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Aqueous suspensions of paramagnetic lanthanide oxide nanoparticles have been studied by NMR relaxometry.
The observedR; relaxivities are explained by the static dephasing regime (SDR) theory. The corresponding
R relaxivities are considerably smaller and are strongly dependent on the interval between the two refocusing
pulses. The experimental data are rationalized by assuming the value of the diffusion correlatiap, time,

be very long in a layer with adsorbed xanthan on the particle’s surface. In this layer, the refocusing pulses
are fully effective and®, ~ 0. Outside this layer, the diffusion model for weakly magnetized particles was
applied. From the fit of the experimental relaxation data with this model, both the particlergaing the

radii of the spheres, within which the refocusing pulses are fully effectiyg,(were estimated. The values

of r, obtained are in agreement with those determined by dynamic light scattering. Because the xgjue of
depends on the external magnetic figland on the magnetic moment of the lanthanide of integagt)( the

R, relaxivity was found to be proportional 8 and toges?.

1. Introduction tremely high relaxivity per particle and which have been already

successfully used in molecular imaging of angiogen&sis.
During the last decades, the rapid progress in biochemical . Y u I war imaging glog

research has provided detailed insight into molecular recognition AIternatlyer, th!s may be achleved with superparamagneﬂc
processes. These developments enable the design of contradSPM) particles, single domain ferromagnets possessing a very
agents (CAs) for molecular imagihgvith medical diagnostic ~ Nigh magnetic moment (around“is).**12SPM particles have
techniques including positron emission tomography (PET), & much smaller effect on th water proton relaxation time
single photon emission computed tomography (SPECT), andthan on theT,. Their relaxivity can be well described by the
magnetic resonance imaging (MRI). MRI has a significantly duantum mechanical outer-sphere theory. Because of their small
higher spatial resolutiorun) than radiodiagnostic techniques ~Size (26-60 nm in diameter), the extreme motional narrowing
(mm), but its use as a tool for the investigation of cellular conditions are satisfied, which state that water diffusion between
molecular events in normal and pathological processes is SPM particles is rapid with respect to the difference in resonance
hampered by its low sensitivity: a relatively large local frequencies of the various sites. In this regime Terelax-
concentration of CA is required (about ®0M) to achieve the ation time is predicted to be equal . When iron-oxide
desired contrast enhanceméADther imaging modalities such  particles are compartmentalized within cells, the internal
as PET, SPECT (16!-10"'2 M), and optical fluorescence  magnetization of the compartment due to their presence has to
imaging (10'5-10"1" M) are much more adequate in this be taken into account. In this situation the motional narrowing
respect! assumption breaks down, which resultstp(z 1/T*,) to be

A possible approach to overcome the problems related with |arger thanR,. ConsequentlyR,-weighted MRI images are
the low sensitivity of MRI is to apply vectorized CAs, which  potentially the most sensitive to the presence of cellularly
vx{ould pring a high payload .of paramagnetic compound to tha compartmentalized magnetized partict&ss
site of interest. Fo_r lanthanide |on_based contrast agents, this Nanozeolites present another approach3'Gexchanged
was realized in various ways and different materials have beenzeolite NaY nanoparticles of an average size of 80 nm, contain

p.ropoaedl including: Gd-loaded apoferritin, which allows the about 40 000 Gt ions per particle. The longitudinal relaxivity
visualization of hepatocytes when the number of Gd-complexes . . . -t s
r1 (r1 is the relaxation rate expressed it mM~1 Gd) is limited

per cellis about 4« 107 perfluorocarbon nanoparticles, which by the water exchange between the interior of zeolites and the
contain around 94200 Gd ions per particle providing ex- bulk.18 It was observed that relaxivity is independent of the

pore structure of the zeolite and that it increases with the external
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In this paper we present a study on lanthanide oxide@ghn
nanoparticles. These particles have a very high density %f Ln
ions, and their magnetic properties are good candidatez,for
weighted imaging, and therefore, after coating and attachment
of targeting vectors, they may have potential as CAs in
molecular imaging with MRI.

