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Abstract

A laboratory-scale synthesis of NC100150 (iron oxide particles with an oxidized starch coating) was characterized by
magnetization measurements (vibrating sample magnetometry, VSM), relaxometry (1/7, NMRD profiles and 1/T, at 10 and 20
MHz), and dynamic light scattering (photon correlation spectroscopy, PCS). The results were related to give a self-consistent
physical description of the particles: a water-impenetrable part making up 12% of the total particle volume, 82% of this volume
consisting of an iron oxide core and the remaining 18% consisting of an oxidized starch rind; and, a water-penetrable part making
up 88% of the total particle volume, consisting of oxidized starch polymers and entrained water molecules. Relating the
magnetization to the relaxometry results required that the oxidized starch coating slows the diffusivity of solvent water molecules
in the vicinity of the iron oxide cores. The effect of the organic coating on water diffusivity, not previously considered in the
application of relaxation theory to iron oxide nanoparticles, is supported by the much greater (factor of about 2) diameter
obtained from the dynamic light scattering measurements in comparison to that obtained from the magnetization measurements.
The present work shows that three physical techniques—VSM, relaxometry, and PCS—are needed for properly assessing iron
oxide nanoparticles for use as contrast agents for magnetic resonance angiography (MRA). It is also shown that NC100150 has
a narrow range of diameters and the smallest value of r,/r, reported to date, an asset for MRA. © 1999 Elsevier Science B.V. All
rights reserved.
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chemical formulation, their efficacy as negative agents
depends on the total amount of particles taken up by
the Kupffer cells and is relatively insensitive to their
size distribution. More recently, however, iron oxide
particles have been investigated as positive contrast
agents for MR angiography (MRA) [2], an application
which depends on T)-shortening in the vasculature.
Quite different from their collective behavior as nega-
tive contrast agents, their efficacy as positive agents is
directly related to T)-reduction by individual particles,
which places stringent demands on the physical charac-
teristics of the nanoparticles. To optimize their utility
for MRA, the appropriate magnetic material (usually

1. Introduction

Monocrystalline iron oxide nanoparticles, with an
organic polymer coating to increase solubility and sta-
bility, are widely used as negative (or T,) contrast
agents for MRI, particularly for imaging the liver [1].
In the liver, the particles are taken up by Kupffer cells,
which then act like much larger magnetic particles:
T,-shortening results from the diffusion of liver water
molecules in the ‘outer sphere’ environment of the
Kupffer cells. For nanoparticles of a given magneto-
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magnetite or maghemite) must be synthesized repro-
ducibly, and the core size of the iron oxide nanocrystals
and its variability must be carefully controlled.
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Defining nanoparticle relaxivities as r,=(1/7,—1/
T.w)/[Fe], where i= 1,2 and 1/T,, is the background
contribution of water, theory indicates that, in the
MRA magnetic field-range, the optimal utility of these
particles as positive contrast agents is very sensitive to
the ratio r./r; [3]. This ratio, in turn, is a function of
the diameter of the iron oxide, agglomeration of the
solute nanoparticles, and magnetic field strength. A
ratio near 2 at 20 MHz and body temperature is
necessary; too low a value gives little contrast en-
hancement and too large a value diminishes the signal
intensity adversely [3]. A ratio of about 1.6-1.7 is
ideal for the use of these nanoparticles at MRA field
strengths (> 0.5 T), since r, decreases with increasing
field strength more strongly the higher the value of
this ratio [3]. Consequently, it necessary to have repro-
ducible preparations of controlled and relatively
monodisperse iron oxide diameters. In the current
work, we have prepared maghemite (y-Fe,O,)
nanoparticles, coated with an oxidized starch, having
an r,/r, of 1.6-1.7, called NC100150.

