high capacities for encapsulating cationic therapeutic agents makes these highly promising
as future MRI probes.

Experimental

Materials

Benzyl alcohol (>98%), diethyl ether, iron (111) acetylacetonate (Fe(acac)s), oleic acid (90%,
technical grade), triethylamine (>99.5%), pentamethyldiethylenetriamine (PMDETA),
bromoisobutyryl bromide, gentamicin sulfate and poly(ethylene glycol) diacrylate (PEGDA,
700 g mol~1) were purchased from Aldrich and used as received 3-
Hydroxypropyldimethylvinylsilane and N-(t-butoxycarbonyl)-2-aminoethanethiol were
synthesized following previously-reported procedures.31-32 t-Butyl acrylate (tBA, 99%) and
Celite® (filter aid standard super-cel) were purchased from Alfa Aesar. tBA was distilled
from calcium hydride before polymerization. Toluene (anhydrous), tetrahydrofuran (HPLC
grade), dichloromethane (HPLC grade), hexane (HPLC grade), and acetone were purchased
from Fisher Scientific and used as received. Dialysis tubing was obtained from Spectra/Por.
Phosphate buffered saline (PBS) was obtained from Mediatech, Inc.

Characterization

Dynamic Light Scattering (DLS) measurements were conducted with a Malvern Zetasizer
NanoZs particle analyzer (Malvern Instruments Ltd) at a wavelength of 633 nm from a 4.0
mW, solid-state He-Ne laser at a scattering angle of 173° and at 25.0 £ 0.1 °C. The samples
were dispersed in DI water at a concentration of 0.1 mg mL™1, and the dispersion was
sonicated for 5 min in a 75T VWR Ultrasonicator (120 W, 45 kHz). Then 1 mL of the
dispersion was transferred into a polystyrene cuvette for analysis. Thermogravimetric
analyses (TGA) were carried out on the samples using a TA Instruments TGA Q500 to
determine the fraction of each complex that was comprised of magnetite. Each sample (10—
15 mg) was first held at 110 °C for 10 min to drive off any excess moisture. The sample was
equilibrated at 100 °C, then the temperature was ramped at 10 °C min~1 to a maximum of
700 °C in a nitrogen atmosphere. The mass remaining was recorded throughout the
experiment. The mass remaining at 700 °C was taken as the fraction of magnetite in the
complexes. The experiments were conducted in triplicate.

Transmission electron microscopy (TEM) was performed on a Philips EM-420 field
emission gun TEM operating at an acceleration voltage of 120 kV. Samples were prepared
by casting a drop of a dilute aqueous solution of the MBICs or MBIClusters onto amorphous
carbon-coated copper grids. Images were acquired at a magnification of 96,000X.

A 7T MPMS SQuID magnetometer (Quantum Design) was used to determine magnetic
properties. Hysteresis loops were generated for the magnetite nanoparticles at 300K.
Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) was performed with a
SPECTRO ARCOS 165 ICP spectrometer (SPECTRO Analytical Instruments, Germany).
The particles were digested to release free iron by reacting them with concentrated nitric
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acid at a concentration of 0.02 mg mL~1 for 5 days at 25 °C. They were diluted to 0.002 mg
mL~1 with DI water prior to measurement.

Preparation of magnetic block ionomer complexes (MBICs)

Block copolymers with molecular weights of 3.5K-6.8K and 3.5K-9.5K H,N-PEO-b-PAA
were prepared in our laboratories as described previously in supporting information by
synthesizing a H,N-PEO-Br macroinitiator and using it with ATRP to prepare poly(t-butyl
acrylate) blocks, then the t-butyl groups were removed.3! The molecular weights and
compositions of the copolymers were determined using size exclusion chromatography

and TH NMR respectively (see supplemental data). Oleic acid-coated magnetite
nanoparticles were synthesized as described previously.3 The particles (50 mg) in
chloroform were charged into a 50-mL round-bottom flask. HyN-PEO-b-PAA (100.0 mg)
was dissolved in DMF (10 mL) and added to the dispersion. The mixture was sonicated in a
VWR 75T Ultrasonicator for 4 h under Ny, and then stirred at RT for 24 h. The
nanoparticles were precipitated in hexane (200 mL). A permanent magnet was utilized to
collect the magnetite nanoparticles and free oleic acid was decanted with the supernatant.
The particles were dried under vacuum, then dispersed in DI water (20 mL) with adjustment
of the pH to 7 with 1 N NaOH and sonicated for 30 min. The particles were dialyzed against
DI water (1 L) for 24 h in a 25,000 g mol~1 MWCO cellulose acetate dialysis bag to remove
any free polymer. The dispersion was sterilized by filtration through a 0.2 3m Teflon filter.
A black-brown solid product was obtained after freeze-drying with a yield of >85%.