2. Experimental Section

The lanthanide oxide nanoparticles were purchased from
Aldrich and had a diameter of less than 40 nm as determined
with XRD by the supplier.

Water proton transverse relaxation tim&s, were measured FigUfﬁ |1 (@) I}IE('t\)A) image of gyspﬁsi_lL_JEanxide shﬁ\év\:\rl}g fig:;l(i)kear

R H i~ Morpnolo an corresponain Image s -
at 20, 60 MHz (Mlnl-spec PC120 and PC160, respectively, spin ticleg. Thg)rlnarked d-spacir?gs aregmeasured as%A) 0.52, (%) 0.42F,) and
analyzers obtained from Bruker), 200 MHz (on a Bruker (C) 0.31 nm, which can be indexed onto the cubic unit cell of@y
Avance-200 console connected to a 200 MHz cryomagnet), 300yith a = 1.07 nm as (200),4121), and (311), respectively.

MHz (Varian INOVA spectrometer), 400 MHz (Varian VXR-
400 S spectrometer), and 500 MHz (Varian Unity 500 spec- TABLE 1: Comparison of Agus of Suspensionof Ln2O3 in
trometer) using the CarPurcel-Meiboom-Gill pulse se- a Solution of 1 wt % of Xanthan in Water and

Homogeneous Solutions Obtained after Addition of HCI at 7
guence (CPMG). The values aF, were evaluated from the 155425 °C
linewidths. All experimental values of relaxation rates were - -
corrected for diamagnetic contributions using a solution of 1 Agws/ppm suspensions Agws/ppm homogeneous solutidhs
wt % of xanthan in water. Gd 0.37+0.03 0.36+ 0.03

The LnOs suspensions for relaxometric studies were prepared Er 8-2’21 8-82 8'1& 8'82
by mixing the solid particles with doubly distilled water y ) ) : :
containing 1 wt % of xanthan gum as a surfactant and dispersing ?Containing 1.3-1.6 mmol LnOJ/L water. Obtained by adding
them in an ultrasonic bath for 5 min. HCI to suspensionsigus was corrected for changes in volume.

The self-diffusion coefficient of the samples was measured
on the 200 MHz spectrometer equipped with a variable-
temperature high-resolution diffusion probe. A PGMSE pulse
sequence was used for the determination of the diffusion
constants. The temperature was maintained by water circulation
in the gradient coil. The calibration of the gradients was
performed on pure O.

High-resolution transmission electron microscopy (HRTEM)
was performed on a Jeol JEM-2010 electron microscope M
operated at 200 kV. Agus= SB 10° 1)

Dynamic light scattering (DLS) was performed with a DLS/

SLS/ALV-5000 apparatus using a 35 mW HeNe laser with @ js he magnetic field strength asds a shape factor. The latter
wavelength of 633 nm. The intensity autoco_rrelatlon function g Y, in the present case, where the sample tube was parallel to
was measured at an angle of@hd analyzed with the CONTIN b magnetic field during the measurement. Since magnetic
method. All samples were placed in an ultrasonic bath and Were coupling is negligible for Ln(lll) compounds at room temper-
centrifuged prior to the DLS measurements in order to remove 44,1618 M can be calculated with eq 2. In eqi2js the number
dust and other contaminants. '

ultrasound treatment (see Figure S1 in the Supporting Informa-
tion). Therefore, we assume that the agglomerates break down
into a homogeneous suspension of nanoparticles upon ultrasonic
treatment in the presence of xanthan.