Although preparing monodisperse iron oxide cores
of the appropriate size is essential to preparing an
agent with the proper relaxivities, the organic coating
may also influence the relaxivities due to its effect on
the diffusion of nearby water molecules. Therefore, in
order to properly characterize the MRA efficacy, it is
necessary to characterize NC100150 using a physical
property that is not sensitive to the organic coating:
the measurement of magnetization as a function of
magnetic field strength [4]. Using this thermodynamic
technique, the core diameter ¢ and magnetic moment
u (obtained with this technique as volume-average
quantities) are obtained without any influence from
the oxidized starch coating. Using relaxation theory
[3], the magnetization data can be reconciled with re-
laxometry data, which includes 1/, NMRD profiles
and the measurement of the r,/r; ratio at 10 and 20
MHz. The relaxometry results are not thermodynamic,
but depend on the dynamics of the solvent water
molecules near the nanoparticles, which can be charac-
terized by a diffusivity D. The approach used here is
to treat D as an adjustable parameter, rather than to
assume its value to be that of pure water, Dy (as is
adequate for small paramagnetic chelates), while keep-
ing d and u fixed at the values obtained from the
magnetization results. Finally, photon correlation
spectroscopy (PCS), which gives a measure of the
translational diffusion constant of an entire composite
nanoparticle [5], is used to infer the extent to which
water molecules near solute become entrained in the
starch structure by viscosity [6], altering water dynam-
ics in this region. Using these three physical measure-
ments, we confirm that the organic coating must be
considered in the interpretation of relaxometry data
and that we have prepared maghemite nanoparticles

with a narrow range of diameters and the smallest
value of r,/r, reported to date.

2. Materials and methods
2.1. Synthesis of NC100150

Soluble potato starch (50 g/l; Sigma S-2630) is dis-
solved in 850 ml of boiling deionized water and then
cooled in a 55°C water bath. A 2:1 molar ratio of
ferric to ferrous chloride (9.0 grams FeCl;"6H,0 + 3.3
grams FeCl,’4H,0) is then dissolved in 50 ml of
deionized water and stirred into the starch solution. A
nonmagnetic iron hydroxide precipitate is then formed
by adding 50 mil of concentrated ammonium hydrox-
ide, while stirring. The water bath is slowly heated to
90°C, taking 90 min, and maintained there for another
80 min with constant stirring. The result is a black
slurry, ostensibly a mixture of magnetite (Fe,O,) and
maghemite. This is allowed to gel overnight at 5°C,
and then washed repeatedly with cold deionized water
(suspend gel in water, settle, and decant) until the pH
is in the range 6-8. The gel is allowed to settle, the
majority of the water is then aspirated, and the gel
recovered. The iron concentration of the gel (mg/g Fe
of gel) is determined using a Ferrozine-based colori-
metric assay (Sigma, 565-C) after acid hydrolysis of
the gel.

The iron oxide particles are released from the starch
by oxidizing with sodium hypochlorite (Aldrich,
29.930-5; available Cl>4%). Typically 0.4 ml of a
sodium hypochlorite solution is added for each gram
of gel (containing 2.5 mg Fe), the solution heated to
70°C for 45 min, and the reaction quenched by adding
urea (0.16 ml of 8 M/g urea of gel). The resulting dark
reddish-brown solution is filtered (0.8 pm) to remove
small particles of unreacted starch, exhaustively diafil-
tered against deionized water (100 kDa cutoff), and
concentrated to 5-30 mg/ml Fe. The sample is again
filtered (0.1 pm) and stored at 5°C. The yield of iron,
70%, is typical for this process. There was no free iron
or starch in the solutions used, as determined by ul-
trafiltration or ultracentrifugation after removal of the
nanoparticles. Consequently, the final iron oxide crys-
tals retain a coating of oxidized starch polymers, but
the organization of the starch on the surface is not
known. However, as will be discussed, the polymers
must be organized to create a barrier to water diffu-
sion about 0.2 nm thick on the surface of the core,
and to lower the diffusivity of the water some distance
beyond. Because of the oxidative nature of hypochlor-
ite treatment, the iron oxide particles are expected be
the ferric oxide maghemite, consistent with the magne-
tization measurements (see below). These maghemite

nanoparticles, with coatings of oxidized starch poly-
mer, are ‘NC100150°.
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2.2. MION-46L

MION-46L in sodium citrate buffer, nominally 8.0
mg/ml in iron, was purchased from The Center for
Molecular Imaging Research (Massachusetts General
Hospital, Boston, MA; price and properties available at
the time on their web page). Many physical characteris-
tics of MION-46, an earlier preparation of MION-46L,
have been reported previously [7]. Only magnetization
measurements were performed here for the MION-46L
solution. A more detailed investigation of MION-46L,
including relaxometry and PCS measurements, will be
reported elsewhere.

