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ABSTRACT: Longitudinal and transverse relaxivities of solid
lipid nanoparticles loaded with superparamagnetic iron oxide
nanoparticles (SPION-SLNs) were thoroughly investigated
with the aim of understanding the main parameters regulating
the potential negative contrast properties of these systems. In
particular, the longitudinal relaxivity (r;) of water protons in
the 10 kHz to 35 MHz frequency range was determined by 'H
fast field-cycling NMR, while transverse relaxivity (r,) was
measured at 21 MHz. The reproducibility and stability of
SPION-SLNs was also tested on samples arising from
independent preparations and at different times after
preparation. Water diffusion in proximity of superparamagnetic
nanoparticles was found to be the mechanism of proton
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nuclear relaxation enhancement and characteristic parameters were quantitatively determined by fitting the experimental data
acquired on different samples as a function of concentration and temperature. Although a variation ascribable to the formation of
clusters with a different number of SPIONs inhomogeneously embedded in the lipid matrix was observed among different
preparations, the relaxivity properties of the investigated SPION-SLNs were found to be better than those of SPION-based
contrast agents commonly considered as standard in the literature, and remained stable for at least 2 months.

B INTRODUCTION

Superparamagnetic iron oxide nanoparticles (SPIONs) are
nanosystems with good biocompatibility,' ~ currently attracting
much scientific interest because of their potential uses in
biomedicine for both diagnosis and therapy.*”" Indeed,
SPION applications such as drug and gene-targeted deliv-
ery,"*"® hyperthermia,'®'” biosensing,"® and contrast enhance-
ment for magnetic resonance imaging (MRI),""~** have been
extensively investigated. The biological and magnetic properties
and the related potential applications of SPIONSs in these fields
are affected by their shape and size, as well as by the coating
materials used to stabilize these particles in aqueous
media.”* ™ In particular, r, relaxivity (ie., the water proton
transverse relaxation rate given per millimole of iron per liter of
solution), which is a property determinant for the applicability
of magnetic nanoparticles as MRI negative contrast agents, has
been found to be enhanced when SPIONs are embedded into
an organic matrix, where they form clusters.'">>*'7** In the
clusters, SPIONSs retain their superparamagnetic properties, and
each cluster can be considered as a large magnetized particle
with a magnetic moment proportional to its size. As a
consequence, r, depends on cluster magnetization and,
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analogously to single-core nanoparticles, SPION clusters
show three different r, regimes depending on their size:
motional average regime (MAR), static dephasing regime
(SDR), and echo-limiting regime (ELR). In addition, the self-
assembly structure and the nanoparticle arrangement in the
organic matrix significantly affect transverse relaxivity.'">>*"
Finally, the resulting nanoassemblies are subject to stability
issues and size limitations for in vivo applications.”’

In a recent work,>® we showed that nanovectors with
promising properties for application in theranostics can be
prepared by loading solid lipid nanoparticles (SLNs) made of
cetyl palmitate with the anticancer drug sorafenib and SPIONs
(average diameter of 10 nm) by a hot homogenization
technique. SLNs guarantee a high drug loading efficiency
(about 90%) and a high stability in water. SPION-loaded SLNs
(SPION-SLNs) exhibit good cytocompatibility, whereas an
antiproliferative effect against tumor cells (human hepatocarci-
noma HepG2) is imparted to the nanoparticles by sorafenib.
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SPIONs were found to maintain their superparamagnetic
properties and saturation magnetization when embedded in the
SLN matrix, thus enabling the movement/targeting of SLNs in
the presence of a remote magnetic field and conferring to SLNs
negative contrast properties for MRIL In particular, r, was found
tobe38+2s ' mM ' at7.05 T and 215 + 5s' mM ™" at 0.47
T, and the ratio between transverse and longitudinal relaxivities,
ro/r1, was 633 at 7.05 T and 77 at 0.47 T, values higher than
those of the most common SPION-based contrast agents at
magnetic fields of clinical interest.'””*~**