3.1. Bulk Magnetic Susceptibility Shifts. These shifts
(Asms) are related to the global magnetizatioll)( of the
lanthanide oxide particles in suspension via €§ th eq 1,B

M = Nn 2
3. Results and Discussion Hofle @

The bulk magnetic susceptibility shifts and tRg R,, and of the particles per finis the number of L#" ions per particle,
R, relaxivities of aqueous suspensions oh0p particles (Ln 4o is the vacuum magnetic permeability, and is the Curie
= Nd, Gd, Er, Dy, Yb) with an average particle size of less moment. The latter is given by eq 3, wheug is the Bohr
than 40 nm (as determined by XRD) were measured. Suspen-magnetongis the Landeg-factor, Jis the quantum number of
sions of these nanoparticles in pure water were stable for severafhe total spinkis the Boltzmann constant, afids the absolute
days, but upon inserting the samples in magnets with a magnetictemperature.
field strength of more than 7 T, coagulation and precipitation 25
of the particles occurred. In order to avoid this, 1 wt % xanthan Ut
gum was added to the water. TEM and HRTEM images of the Ue =37 Whereue = gugyJI(J + 1)
Dy,0O3 nanoparticles (see Figure 1) show that these particles,
in the dry form, are fiberlike agglomerates consisting of  The values ofAgys of the suspensions of nanoparticles of
nanosized plates with a size of~80 nm. The measured three lanthanides oxides were measuredBat 7 T and
d-spacings from the HRTEM images indicate that these particles compared wittPAgus of corresponding homogeneous solutions
are cubic DyO3; with a = 1.067 nm. Unfortunately, it was  prepared directly from the suspensions concerned by adding
impossible to perform dynamic light scattering measurements HCI. The data (see Table 1) show that there is no difference
on the suspensions used for the NMR relaxometric study becauséetween the suspensions and the corresponding homogeneous
the particle density and the xanthan concentration were too high.solutions. It may be concluded that the global magnetizations
In more dilute suspensions (without xanthan), fractions with of these systems are the same, confirming that magnetic coupling
particles sizes of about 500 nm were observed after is negligible under the conditions applied.

®)
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TABLE 2: Parameters Obtained from Analysis of R, and R; Values of Aqueous Suspensions of Lanthanide Oxides & =7 T
and T = 25°C?

Ao(rp) 1IP[SP  Ao(rp)max1P[L/SE  zo(rar) 1074[s] rolY aift® rp [nm]¢ RO [1/s] Ry explS ¢
Nd.0; 0.539+ 0.002 1.928t 0.002 6.6+ 0.7 0.110+ 0.004 123+ 12 1.7+ 0.1 32+ 3
Gd:03 3.838+ 0.003 8.525+ 0.003 17.4+ 1.1 0.036+ 0.001 65+ 6 9.940.2 237+ 24
Dy.03 4.818+ 0.027 13.776+ 0.027 2.8+ 0.5 0.069+ 0.004 50+ 5 21.8+16 300+ 33
Er,0s 4.180-+ 0.006 15.569+ 0.006 5.4+ 0.5 0.049+ 0.001 49+ 5 14.3+ 0.3 2384+ 25
Yb,03 1.333+ 0.004 3.302+ 0.004 4.1+ 0.6 0.084+ 0.004 74+ 7 2.6+ 0.2 68+ 6

a1 mmol Lr?*/L water containing 1 wt % xantha# From fitting of experimental data with eqs 4 and $Zalculated with egs 5 and 9Calculated
from the best-fit values ofp(rqir), ro/raiir, and the experimentally determined valuenf ¢ As evaluated from the experimental linewidths.

TABLE 3: Parameters Obtained from Analysis of R, and R; Values of an Aqueous Suspension of D@z at T = 25 °C?2

B[T] Aow(rp) 1°[1/s]P o(rai) 1074[s]° /T air® rp [nmJe RO [1/s] Ry explS ¢
0.47 0.4 35.3+2.4 0.071:+ 0.005 184+ 18 1.1+ 0.02
1.4 1.¥ 7.041.02 0.077+ 0.005 89+ 9 3.2+0.2
4.7 4.74+0.013 7.3+ 0.99 0.046+ 0.002 54+ 5 18.1+£ 0.7 290+ 80
7.0 4.840.027 2.8+ 0.47 0.069+ 0.004 50+ 5 21.8+ 1.6 300+ 33
9.4 7.2+ 0.033 9.4+ 1.29 0.044+ 0.002 58+ 6 37.1+£1.8 454+ 50
11.7 9.6+ 0.097 2.0+ 0.49 0.066+ 0.005 41+ 4 40.9+ 5.6 593+ 60

a1 mmol Dy?*/L water containing 1 wt % xanthaf.From fitting of experimental data with eqs 4 and $Zalculated from the best-fit values
of o(rair), rp/rair, and the experimentally determined valDg ¢ Extrapolated from the values of the best-fit of data measured at 4.7, 7.0, 9.4, and
11.4 T. This parameter was fixed during the fittirighs evaluated from the experimental linewidths.