2.3. Sample preparation

For magnetization measurements, the NC100150 so-
lution from the synthesis was used directly (2.57 mg/ml
Fe), and for the MION-46L, the purchased solution
was used as is (7.18 mg/ml Fe). For 1/T, NMRD
measurements and the two 1/7, measurements, the
original NC100150 solution was diluted with distilled
water to 15.0 ng/ml Fe. The iron concentrations of the
samples were determined by ICP analysis (Quantitative
Technologies, Inc., Whitehouse, NJ). For PCS, an
aliquot of the original NC100150 solution was diluted
with filtered (0.1 um) distilled water, to minimize multi-
ple photon scattering, to a concentration that still gave
sufficient scattering intensity to allow for accurate
measurements.

2.4. Optical characterization

Photon correlation spectroscopy (PCS) measures the
Doppler-broadening of scattered, highly monochro-
matic, laser radiation that resuits from translational
Brownian motion [5] of (here) composite solute
nanoparticles. This broadening can be related directly
to a solute translational diffusion constant Dg, in terms
of the frequency of the radiation, the scattering angle,
and the refractive index of the solution. From Stokes’
law, Dg = kT/3nndpcs, where k is the Boltzmann con-
stant, T the absolute temperature, # the solvent viscos-
ity, and dpcg the ‘hydrodynamic’ diameter of a solute
particle, assumed spherical. For coated nanoparticles,
dpcs includes a contribution from the effective radius of
gyration of the attached starch polymers, which defines
a volume beyond the core in which the associated water
can be regarded as part of the diffusive mass of the
nanoparticle [6]. The attached oxidized starch polymers
can be regarded as flexible, and such flexible polymers
have long been known to be very highly hydrated; the
effective radius of gyration can as large as 80% of the
usual radius of gyration [6]. Although much solvent is
dynamically entrained within the region of the poly-
meric coating by viscosity, these water molecules are in

rapid exchange with the bulk solvent, a requirement for
high relaxivity.

Measurements were made, at 20°C, using a
Brookhaven light scattering spectrophotometer (BI-
9000AT; Brookhaven Instruments Corporation,
Holtsville, NY) equipped with a 150 mW laser (514
nm). The scattering angle was 90°, and the data were
analyzed by the method of cumulants [5].

2.5. Magnetic characterization

To characterize the magnetic properties of iron oxide
nanoparticles of the size-range of NC100150, both mag-
netization and solvent proton relaxation must be mea-
sured in the low- and high-field regimes. These regimes
are defined by the value of x, the ratio of the magnetic
energy of a nanoparticle compared to its thermal en-
ergy: x = uBy/kT, where B, is the applied static field. In
the low-field range, x « 1, and the magnetic energy is
not sufficient to significantly alter the orientational
distribution of the moments of the solute particles. The
response of a sample to B, called the ‘Curie magnetiza-
tion’, is then given by an average of the interaction
energy of u and B, over the unperturbed distribution.
In the high-field range, x> 1, and the magnetic energy
of the solute particles far exceeds their thermal energy:
the magnetic moments of individual particles progres-
sively align parallel to B,. For the iron oxide particles
considered here, the condition x ~ | occurs near 0.2 T,
somewhat below the usual MRI range.

2.5.1. Magnetization measurements

The macroscopic magnetic moment of a sample was
measured at 25°C, as a function of B,. using a vibrating
sample magnetometer (VSM, Molspin Ltd., UK). The
instrument was calibrated using Ni(I) and Ni(Il) stan-
dards, for which the macroscopic moment is known
over the field strength range of the instrument (from
— 1 to I T). Using a solution with the appropriate iron
concentration, the samples were made comparable in
size, geometry, and magnetic moment to the standards.
The result, when normalized to sample volume, is the
field-dependent (macroscopic) magnetization M.