Crosslinking the MBICs to form MBIClusters

The amine termini on the tips of the PEO coronas were crosslinked with PEGDA to form
MBIClusters. The reactant concentrations were 10, 20 or 30 mg mL~1. A stock solution of
PEGDA (700 g mol™1) was prepared by dissolving 250 mg of PEGDA in 10 mL of DI
water, then a stoichiometric amount of the PEGDA solution was added to the MBIC
dispersion. For example, to crosslink MBICs that contained 67 wt% of H,N- PEO-b-PAA
with block molecular weights of 3.5K-6.8K at a total reactant concentration of 20 mg mL™1,
MBICs (100 mg, 7 x 1076 eq of amine on H,N-PEO-PAA) were dispersed in 5 mL of DI
water, the mixture was sonicated for 5 min, then the pH was adjusted to 7.8 with 1 N aq
NaOH. The PEGDA stock solution (100 3L, 7 x 107 eq of acrylate) was added dropwise to
the MBIC dispersion with stirring at room temperature over ~5 min. The mixture was stirred
at 37 °C for 24 h, then dialyzed against DI water in a 25,000 g mol~1 MWCO dialysis bag
for 24 h to remove any unreacted PEGDA. The product was recovered by freeze-drying.

Incorporation of gentamicin into MBIClusters

MBIClusters (40 mg, 2.18 x 10~ eq COOH) were weighed into a 20-mL glass vial.
Gentamicin sulfate solution in 10 mM phosphate buffer at pH 7.2 (45 mg gentamicin sulfate,
27 mg gentamicin, 5 mL) was added. The solution was sonicated for 5 min and transferred
to a centrifugal filter unit equipped with a cellulose acetate membrane (MWCO of 10,000 g
mol~1). The free drug and salt solution were removed by centrifuging the dispersion at 3750
rpm for 1 h. This allowed the liquid to pass through the membrane into the bottom of the
centrifugation unit, and the particles were collected on the membrane. They were removed
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from the membrane by redispersing them in a small amount of DI water (10 mL), and then
the dispersion was freeze-dried to obtain gentamicin-loaded MBIClusters

The amount of gentamicin in the MBIClusters was measured by reacting the primary amines
in the gentamicin-loaded MBIClusters with phthalaldehyde and mercaptoethanol in borate
buffer at pH 9.7.47 The fluorescence emission intensity was measured in a fluorimeter
(Biotek, USA) using an excitation wavelength of 340 nm and an emission wavelength of
450 nm. All samples including a series of standard solutions of gentamicin were transferred
into 48-well plates and their fluorescence emission was measured. The concentration of
gentamicin was calculated from a standardized calibration curve.

Relaxivity measurements

The proton transverse relaxation times (T,) and longitudinal relaxation times (T1) were
measured on a Model mg-20 or mg-60 NMR Analyzer (Bruker Minispec) at a magnetic
field strength of either 0.47 (wy = 20 MHz) or 1.4 T (w, = 60 MHz) and at 25 or 37.5°C. T,
was obtained from fitting a monoexponential decay curve to signal data generated by a Carr-
Purcell-Meiboom-Gill (CPMG) spin-echo pulse sequence with an echo spacing of 1 ms and
a repetition time of 6000 ms. T1’s were obtained from fitting a monoexponential recovery
curve to signal data generated with an inversion recovery (IR) pulse sequence using ten
logarithmically spaced inversion times between 50 and 10,000 ms. Samples were diluted in
DI water in the concentration range of 0.01-0.001 wt% and 500 pL of each concentration
was transferred into a 7.5 mm NMR tube and equilibrated for 15 min prior to measurements.
To measure relaxivities at high fields, T, and T relaxation times of five samples at different
concentrations were measured on 4.7 T/40-cm, 7 T/21-cm, and 11.7 T/31-cm horizontal
bore small animal MRI scanners (Bruker, MA). The images were fitted with a 3-parameter
function to calculate T, and T, values using the Bruker TopSpin built-in image-processing
program. The relaxivities were calculated from the least-squares fit of the relaxation rate
(1/T, or 1/T,) as a function of iron concentration (mM Fe). Fe concentrations were
determined by inductively coupled plasma-atomic emission spectroscopy (ICP-AES, Varian
Vista Axial CCD) as described above.