3.2. Relaxation Rates R, R;, and Ry). The Ln,O3 nano-
particles have almost no effect on longitudinal relaxation times
(T1) of the IH water resonance; th€&; values observed in a
suspension containing 1 mM Ln were-3 s, except for the
suspension with G®s;, which had aT; value of 0.6 s (see
Supporting Information, Table S1).

By contrast, the effects on the transversal relaxation rates were
substantial. The linewidths of théH water resonance of
suspensions of the paramagnetic lanthanide oxides were large
in comparison to those of the diamagnetic,Qa suspension . v v v
(20 Hz), which after subtraction of the line width for a xanthan 'xﬂ:‘l - T Nao,
solution in pure water gives a linewidth of 8 Hz. From the 0
linewidths of samples measured, valuesRpfwere evaluated

(see Tables 2 and 3). . . . .
The line-broadenings can be ascribed to susceptibility induced Figure 2. Dependence oR, on rcp for different lanthanide oxide
nanoparticlesta? T and 25°C; the curves are fits of the experimental

R enhancements as a result of the diffusion of water molecules gata to eq 4 and 12 (for more details see text); the suspensions always
in the field inhomogeneities created by the magnetized particles.contained 1 mmol L#/L water with 1 wt % xanthan.
The magnetic field changes in space leading to differences in

R,(s")

0.600 0.602 0.604 0.606 0.608 0.610
%p (S)

the Larmor frequencies of the protons. The proton Larmor 150 ' ' ' 11.7'T_

frequency at a particular location is given by the relatior=

vBioe, Wherew is the proton Larmor frequency (in rad’% and

Bioc is the local strength of the magnetic field. The diffusion of 94T

water protons between different magnetic environments reduces 1001 i

their phase coherence and, consequently, causes effdgtive —

shortening. o 70T
The transverse relaxation ratés)were determined by means < 5 J

of the CarrPurcel-Meiboom-Gill pulse sequence (CPMG). 47T

These measurements all showed a perfect monoexponential

decay, which is characteristic for magnetic compounds enhanc- — a5

ing the water proton relaxivity by diffusioff. The CPMG 8.000 0.002 0.004 0.006 0.008

measurements were performed as a function of the time distance
. . X . Zep (8)

between two consecutive refocusing pulses)(in the train of _ o
180 pulses applied23 Figures 2 and 3 show the dependence Figure 3. Dependence oR, on tcp measured in different external

f R, on for vari lanthanide oxid t inale maaneti magnetic fields at 25C; the curves are fits of the experimental data
c.) 2 0N 7cp fOr vVarious .a anide o ?S 'T’l asingle ag elc o eq 4 and 12 (for more details see the text); the suspensions always
field and for Dy,O; at different magnetic fields, respectively.  contained 1 mmol DY/L water with 1 wt % xanthan.
The values ofR, obtained are much smaller than the corre- _ _ _ N
spondingR, values and appeared to be strongly dependent on frequency shift at the particle’s surface). Under this condition,
7cp. This behavior is characteristic for a system in the static the relaxation rateR, can be ascribed to the dephasing of
dephasing regime (SDR), where the conditign> Aw(rp)* motionlessnagnetic moments in a nonuniform field created by
holds ¢po = r,?/D, wherery is the radius of the particld is randomly distributed magnetic particl&s?2° The value ofR,
the water diffusion coefficient, andw(rp) is the Larmor is then given by eq 4:
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R;= Ti — R+ 27/3fAw(r,)/9 4)