The form of the magnetization curve between the
low-field Curie range and high-field near-saturation
range is described by the Brillouin function, which is
linear for x« 1, is 0.5 for x=2, and approaches
unity as 1/x in the limit x> 1 [3]. The form of the
Brillouin function depends on the total spin moment of
the particles since it takes account of the quantization
of their orientations. However, for nanoparticles of the
core size used here, it can be replaced by the Langevin
function (coth x — x~ ', the classical limit of the Bril-
louin function) with no loss of precision [3]. Accord-
ingly, the magnetization data were fit to the Langevin
function to derive N (the solute nanoparticle number
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density), u, and . The measured magnetization is
expressed in electromagnetic units (ergs/Gauss =10~
Joules/Tesla) per gram of iron (not iron oxide), units in
general use in the current literature, and is readily
converted to moment per unit volume using
Avogadro’s number and the known density of
maghemite. The low- and high-field values of magne-
tization are given correctly by the Langevin function,
independent of internal magnetic anisotropy and size
polydispersity.

2.5.2. T, measurements

T, was measured with a Bruker Minispec PC 120/
125/10 Vts NMR, at 10 and 20 MHz (0.23 and 047 T
respectively), using the Carr—Purcell-Meiboom-Gill
(CPMG) pulse sequence. The sample temperature was
controlled ( £+ 0.2°C) using circulating Fluorinert™ (3M
Industrial Chemical Products Division, St. Paul. MN),
and checked with a calibrated thermometer.

2.5.3. NMRD measurements and theory

The specialized instrumentation needed for measur-
ing 1/T, NMRD profiles of solvent protons, and the
reproducibility and accuracy of such data have been
described and reviewed in detail previously [8]. The
1/T, NMRD profiles, taken at 5, 15, 25, and 35°C. span
the approximate field range 0.2 mT to 1.2 T, corre-
sponding to a proton Larmor frequency range of 0.01-
50 MHz.

When comparing NMRD theory with experiment, it
is initially assumed that the iron oxide cores are spheri-
cal (octahedral crystallite morphology is adequate), and
that the oxidized starch polymer coating does not im-
pede or restrict the diffusion of water, so that the
diameter obtained from analysis of the NMRD profile
gives d, the diameter of the iron oxide core. In the
low-field (Curie) regime, 1/7T, and 1/7T, are determined
by three parameters [3]: yc (= Nu’/3kT); r, the dis-
tance of closest approach of solute and solvent
molecules (taken here as the sum of the radius of the
iron oxide core (d/2) and the radius of a water
molecule); and g, the field-dependent re-orientational
relaxation time of the magnetic moments of the parti-
cles. The relaxation rates also depend on the self-diffu-
sion constant D of water molecules relative to solute.
The value for pure water Dy, 1s known to be appropri-
ate for small paramagnetic agents [3], but questionable
here (see below). In the high-field regime, reorientation
of the solute moments becomes irrelevant, and only
Ny? and r determine 1/7, and 1/T,. These two rates
can be quite different; for particles of the size consid-
ered here, their ratio ry/r, at 20 MHz 1s in the range
1.5-2. This ratio leads [3] to a value for r*/D and
therefore, d which, however, depends on assumptions
about the value of D in the solute neighborhood.
Knowing  and p. M, (= Nu) can be computed, and

compared with the result from magnetization data.
Since relaxation theory treats the nanoparticles as
though their moments are localized at their centers, the
value derived for 7y, and therefore d, is that of the core
particle plus the part of the coating that is impenetrable
to water, unlike for magnetization data. Because, phys-
ically, M., is the volume density of the magnetic mo-
ment, one must take care to use only the volume of the
magnetic regions of the nanoparticles when computing
M,,, from p.