MRI parameters

Phantom MR images were measured to demonstrate that the enhanced r; relaxivities of the
MBIClusters led to superior images relative to those of the non-crosslinked MBICs. MBICs
(55 nm intensity average diameter) and MBIClusters (174 nm intensity average diameter)
were dispersed in DI water at Fe concentrations ranging from 0 to 200 uM Fe. The
dispersions were transferred to 1.5 mL Eppendorf tubes and mounted in a 1.5 wt% agarose
gel in a glass container. MRI was performed on a 4.7 T small animal MRI scanner with a
40-cm horizontal bore (Bruker). To-weighted MR images were acquired with a spin- echo
sequence with repetition time (TR) = 2,400 ms, echo time (TE) = 63 ms, flip angle = 180°,
matrix size = 128 x 128 and slice thickness = 1.00 mm. T1-weighted MR images were
acquired with a FLASH sequence with TR = 150 ms, TE = 2.7 ms and FA angle = 90°. Six
adult male B6 mice (25-30 g) were used to obtain images of the biodistribution of particles.
All animal work was perfomed according to the guidelines of the Animal Care and Use
Committee and the Animal Health and Care Section of the National Institute of Neurological
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Disorders and Stroke, National Institutes of Health (Bethesda, MD). For tail vein injection,
the animals were initially anesthetized with 4% isoflurane in 3:3:2 air:nitrogen:oxygen, and
kept on 1.5-2.5% isoflurane during the infusions. For MRI scans, the mice were placed in a
custom made plastic holder. The anesthesia was maintained at 1.5-2.0% using a nose cone
and rectal temperature was maintained at 37 £ 1 °C by a heated water bath. No
abnormalities were observed after injection in any of the mice. MRI’s were acquired on a
7T/21cm horizontal bore Bruker Biospec System. The images were acquired using a Fast
Low Angle SHot (FLASH) sequence synchronized to respiratory motion. The echo time
(TE) was 10 ms, the repetition time (TR) was ~300 ms and the excitation flip angle was 30°.
Each set consisted of 16 slices with no gap and a FOV of 3.84 x 2.56 x 1.2 cm, matrix 128 x
192 x 16.

Results and Discussion

Synthesis of MBIClusters

H,N-PEO-b-PAA block copolymers were synthesized through controlled radical
polymerization of t-butyl acrylate initiated by a protected aminofunctional PEO
macroinitiator.31 The t-butyl esters and the tBoc protecting group on the amine terminus
were subsequently removed to yield diblock HoN-PEO-b-PAA copolymers. Two
copolymers with number average molecular weights of 3.5K-6.8K and 3.5K-9.5K H,N-
PEO-b-PAA were utilized. Magnetite nanoparticles were synthesized by reducing Fe(acac)s
in benzyl alcohol. Each HoN-PEO-b-PAA was coated onto the magnetite through ligand
adsorption of a portion of the carboxylates on the PAA block. A targeted composition of
33:67 wt:wt magnetite:polymer was utilized that allowed for carboxylate adsorption onto the
nanoparticles and also for a significant fraction of the carboxylates to remain free for
subsequent salt formation with charged drugs. TGA indicated that the compositions were
~34 wt% magnetite and ~66 wt% polymer in close agreement with the targeted composition.
When dispersed in water, core-shell nanoparticles formed that had PAA-magnetite
hydrophilic cores and PEO coronas with amine tips on their outer peripheries. Clusters were
formed from these complexes by crosslinking the amines on the corona tips with acrylates
on poly(ethylene oxide) diacrylate wherein the magnetite nanoparticles were separated by
the hydrophilic polymer around each precursor (Figure 1).

To distinguish the precursor magnetite-polymer nanoparticles from the clusters, the
precursors will be designated as Magnetic Block lonomer Complexes (MBICs), while the
clusters will be called Magnetic Block lonomer Clusters (MBIClusters).