2

and an outer oneNw(r) < 7cp 1), where the refocusing pulses
are partially effective due to effects of weak field inhomoge-
neities (far away from the particles surface). The radius of the
sphere that forms the border between the two regiogsgz)(
depends ortcp. The overall relaxivity is considered as being
the weighted sum of two components: a fast one coming from
Othe inner and a slow one from the outer region. For relatively
small zcp, the relaxivity is assumed to rest exclusively on the
contribution from the outer region. The model predicts that upon
the increase ofcp, the contribution from the inner region
becomes increasingly important (the fast component in the signal
starts to dominate), resulting in the progressive increase of the
R, relaxivity until the maximal possible value, characterized
by R, (Rx [tcp — ] = R;). Surprisingly, attempts to fit the
assume that the majority of water protons experience field present experimental data with the partial refocusing model

gradients created by approximately spherically shaped particu-failéd (sée Supporting Information); a leveling off of the curves
lates. Since bothandAw(rp) are not dependent on the particle Of Re as a function ofcp atR, could not be obtained, the best-

radiusry, the values oR, are independent of the particle size it values of Aw(r) were significantly smaller than those
as well. calculated from particle sizes as determined by DLS and eq 5

The angular frequency shift at the surface of the particle, @"d 9 and the best-fit values gfwere much larger than those
Aw(ry), is related to the magnetization of a single partidli, determined by DLS, and they appeared to be strongly dependent

and will be strongly dependent on the shape of the particles. ©" the magnetic field strength, which is unlikely. _
Its maximal value is that of a spherical particle, for which the V€ attribute this behavior to the xanthan gum that we applied

value of this parameter can be estimated by eq 5, whei® as an emulsifier. It is known that it may adsorb in a thick layer
the proton gyromagnetic ratf.For paramagnetic p,articles'it on oxide surfaced. Therefore, the diffusion of water molecules

near the surface may be relatively slow due to formation of
Ao(ry) = yM,/3 (5) hydrogen bonds with the adsorbed xanthan chains. If in this
layer the conditionrp > Aw(rp)~* holds, the diffusion correla-

can be assumed that, upon placement in a magnetic field, ation time is not effective when refocusing pulses are applied
macroscopic magnetic moment is forming in each single particle, @hd, consequently, the phase incoherence of the water protons

which is parallel to the external magnetic field. The magnitude is fully refocused resulting in aR; value approaching zef8.
of this magnetic moment is given by eqs 8. Let us consider this situation when no refocusing pulses are

applied. Upon increase of the distance from the particle’s center,

Here,f = vN is the volume fraction occupied by the particles
(v is the volume of a single particle ard is the number of
particles per rf) and Rg is the contribution due to other
relaxation mechanisms, such as the diamagnetic relaxation an
a contribution as the result of chemical exchange of protons
between the surface of the particles and the bulk water protons.
Equation 4 was developed for spherical particles. The error
introduced by this simplification may be neglected, since the
magnetic field created by any particle is sensitive to its shape
only in close proximity of the particle. For low concentrations
of lanthanide oxide particles (vas always~107°), one can

_n r (r > rp), protons will feel the field inhomogeneities caused
MP - Z‘uog”B‘JBJ(X) ®) by the r%agnetization of the particle in a decreasing extent. In
the xanthan layer, we suppose that the conditig(r) >
9JugB Aw(r)~1 holds and then the effect of diffusion is negligible
X= kT ) (SDR). Near the outside of this layer, the conditios(r) <

Aw(r)~! will be fulfilled at some distance from the particle
2J+1 (23 + 1)x 1 X surface. Because, there, diffusion introduces unrecoverable

2J

2] ctg losses of the phase coherence, refocusing pulses are no longer
fully efficient in this part of the sample, resulting in nonzero
The latter is the Brillouin function angiy and J are the R, relaxivity in the CPMG experiment. The radius of a sphere
vacuum magnetic permeability and the quantum number of the defining the boundary between the two regiong] can be
total spin, respectively. For the temperature at which the samplesroughly estimated by assuming that this boundary is defined
were measureds < 1, and then eq 6 can be simplified to by 7o(r) = Aw(r)~! (see eq 10). Then this radius is given by
eq 11.