Here, the NMR relaxometric properties of SPION-SLNs are
investigated in detail by measuring the longitudinal (R, = 1/T;)
relaxation rate, and consequently the longitudinal relaxivity (r,),
of water protons at different Larmor frequencies and analyzing
them in terms of theoretical models for relaxation induced by
superparamagnetic particles.””~** To this aim, 'H R, data were
acquired on SPION-SLN suspensions at different concen-
trations and temperatures over the 0.01 to 35 MHz frequency
range using a fast field-cycling (FFC) relaxometer. Therefore,
an analysis of the nuclear magnetic resonance dispersion
(NMRD) profiles of r, was performed to obtain qualitative and
quantitative information on the relaxation mechanism dominat-
ing water proton relaxation in these systems. In addition, the
reproducibility and stability of SPION-SLNs, two properties of
relevance for medical applications,”” ™" were tested by
measuring r, and r, values on samples arising from independent
preparations and at different times.

B EXPERIMENTAL SECTION

Materials. The SPION-loaded SLN samples were prepared
by using an oil-in-water homogenization process at high
temperature, as reported in ref 38. In detail, 210 mg of cetyl
palmitate (kindly provided by Gattefossé) and 15 mg of
SPIONs (EMG1300 from Ferrotec; average nominal diameter
10 nm; saturation magnetization at 300 K 60 emu/ g38) were
dissolved in 1 mL of chloroform. The methanol and chloroform
solutions were added and gently stirred. The obtained mixture
was then transferred into a vial containing 3 mL of a Tween 80
(Sigma-Aldrich) water solution (6%) and sonicated for S min
with a probe-tip ultrasonicator (SONOPLUS mini20, Bande-
lin). To allow organic solvents evaporation, the temperature of
the emulsion was kept constant at 75 °C using a homemade
heater system with a negative feedback control. The obtained
dispersion was kept at 4 °C for 15 min to allow the formation
of the SLNs. The final product was purified by gel
chromatography, using Sephadex G-25 prepacked columns
(GE Healthcare Life Sciences) and deionized water as eluent.

Four independent preparations were performed, in the
following indicated as SPION-SLN-24, SPION-SLN-2S,
SPION-SLN-27, and SPION-SLN-30, with the number
indicating the SPION-SLN concentration in mg/mL. For r,
and r, determinations, SPION-SLN suspensions at different
concentrations were prepared by dilution with ultrapure water.

The Fe content was determined by inductively coupled
plasma-mass spectrometry (ICP-MS, Agilent Technologies Inc.,
7700 series) on samples treated with 65% HNO; and 30%
H,0, and digested in a Milestone Start D microwave apparatus.

Determination of Relaxivity Values. Longitudinal
relaxation times of water protons were acquired over the
Larmor frequency range 0.01—35 MHz with a Spinmaster FFC-
2000 fast field-cycling NMR relaxometer (Stelar srl, Mede,
Italy). T, measurements were performed using the ;)repolarized
(PP) and nonpolarized (NP) pulse sequences’™>” below and
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above 12 MHz, respectively. The polarizing (B,) and
detection (B,,) fields were 0.70 and 0.50 T, corresponding
to '"H Larmor frequencies of 30.0 and 21.5 MHz, respectively.
The switching time was 3 ms, the 90° pulse duration was 10 ys,
and a single scan was acquired. All the other experimental
parameters were optimized for each measurement. All the 'H
magnetization curves versus time were monoexponential within
experimental error, and the errors in T fitting were always less
than 1%. The temperature was controlled within +0.1 °C with
a Stelar VT'C90 variable temperature controller.

T, measurements of water protons were performed at 21
MHz using a Niumag permanent magnet interfaced with a
Stelar PCNMR console. The CPMG pulse sequence was
applied with an echo delay of 30 ys and a 90° pulse duration of
3 ps. The temperature was controlled within +0.1 °C with a
Stelar VIT'C90 variable temperature controller.

Relaxation rates (R;) were calculated as the inverse of the
relaxation times (R; = 1/T;) and relaxivity values (r;) were
determined on the basis of the iron concentration [Fe] of the
samples by fitting data acquired on SPION-SLNs aqueous
suspensions at different concentrations to the equation:

R; =R, + r[Fe] (1)
where R, is the relaxation rate in pure water.

Analysis of NMRD Curves. NMRD curves were analyzed
using a purposely written nonlinear least-squares fitting
program within the Mathematica environment on the basis of
eq 1 and eqs 2—7 reported in the Results and Discussion
section.