The cluster sizes were controlled by adjusting the reactant concentrations in the crosslinking
step (Table 1). In each case, a 1:1 ratio of amines to acrylate groups was utilized. The
hydrophilic, oligomeric, crosslinking reagent reacted with amines on the coronas in water to
form both inter- and intra-particle links. As the concentration in the crosslinking reaction
was increased, inter-particle crosslinking became more pronounced, thus increasing the
average cluster sizes. TGA confirmed that the composition of the MBIClusters was 32 wt%
magnetite and 68 wt% polymer (including the crosslinking reagent), as expected.
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TEM images of the non-crosslinked particles suggested that they formed small aggregates in
water (Figure 2a). It was reasoned that this was likely a result of interparticle interactions
among cationic ammonium groups on the particle coronas with anionic carboxylates on a
neighboring particle. It is noteworthy that analogous non-crosslinked complexes without
amine groups on the coronas formed discrete particles. Figure 2b shows the nanoscale
MBIClusters after the crosslinking reaction. In addition to the clusters, some of the precursor
small aggregates still remain.

Colloidal stability under physiological conditions is one of the most important issues when
considering biological applications of nanomaterials.32 The MBIClusters had excellent
colloidal stability in both DI water and phosphate buffered saline (PBS) for up to 7 days
(Figure 3). This suggests that they will be sufficiently stable under physiological conditions
to be suitable drug carriers.

The magnetic properties of the bare magnetite nanoparticles were characterized via SQuID
analysis. Hysteresis loops revealed that the nanoparticles were superparamagnetic at 300 K
with a saturation magnetization of 67 Am2 kg1 of magnetite (Figure 4).

This value corresponds to ~92 Am?2 kg™ of Fe and is consistent with the mass
magnetization values reported for similar sized Fe30,4 nanoparticles.33

Relaxivities of MBIClusters

To validate the potential for these MBIClusters as T, contrast agents, the proton transverse
relaxivities (r,’s) were measured at the clinically-relevant field strength of 1.4 T and
physiological temperature. While the non-crosslinked precursor MBICs had ry’s of 68-93
sI mM Fe™1, ry’s of the clusters were significantly higher and increased with size (Table 2).
For example, MBIClusters with the 3.5K-9.5K HoN-PEO-b-PAA had ry’s increasing from
255 to 444 and 534 s™1 mM Fe™1 as the cluster size was increased from 105 to 139 and 174
nm, respectively (see the supplemental information). Thus, control over the cluster sizes
from ~50-180 nm in intensity average diameter afforded control over r,’s covering almost
an order of magnitude.

The very high ry values are likely due to the ability of water to diffuse through the intra-
cluster hydrophilic spaces between magnetite nanoparticles.2>34 \Vuong et al. have recently
developed an empirical equation based on the classical motional-averaging model to predict
the transverse relaxivities of hybrid magnetic nanoparticles such as controlled clusters.3 It
was shown that the normalized r,’s of magnetic particles over a range of sizes,
morphologies and magnetizations followed a universal scaling law varying with the square
of the particle hydrodynamic diameter. We used the volume fractions of magnetite in all of
the dried MBICs and MBIClusters (from TGA) in the hydrodynamic size range of 50-180
nm (Table 2) and the volumetric magnetizations (M, at 1.4 T) to normalize the observed ry’s
according to [ry” = (FaXointra)/My2] and plotted them versus (DMmCmster)Z (Figure 5). The
magnetite volume fraction within the cluster, Qjnira, is based on the TGA analyses but does
not account for water included in the clusters. At present, we have no ready method for
measuring the magnetite volume fraction in the hydrated clusters. The plot of ry’ versus the
square of the hydrodynamic diameters was a straight line with a slope of 2.2 x 10712, a
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factor of 5 smaller than the prefactor in Vuong et al. (from figure 1 in that reference). The
difference in the prefactor could be attributed, in part, to effects of hydration in the clusters.
Specifically, if gjntra increased with the cluster diameter Dygcluster this could account for
the smaller value of the slope that we find (relative to Vuong et al.) since (roXintra)/My2 =
rol(@intraXM?2) where M is the magnetization of magnetite at 1.4 T. Other variables may also
affect r, such as the diffusion coefficient of water in the cluster and the spacing between
magnetite particles in the cluster. These effects can be captured in part by recent Monte
Carlo computer simulations for r, in hydrophilic clusters.25:29.34.36