e \2

_ ] ] TD(rp)(g) (DR) = Tp(lgirr) =
M, was obtained using the particle volumed éndn values p 0,
evaluated from their size (as determined from DLS) and the 1 1 F gifr |3
known density of the LgOs in question. The magnitude of Ao(r 1) - Aw(r,) T (10)
Aw(rp) as determined by eqs 5 and 9 will give an upper limit prAe
of this parameter; nonspherical particles and agglomerates of Aw(rp)r 3
particles will have lower values. Values fakw(rp)max as P
calculated from eqs 5 and 9 are included in Table 2.

The dependence & ontcpfor strongly magnetized particles
(zcPAw(rp) > 1) in the static dephasing regime has been Here,Dg is assumed to be unrestricted and corresponds to the
analyzed by Gillis et al. and explained by the partial refocusing majority of water protons at some distance from the surface of
model?° the particle.

The behavior ofR; as a function ofrcp relies on a spatial For the refocusing pulses to be efficient, at the same time,
division between an inner region{(r) > 7cp 1) according to the conditionzcp << 7p must be fulfilled33:34Taking into account
this model, where the refocusing pulses are not effective duethat the protons in the layer between the spheres with radii of
to the extremely high gradients close to the particles surfacerp andrgis do not contribute to the relaxivity, we consider the

n
Mp = ; Holle (9)

Vaitt = D, (11)
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Figure 4. Schematic representation of the model applied to analyze

the transverse relaxation behavior of aqueous suspensions of paramag-
netic lanthanide oxides. The shaded area around the lanthanide oxide

particle represents the layer, which does not contribute to the relaxivity,
R2 =0.

system as consisting of magnetic particulates of radigsather

thanr, (see Figure 4). Consequently, the system is characterized

by to(rgir) and Aw(rgir). In this situation p(rgir) can be
relatively high, sincergir > rp. The field gradient caused by
the strongly magnetized particles is rapidly decreasing upon

Norek et al.
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Figure 5. (a) The dependence & (slope 13.0 st T3, r = 0.992)

increasing the distance to the particle and, therefore, we expectandR; (slope 49.5 s T%; r = 0.985) of an aqueous suspension of

that the field inhomogeneities are weak in character outside the
sphere with radiusgi. Then, the theory of Jensen and Chandra
for weak field inhomogeneities can be appli@dissuming a
Gaussian shape of the field correlation function, these authors
derived the following equations (for irregular objects and
unrestricted diffusion):

R, = R+ A0 ) M) Tofan) F) (12)
where
F(X) = % fo""olyeTy [1 - Xltanh«y)] andx = —e”
7 y y 7o(Fgir)

The values ofAw(rgir), To(rqir), andf(rgir) can be expressed
as follows:

3
AoF ) = Aw(r,g(r:—_"ﬁ) (13)
_ Vit \?[ D
p(Mgitr) = TD(rp)(r_p) (D_o) (14)
() = f(rp)(r;ﬂ)s (1)
P

Forx < 1, F(X) = x¥/4, and forx > 1, F(x) = 1. Thus,

Ter
7o (T ifr)
for 7ep < 7p(rgir) (16)

1
R,= Rg + 2 Aw(rdiff)zf(rdiff)

and

1 AWt ) (1 ) T (" i)

R=Ro+3

for 7ep> 7p(ryi) (17)

Dy.Os; on the external magnetic fiell (b) The dependence B% (slope
0.48 s up~2 r = 0.989) ancR, (slope 2.8 5! ug ™% r = 0.972) of an
aqueous suspension of lanthanide oxide nanoparticleg@nAll R,

values presented in the graphs were calculatedder= 1 s, and the
concentrations of the samples were about 0.5 mM.