Relaxation theory [3] also ignores the internal mag-
netic anisotropy of the particles ( ~ 0.05 T), which only
affects the predictions of theory in the transition from
the low- to high-field regimes. This region is limited to
about one decade of field and is essentially unimportant
above 0.2 T (8 MHz). Below 0.01 T, in the Curie
regime, nanoparticles behave as though they are mag-
netically isotropic [3], although 74 can be influenced by
anisotropy fields. Accordingly, we have not included
data between 0.1 and 8§ MHz when comparing NMRD
measurements and theory. This procedure is similar to
an earlier treatment of Mn?* -protein systems [9], in
which complications related to anisotropy of the elec-
tric crystal-field play a role analogous to magnetic
anisotropy.

3. Results

3.1. Muagnetization data

The data points, Fig. 1, show 25°C magnetization
data for a solution of NC100150 (@) containing 2.57
mg/ml Fe, and for a solution of MION-46L (O) con-
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Fig. 1. Magnetization as a function of magnetic field B, for a 2.57
mg/cm® Fe solution of NC100150 (@) and a 7.18 mg/cm? Fe solution
of MION-46L, at 25°C (©3). The data points were fit to the Langevin
function by a least-squares analysis, yielding the solid and dashed
curves for NC100150 and MION-46L respectively.
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Fig. 2. /T, NMRD profiles of a 15.0 pgiem® Fe solution of
NC100150, at 5 (@), 15 (). 25 (V) and 35°C (7).

taining 7.18 mg/ml Fe. The solid and dashed curves are
a least-squares fit of the Langevin function for
NC100150 and MION-46L, respectively. For
NCI100150, the Langevin function is an excellent repre-
sentation of the data over the entire field range. The
quality of the fit, particularly at intermediate fields, is
indicative of highly monodisperse iron oxide cores.
Although the values of M, for both NC100150 and
MION-46L are similar and consistent with the results
reported earlier for MION-46 [7], the core size of
MION-46L is significantly larger (by a factor of 1.3),
consistent with the greater slope in the magnetization
curve for fields less than 100 mT. In addition to being
larger, the iron oxide cores of the MION-46L are not
monodisperse, as indicated by the observable deviation
of the fit from the data at intermediate fields (which
also causes the value of M, obtained from the fitting
procedure to be somewhat underestimated). The value
of M, is about 60% of the value found for large
maghemite samples [10], but is in essential agreement
with the reported dependence of M, on size for
maghemite nanoparticles {11]. For both of these sam-
ples, 4ny- « 1, thereby validating the assumption that
sample demagnetization effects can be disregarded dur-
ing the measurement of the magnetization curve [12].

3.2. NMRD data

Fig. 2 shows 1/T; NMRD profiles of a 15.0 pug/cm?
Fe (0.268 mM Fe) solution of NC100150, at 5 (@), 15
(0), 25 (V) and 35°C (V), expressed as relaxivity. Fig.
3 shows a fit of the 25°C 1/T, NMRD profile, from Fig.
2, to outer-sphere relaxation theory. Two measured
values of 1/7, (¥), at 10 and 20 MHz and at 25°C, also
expressed as relaxivity, are also shown. The filled data
circles are for fields at which the internal magnetic
anisotropy of the nanoparticles should not compromise
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Fig. 3. Comparison of the measured /7, NMRD profile, at 25°C.
with outer sphere relaxation theory. The filled data circles are at fields
for which the internal magnetic anisotropy of the nanoparticles
should not compromise the accuracy of the theory (see text). The
open circles were excluded from the comparison of data with 1/7T,
theory [9]. Two measured values of 1/7, at 10 and 20 MHz (¥) and
at 25°C, are also shown. The solid curve shows the resulting theoret-
ical 1/T, profile and the dashed curve the 1/7, profile predicted from
this fit.