B RESULTS AND DISCUSSION

'"H R, NMRD curves (Larmor frequency between 0.01 to 35
MHz) were acquired at 37 °C on aqueous suspensions of four
SPION-SLN samples (SPION-SLN-24, SPION-SLN-2S,
SPION-SLN-27, and SPION-SLN-30) independently prepared
following the same procedure (see the Experimental section).
In all cases, the R, profiles showed a low frequency plateau, a
prominent peak, referred to as the Curie peak, with maximum
between 0.7 and 1.1 MHz, and a rapidly decreasing trend at
high frequencies (Figure 1). These profiles are characteristic of
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Figure 1. 'H longitudinal relaxation rates of different SPION-SLN
samples at 37 °C.
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water proton relaxation induced by superparamagnetic nano-
particles,*'**>* in agreement with the magnetic properties of
these systems previously reported on the basis of magneto-
metric measurements.>® In these cases, the mechanism driving
nuclear relaxation at low frequencies depends directly on the
magnetic anisotropy of the magnetic particles, while at high
frequencies, Curie relaxation, which arises from the diffusion of
water molecules in the presence of the magnetic moments,
becomes dominant.

NMRD curve shapes differing in the low frequency plateau
value, in the frequency of the Curie peak maximum, and in the
maximum R; value were observed for the different samples,
suggesting dissimilarity in the SPION distribution inside the
SLNs. Indeed, as reported by us in a previous paper,”® while
dynamic light scattering (DLS) measurements gave an average
diameter value of 248 + 113 nm with a satisfactory
polidispersity index (0.2 #+ 0.1), both AFM and TEM
investigations gave strong indications of the presence of
SPIONs both internalized and on the surface of SLN.

On the contrary, perfectly reproducible NMRD curves were
obtained by repeating the R; measurements at different times
on the same sample; as an example, NMRD curves acquired
after 1 and 2 months on the SPION-SLN-2S sample are shown
in Figure 1. Considering the high sensitivity of NMRD profiles
to the size of dispersions and to nanoparticle aggregation, this
behavior represents a strong indication of a very good long-
term stability of SPION-SLN suspensions, in agreement with
previous Z-potential measurements (—23.0 + 5.3 mV) that
indicated a good colloidal stability of SPION-SLNs in an
aqueous environment.*®

In order to better compare the different SPION-SLN
preparations, r; values were determined by acquiring R,
NMRD profiles on suspensions at different concentrations
obtained by dilution of each original sample. A linear
dependence of R; on concentration was found at each
frequency for all SPION-SLN samples, indicating that there
are no concentration-dependent aggregation effects of SLNs
and that suspensions are stable to dilution with water. A linear
fit (eq 1) was therefore applied to determine r; values at all
frequencies taking Fe concentration values measured by ICP-
MS, which were 5.51, 6.20, 6.88, and 8.06 mM for SPION-
SLN-24, SPION-SLN-25, SPION-SLN-27, and SPION-SLN-
30, respectively. The profiles of r, vs Larmor frequency, shown
in Figure 2, indicate that the variation in relaxivity of SPION-
SLNs samples arising from different preparations cannot be
accounted for by differences in Fe and, therefore, SPION
concentration. It must be pointed out that the measured Fe
concentration values are proportional to SPION-SLN concen-
tration values in the examined suspensions, indicating that
SPION loading is on average equal for all preparations.
Therefore, the different relaxivity properties must be related to
a variety of SPION distributions inside the cetyl palmitate
matrix. However, since the curves retain the characteristics of
superparamagnetic relaxation, it seems that agglomeration,
which would cause flattening out of the maximum, is not
relevant.”*

In order to single out the parameters regulating the observed
behavior, r, vs "H Larmor frequency profiles were analyzed in
terms of the euristic model proposed by Roch et al.**>*® for
describing the relaxation enhancement of protons in water
molecules diffusing in proximity of superparamagnetic particles.
Following this model, in the high anisotropy approximation,
justified by the absence of dispersion at low frequency in the
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Figure 2. Experimental (symbols) and calculated (lines) 'H
longitudinal relaxivity values of different SPION-SLN samples at 37
°C.