Interestingly, even for the single MBICs, if one considers that only the surface iron on the
magnetite nanoparticles is accessible to water, it appears that r1’s of iron oxide nanoparticles
can be substantially higher than for gadolinium chelates. At 0.47 T and room temperature, rq
relaxivities of the MBICs and Feridex (a commercial dextran-magnetite control) were ~40
and 22 s™1 mM Fe™1, values that are in line with those reported in the literature for iron
oxide nanoparticles.37-39 By controlled clustering of MBICs to form MBIClusters, further
increases in ry’s were observed. At 1.4 T and 37 °C, the relaxivity of MBIClusters with an
intensity average diameter of 139 nm was 69 s~ mM Fe~L. Although the numbers are
remarkably high, such rq values are not unheard of. For example, specialty materials such as
gadonanotubes in which clusters of gadolinium ions were trapped within defects of short
single-walled carbon nanotubes, and also trimetallic gadolinium nitrides encapsulated within
fullerenes have been reported to have very high r;’s.40-41 Possible explanations for the
marked fast r1’s of the MBIClusters is likely partly attributable to the hydrophilic spacing
between each MBIC within the clusters that results in a larger volume fraction of Fe atoms
accessible to water molecules relative to aggregated nanoparticle clusters. However, it is not
yet fully understood why these ry values are so high.

The rq’s of both the MBIClusters and precursor MBICs were field-dependent, decreasing as
expected with increasing field strength (Figure 6).3742 The sharp decrease of ry with
increasing field suggests that rotational correlation times of these particles also play a role in
enhancing the relaxivities. In contrast, rp values for these agents remained essentially
constant with field strength and this is likely at least partially attributable to the magnetic
moments of the particles being almost saturated even at the lowest field investigated (0.47
T).

Phantom and in vivo MRI

The feasibility of the MBIClusters to be potent negative MRI contrast agents was
demonstrated in phantom images measured at 4.7 T. Figure 7 shows that the hypointense
contrast signals obtained from aqueous dispersions of the MBIClusters were more
pronounced relative to dispersions of the non-crosslinked precursors. With the clusters,
significant contrast was already observed at an Fe concentration of 12.5 uM, and complete
signal losses were observed at Fe concentrations >50 UM. In contrast, a similar dark
hypointense image was only detected in the MBICs dispersion at an Fe concentration of 200
UM, consistent with the lower ry’s. Positive contrast signals generated by the MBIClusters
and MBICs were also observed in T1-weighted MRI. As observed for the T,-weighted
images, the clusters led to more T;-relaxation enhancement compared to the smaller MBICs.
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There is an increasing interest in developing MRI contrast agents that exert both positive
and negative signals so that the two images can be compared. The MBIClusters, with
prominent MRI relaxivities, may be useful as dual T1/T5 contrast agents at clinical field
strengths where ry’s of the clusters are still high.

In an in vivo demonstration of T, contrast with the clusters, mice were intravenously
injected with MBIClusters, MBICs or Feridex at Fe doses of 0.28 mg per kg. Serial 2D
FLASH T,*-weighted MRI was performed pre-injection and 10 and 50 minutes after
injection. It is clear that administration of the MBIClusters at 0.28 mg/kg generated an
enhanced hypointense signal in the livers compared to either the MBICs or Feridex (Figure
8). To quantify the comparison, liver signal intensities were normalized against muscle
signals and the amounts of signal drop were calculated by dividing the normalized signal
intensities by the pre-injection intensity. Figure 9 shows that injection of a low dose of
MBIClusters resulted in 81-84% signal drop while injection of the same dose of MBICs and
Feridex caused 38-48% and 39-45% signal drop, respectively. The decrease in signal
intensity occurred within the first few minutes after injection, thus suggesting rapid uptake
of particles by the livers, probably due to endocytosis by Kupffer cells. It was reasoned that
the prominent signal drops caused by the MBIClusters are at least partially attributable to the
high r, values. However, it is also possible that the size distributions of these clusters lead to
more efficient liver uptake, thus resulting in higher iron accumulation relative to the smaller
MBICs or Feridex. Further investigation into the dose-dependent contrast signals, and
quantification of the tissue iron content of these clusters will enable a better understanding
of the in vivo relaxivities. However, it is clear that the MBIClusters are potent MRI contrast
agents in vivo as well as in vitro.

MBIClusters as potential nanocarriers for delivering cationic drugs

Gentamicin, an aminoglycoside antibiotic, was selected as a model drug for these studies
due to its highly polar and positively-charged structure to demonstrate that the MBIClusters
may be suitable as imageable depot systems for therapeutic agents. Simple mixing of the
drug solution with the clusters in phosphate buffer was sufficient to incorporate the drug
molecules into the anionic cores (Figure 1). The amount of charged gentamicin was based
on a 1:1 equivalence ratio of cations to anions assuming that all of the anions were free to
complex with the drug (and that none were deactivated through adsorption on the
magnetite). The fluorescence assay showed that 95% of the charged gentamicin had been
encapsulated in the clusters, corresponding to a high drug content of 38 wt%. This
remarkable loading of gentamicin is attributed to cooperative interactions between the multi-
cationic drug (5 ammonium ions in its molecular structure) and the anionic polymeric cores.