the accuracy of the theory. From symmetry arguments,
the anisotropy fields ( ~0.05 T) do not influence the
validity of the theory as B,— 0, where only 75, and 7
are the only contributing correlation times [3]. At high
fields, such that B, > 0.05 T (the range of the internal
magnetic anisotropy), and the magnetization is nearing
saturation, the internal anisotropy fields are compara-
tively small and can be ignored. It is only at intermedi-
ate fields, with data indicated by open circles, that the
theory—which does not take internal magnetic an-
isotropy into account—may become inaccurate. In-
deed, the expectation is that the profile would be
broadened by =~2 MHz, and its variation with B,
evened out, much as is seen in Fig. 3. The open circles
were excluded from the comparison of data with 1/T,
theory [3]. The solid curve shows the theoretical 1/T,
profile, a result of fitting the 1/T, data to theory, and
the dashed curve is the 1/7, profile predicted from that
fitting.

From the fit of the 1/T, profile, and assuming for D
its value for pure water at 25°C (2.50 x 10~ > cm?® s '),
we find a core diameter 1.3-fold greater than that
obtained from the VSM data. This corresponds to a
2.2-fold greater particle volume than obtained from the
magnetization data (Fig. 1), a large discrepancy which
we attribute to breakdown of the assumption that D
has the value of pure water. Accordingly, we use the
values for M,,, and the core diameter obtained from the
magnetization data and treat D and the thickness of a
water-impenetrable coating as adjustable parameters in
obtaining the fit to the NMRD data (Fig. 3). We find D
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is about equal to that about half that of pure water at
25°C, and that there is a water-impenetrable coating
(ostensibly a ‘rind’ of oxidized starch) such that com-
prises 18% of the core volume. The remaining 82% core
volume consists of an iron oxide crystal. Additionally,
we find that 75y =2.17 ns. From the ratio ry/r; at 20
MHz, we find a value for d that is only 1% larger than
that obtained from the fit of the 1/T, profile. and adds
further support to the magnetization data concerning
the monodispersity of the core sizes. If the particle size
distribution were not monodisperse, the value of d
obtained from the r,/r, ratio would be significantly
greater than that obtained from the fit of the 1/T,
profile because the value of r, is very sensitive to larger
core sizes [3]. As a technical aside, much of the initial
increase in relaxivity above x~2 MHz, Fig. 3. is due to
a rapid increase in tg with B, as incorporated in
relaxation theory for nanoparticles [3], and substanti-
ates the sign of the field dependence of 4. This is also
in accord with extensive calculations reported previ-
ously [13].

3.3. Photon correlation spectroscopy

PCS measurements give a 20°C translational diffu-
sion constant for NCI100150 that corresponds to a
Brownian particle with hydrodynamic diameter 2.2-fold
greater than that obtained from the VSM measure-
ments. Thus, polymeric oxidized starch-—extending
from the oxidized starch rind into solvent and enhanc-
ing nanoparticle solubility—causes the volume of the
composite particle to be a factor of 10-fold greater than
that of the iron oxide core alone. This greater volume
consists of mainly water; viscous interactions between
polymer and solvent incorporate all this water in the
diffusive mass of the nanoparticles [6].

4. Discussion

The major finding is that the three experimental
techniques used here—magnetization curves, 1/T,
NMRD profiles, and PCS—give progressively larger
values for the NC100150 nanoparticle diameter. How-
ever, only the result from magnetization data relates
directly to the diameter of the magnetic core of the
NC100150, without potential influence from the sur-
rounding oxidized starch. As noted, these are thermo-
dynamic data and should give the correct value for g,
or a volume average when the nanoparticles are
polydisperse.

In NMRD experiments, the parameter actually mea-
sured is dynamic, with a correlation time 7, given by
r?/D. Thus, the NMRD-derived value of the diameter
would be reduced if D were reduced from the bulk
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solvent value. Such a reduction of the diffusivity of
water molecules near the nanoparticle cores, but osten-
sibly outside a thin water-impenetrable rind of oxidized
starch, is consistent with early work on the effective
radius of gyration of linear polymers [6]. The NMRD
measurements therefore can reveal much about the
dynamics of water molecules entrained by the oxidized
starch coating, provided the core size and magnetic
moment are known from another technique.