The experimental dataR{ and R;) were fitted simulta-
neously with eqs 4 and 12 usin®w(ry), o(rdit), Mo/l aitr, and
Rg as adjustable parameters. An excellent agreement between
the experimental and calculated values was achieved. The best-
fit parameters are listed in Tables 2 and 3, whereas the calculated
curves are displayed in Figures 2 and 3. The vatgési) are
all in the milliseconds range, which is in agreement with the
observed dependence & on tcp. The smallestrcp value
applied was 5< 107° s, so it is evident that the conditiarp
< 1p(rair) is met. Whentcp approachesp(rqir), the system
reaches the motional narrowing regime, where refocusing pulses
are no longer efficient and, consequently, the curvd®orsus
tcp levels off attep > 7p(rgi). The obtained values ab(r i)
(see Tables 2 and 3) correspond very well with the values of
Tcp, Where the curves start to saturate (see Figures 2 and 3).
For example, the longesb(rqi) was obtained for GaDs, and
this is reflected in a relatively low initial slope of the corre-
sponding curve.

ro can be determined by knowing(rir), rp/rairr, and the
diffusion coefficientDy. Do was measured by the pulsed gradient
multiple spin echo pulse sequence, PGMSE, and was found to
be 1.9x 10°° m? s™L. The resulting values af,, gathered in
Tables 2 and 3, are in good agreement with the results of the
DLS analyses. The evaluated particle radii show a decreasing
trend upon increase of the magnetic field (see Table 3), which
probably is due to the crudeness of the model applied.

The best-fit values oR) are considerable (see Tables 2 and
3). The diamagnetic contribution tﬁg was estimated from
measurements on suspensions 0hLQaA nanoparticles and
appeared to be less than 1. Posslﬂgyincludes an additional
contribution from the chemical exchange between protons on
the particles surface and bulk water. HowevEE, depends
linearly on bothB and ues? while for chemical exchange a
guadratic dependence would be expected. Therefore, it cannot



Transversal Relaxivity of LyD; Nanopatrticles J. Phys. Chem. C, Vol. 111, No. 28, 20010245

be excluded that the valué§ also include a contribution that  biodistribution and, furthermore, these particles can, if conju-

corrects for the simplifications in the model. gated to the appropriate targeting vector, deliver a high payload
The values oIR; and the saturation values & are both of Ln3" at the site of interest. The results of the present study
proportional to the external magnetic fighdas well as tQues? may be helpful for the design of particles with optimal size

(see Figure 5). FOR,, this is in agreement with eq 4, which ~ and thickness of surface coatings.

shows a linear relationship betwe& and Aw(rp), which is Recently, McDonald and Watkin have shown that,Gg
proportional toB and uef? nanoparticles become superparamagnetic upon co&tffigt

Substitution of eqs 1315, which relateAo (i), o(Tai), may.be expected that the oxides of other peramagnetic I_an-
andf(rair) to Aw(ry), 7o(rp), andf(r,), respectively, for spherical thanides Wll! also 'becor.ne superparamagnet|c upon coating.
particles, in eq 17, gives eq 18. Taking into consideration eq Further studies to investigate this are in progress.
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11, which gives a rough estimate fj, it can be concluded
thatR, ~ Aw(rp)f. SinceAw(rp) is proportional toB anduer?,

and the results of the fittings described above show that the
same holds foRg, it can be concluded thd, is proportional

to B and uer? as well, which is in agreement with the results
presented in Figure 5.

Equation 18 also demonstrates tRatis proportional to the
diffusion constant in close proximity of the particle’s surface
(D) relative to that of bulk waterQp). This is in agreement
with the expected increase of the importance of the relaxation
process due to diffusion of water protons in local magnetic field
gradients upon increase Dfand thus with increasing distance
to the surface of the particle, since more efficient diffusion leads
to less recovery of phase coherence by the refocusing ptilses.

Supporting Information Available: DLS pictures of lan-
thanide oxide particlesT; values of'H water resonances in
suspensions of lanthanide oxides, and fitting of the experimental
R, data using the partial refocusing model. This material is
available free of charge via the Internet at http://pubs.acs.org.
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