NMRD curves, the dependence of the longitudinal relaxation
rate R, on the proton angular Larmor frequency @ can be
written as
L
L)

R(w) = ch{[7& + 3(1 - - Lz(x))]

X ]F((U) T4 TN) + 3L2(x)]A(w; Td)} @)
2

where 7y is the Néel relaxation time, and 74 is the translational
diffusion correlation time; 74 is connected to d, the distance of
closest approach of the water molecules to the SPION clusters
giving rise to water proton relaxation enhancement, by the
relationship 74 = d*/D, D being the relative translational
diffusion coefficient (i.e., the sum of the diffusion coefficients of
the cluster and water). L(x) is the Langevin function given by

1
L(x) = coth(x) — " 3)

and

_ HB

X =
ks T 4)

where B is the magnetic field, y is the magnetic moment of the
SPION clusters, k; the Boltzmann constant, and T is the
temperature. C is a quantity directly proportional to the
number of clusters and to % and inversely proportional to d*;
in cgs units, C can be expressed as
220G

H d3

. 32r u

135000 ©)
where yy is the gyromagnetic ratio of the proton, N, is the
Avogadro number, and C, is the molar concentration of

clusters.
The spectral densities in eq 2 are expressed by

1+ 5z/8 + 2%/8

J,(2) =
A 1+z+2%/2+2/6 + 42*/81 + 2°/81 + 2°/648

(6)

with z = 2wz,)"?, and

DOI: 10.1021/acs.jpcc.6b09562
J. Phys. Chem. C 2017, 121, 823—829


http://dx.doi.org/10.1021/acs.jpcc.6b09562

The Journal of Physical Chemistry C

Table 1. Best Fitting Values of 7,, Ty, and g Determined by Analyzing r; versus Larmor Frequency Profiles at 37 °C Reported in

Figure 2 and Calculated Values of d and G
74 (s)

(9.0 + 0.1)107®
(9.7 £ 0.1)107%
(123 £ 02)107*
(82 £ 0.1)107%

sample 7y ()
SPION-SLN-24
SPION-SLN-25
SPION-SLN-27

SPION-SLN-30

(1.6 + 0.1)1078
(1.7 £ 0.1)107%
(L9 + 0.1)1078
(1.6 £ 0.1)107°

p (erg/G) d (nm)* ¢, )"
(12.8 £ 0.4) 107%¢ 16.4 2.1 x 1078
(24.7 + 0.6)1071¢ 17.1 2.6 X 1070
(9.5 + 02)107*¢ 19.2 56 x 107%
(24.7 + 0.6)1071¢ 15.7 4.7 x 107°

“Calculated assuming D = 3 X 107° cm?/s. bCalculated from eq 5 using best fit values of C and p, and calculated d values reported in this table.

1/2
]F(Q):Rel 1+ Q%4 J

1+ Q7% +4Q/9 + Q%/9 )

with Q = (iw + 1/7y)74 The r, profiles were fitted to obtain
optimized values of C, 74 7y, and y. As shown in Figure 2, the
applied model reproduced experimental data quite well; the
best fitting parameter values are reported in Table 1.

The diffusion correlation time, 74, was found to be ~82, 90,
97, and 120 ns for samples SPION-SLN-30, SPION-SLN-24,
SPION-SLN-25, and SPION-SLN-27, respectively. These
differences could be related either to the distance of closest
approach (d) of water protons to superparamagnetic particles,
that is to SPION clusters embedded in cetyl palmitate, or to the
translational diffusion coefficient (D), which could change
because of the interactions of water with the lipid matrix.
Assuming the same D value for all the samples and coincident
with the diffusion coefficient of water at 37 °C (D = 3 X 107°
cm?/s),”® d values 3—4 times larger than the S nm radius
declared for pristine SPIONS, but sensibly smaller than the
hydrodynamic radius of SPTON-SLNs,*® were determined (see
Table 1). In particular, a larger d was calculated for sample
SPION-SLN-27 (~19 nm) with respect to the other samples, d
being less than 16 nm for SPION-SLN-30 and ~17 nm for
SPION-SLN-24 and SPION-SLN-25. On the other hand, if
changes of 74 arose from different water diffusion properties in
the samples, d values on the order of the pristine SPION radius
would be compatible with D values 10 times smaller than that
of bulk water. In this case, taking d equal for all the samples, D
would increase in the order SPION-SLN-27, SPION-SLN-25,
SPION-SLN-24, SPION-SLN-30. However, since the coating
material is the same for all samples, differences in D are not
expected; thus the most probable origin of the different 74
values lies in the different internalization of SPIONs, which
affects the distance of closest approach.