Upon gentamicin encapsulation, the physicochemical properties of the MBIClusters
changed. The intensity average diameters decreased from 174 to 150 nm as the
polyelectrolyte polymers formed complexes with the drug. Moreover, the zeta potentials of
the gentamicin-loaded clusters dramatically decreased from —56 to -2 mV/, indicating that
the multi-cationic drug had effectively localized the charges in the cluster cores. The ry’s
and rq’s of the clusters remained high but almost constant with versus without the
hydrophilic drug (Figure 10), even though the cluster size decreased upon drug
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incorporation. The fact that high concentrations of drug molecules did not detract from the
MRI relaxivities reinforces the promise of using hydrophilic MBIClusters for dual delivery
and imaging. These novel nanocarriers can also potentially offer an efficient vehicle for
loading other cationic drugs into the formulation.

Conclusions

A series of MBIClusters with hydrophilic polymer spacing between magnetite nanoparticles
within the clusters have been prepared, and they have extremely high MRI sensitivity. The
average cluster sizes were controlled by adjustments in the reactant concentrations in the
crosslinking (clustering) step, and their sizes directly relate to high relaxivities. We posit that
the hydrophilic space within these clusters plays a strong role in enhancing field gradients to
diffusing water molecules, thus leading to the large increases in relaxivities. Owing to their
charged, nanogel-like network, we demonstrated that these clusters could be effective
nanocarriers for oppositely charged cargo. The prominences in MRI relaxivities and high
drug encapsulation efficiency warrant further exploration in using these MBIClusters as
potential dual ultrasensitive contrast agents for molecular imaging combined with
therapeutic capacities.
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Fig. 1.
(a) Synthesis of MBIClusters containing magnetite contrast agents with hydrophilic spacing

in the cores and subsequent drug loading via electrostatic interactions of complementary
charged molecules. (b) chemistry of the crosslinking reaction to form MBIClusters
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Fig. 2.
TEM images (top) of a) MBICs, Di of 50 nm, and b) MBIClusters, Di of 105 nm, and

(bottom) DLS curves of intensity-average sizes of MBIClusters
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Fig. 3.
Stability in a) DI water (pH 7.0), and b) PBS (0.14 M NacCl, pH 7.4) of MBICs, Di =50 nm

(Diamonds), MBIClusters, Di = 105 nm (squares), Di = 139 nm (triangles), Di =174 nm
(circles)
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Fig. 4.
Hysteresis loop of bare magnetite nanoparticles at 300 K
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Fig. 5.
Relationship between transverse relaxivities normalized by the volume fractions of

magnetite in the dried MBICs and MBIClusters and the hydrodynamic diameters
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Fig. 6.
Relaxivities, r1’s and r2’s, of MBIClusters, Di = 174 nm (diamonds), MBICs (squares), and

Feridex (triangles) as a function of field strength at room temperature
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Fig. 7.
MR phantom images at 4.7 T of the MBICs and MBIClusters with intensity-average

diameters of 50 and 174 nm respectively. Concentrations of Fe in each tube were 1) 200, 2)
100, 3) 50, 4) 25, 5) 12.5 and 6) 0 M.
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Fig. 8.
In vivo MR images of mice before and after i.v. injection of a) MBIClusters, b) Feridex and

c) MBICs at an Fe dose of 0.28 mg/kg (arrow indicates liver)
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Fig. 9.

Comparison of % signal drop in mouse livers after i.v. administration of contrast agents.
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Fig. 10.
a) Transverse relaxivities (r2) of MBIClusters (534 s~ImMFe™1, circles) versus gentamicin

loaded MBIClusters (555 s"*mMFe™1, triangles) b) longitudinal relaxivities (r1) of
MBIClusters (75 s~tmMFe™1, circles) versus gentamicin loaded-MBIClusters (95
s ImMFe1, triangles).
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Table 2
NMR relaxivities of MBICs and MBIClusters at 1.4T, 37 °C

Sample Intensity average diameter (hnm) T (S mMFe™) 1y (st mM Fe™?)
MBICs 55+2 18 68
50+2 14 93
MBIClusters 119+6 30 194
105+2 40 255
1435 34 410
139+4 69 444
181+2 43 604
174+2 75 534
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