A second aspect of the data also speaks to
monodispersity: the excellent description of the magne-
tization data by the Langevin function in the intermedi-
ate field region. Significant polydispersity would distort
the curvature of the data (the connection between the
low- and high-field regimes), as could significant aggre-
gation of the nanoparticles.

The observed values of M, as noted, are about 60%
of that of bulk maghemite, a result consistent with
other observations [10,11]. The magnetic anisotropy
constant of maghemite also appears different from its
bulk value [14]. Perhaps this could have been expected.
since the surface layer of an NC100150 nanoparticle
comprises about 40% of the core maghemite molecules,
and magnetic, chemical, and mechanical surface en-
ergetic have not been considered at all. Indeed, it is
possible that the core size is stabilized by a balance of
surface and volume energies, a potential advantage in
synthesizing iron oxide nanoparticles with reproducible
and relatively monodisperse core size.

The value of ro/r, 1.83, at 25°C and 20 MHz (Fig. 3)
is, to the best of our knowledge, the smallest ever
reported for iron oxide nanoparticles at any tempera-
ture. For comparison, the published value of r./r, for
MION-46 (an earlier preparation [7] of MION-46L) at
37°C and 20 MHz is 2.11. The r,/r, ratio decreases with
increasing temperature, and is equal to 1.69 at 35°C for
NCI100150. A low r,jr, ratio is a significant advantage
for these iron oxide nanoparticles as positive contrast
agents for MRA. First, a greater degree of positive
contrast can be attained since 7, is not too short and
T--effects are reduced. This is a benefit that becomes
progressively more important at fields above 20 MHz,
where clinical MRA 1s performed, since r,/r, increases
with increasing B, (cf. Fig. 3). Second, and perhaps
more importantly, the value of r,/r, at 20 MHz is a
sensitive indicator of how strongly r; decreases with
increasing field strength, as can be seen by comparison
of the above r,/r, ratios with the NMRD profiles at the
corresponding temperatures (Fig. 3). At 20 MHz, the
relaxivity at 25°C is significantly greater than it is at
35°C, but at 50 MHz, the relaxivities for both tempera-
tures are similar. For clinical concentrations of iron
oxides, the major contributor to the effective 7, in
blood arises from what is often called the susceptibility
effect. an effect that requires a compartmentation of the
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particles and that is independent of the r./r, ratio
measured in water [15]. In the vasculature, the parti-
cles are compartmentalized in the extracellular space,
which normally comprises about 60% of the total vas-
cular space. Because very short echo times can now be
used for clinical MRA, the contribution of susceptibil-
ity effects can be minimized, and it is the value of r,
in water that mainly relates to the in vivo efficacy.
Consequently, for two iron oxide preparations with
identical values of r; at 20 MHz, the preparation with
the highest r,/r, ratio at 20 MHz will have the lower
efficacy at higher field strengths. At fields relevant to
MRA, where the only contributing correlation time is
7p. the effect on relaxivity resulting from a decrease in
temperature is similar to that resulting from an in-
crease in core size [3]. Consequently, the small value of
r-/r, in comparison to that of MION-46L is consistent
with their respective magnetization curves (Fig. 1); the
core size of NCI100150 is significantly smaller and
more monodisperse than MION-46 and MION-46L.
The advantage of NCI00150 as a positive contrast
agent for MRA is therefore a result of a core size that
is optimal: it is large enough to cause its r, to be
relatively high, and small and monodisperse enough to
cause the r,/r; ratio to be smaller than that for any
other preparation reported to date.

In summary, it is possible to reconcile magnetiza-
tion, 1/T) NMRD, and PCS data on preparations of
starch-coated maghemite nanoparticles, to provide a
self-consistent characterization of their magneto-chem-
ical properties. In doing so, one must consider the
influence of the stabilizing organic surface coatings on
the effective diffusivity of outer sphere water
molecules, something not needed for smaller (un-
coated) paramagnetic chelates. In this way, it has been
possible to characterize a new preparation of magnetic
nanoparticles, called NC100150, and confirm that their
magnetic properties make them particularly suitable
for MRA.
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