The validity of the relaxation model used in the analysis of
NMRD profiles was confirmed by data acquired at different
temperatures in the range between 27 and 47 °C on sample
SPION-SLN-30 (Figure 3). By increasing the temperature, a
decrease in the relaxation rate, and consequently in the
relaxivity, was observed, especially at low frequencies. An
analysis of the r, profiles on the basis of eqs 1—7 showed that
by increasing the temperature there is a slight decrease of 74
and a more definite decrease of 7y (see Table 2). The 7, trend
is compatible with the fact that the water diffusion coefficient
increases with temperature. On the other hand, the trend of 7y
versus temperature can be well reproduced by an Arrhenius law
with an anisotropy energy” of 0.93 + 0.04 GHz.

Thus, considering the validity of the model and the analytical
approach used, the best fit parameters obtained for the different
samples at 37 °C can be discussed in order to understand the
possible phenomena at the basis of the different relaxometric
behavior observed. The parameters that show highest variability
are y, the overall magnetic moment of the small clusters of
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Figure 3. Experimental (symbols) and calculated (lines) 'H
longitudinal relaxivity of SPION-SLN-30 at the indicated temper-
atures.

Table 2. Best Fitting Values of 74 and 7y Determined by
Analyzing r, versus Larmor Frequency Profiles of SPION-
SLN-30 at Different Temperatures (Figure 3)

T (°C) 74 () v (s)
27 (82 +01)107* (21 +0.1)107®
32 (82 +01)107° (19 £ 0.1)107°
37 (82 +0.1)107® (1.6 +0.1)107®
42 (79 + 0.1)1078 (13 +0.1)1078
47 (7.7 £ 0.1)107% (L1 +01)1078

SPIONs inducing water proton relaxation enhancement, and
C,, which is proportional to the number of clusters. By
considering the overall magnetic moment as the sum of the
magnetic moments of single SPIONs embedded in a cluster, >
we can infer that, on average, larger clusters were formed in
samples SPION-SLN-25 and SPION-SLN-30. In general, a
higher p value broadens the Curie peak, and this is indeed
observed for SPION-SLN-25 and SPION-SLN-30, which have
the highest y values. The maximum value of r, is determined by
/JZCP/d[Fe], which decreases in the order SPION-SLN-24,
SPION-SLN-27, SPION-SLN-30, SPION-SLN-25. On the
basis of these results the different behaviors observed are to
be ascribed to a distribution of SPIONs within the cetyl
palmitate matrix varying in cluster size and proximity to the
SLN/water interface and/or to the rate of water diffusion
around the nanoparticles.

An analogous variability was also observed for r,, measured at
21 MHz and 37 °C, which was found equal to 325 + § s7!
mM™, 230 + § s7! mM™}, and 243 + 5 s™' mM for SPION-
SLN-24, SPION-SLN-25, and SPION-SLN-27, respectively,
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with corresponding r,/r; values of 43, 81, and 49. Given the
inhomogeneous distribution of SPIONs in these system, it is
not possible to fully rationalize the r, values on the basis of
theories reported in the literature for transverse relaxation
enhancement of water protons in the presence of SPIONs.***’
The variations observed among the samples are presumably
ascribable to differences in cluster magnetic moment and
concentration as well as to the different accessibility to water of
SPIONs embedded in the cetyl palmitate matrix.”° Nonethe-
less, it is worthy of note that the r, and r,/r; values measured
for our samples are in all cases higher than those reported for
the most common SPION-based contrast agents."*~**

B CONCLUSIONS

The relaxometric study of cetyl palmitate SLNs loaded with
SPIONS, prepared using a hot homogenization technique,
allowed a detailed characterization of properties useful for
application as MRI contrast agents. The analysis of the NMRD
curves of samples arising from distinct preparations highlighted
a variability in SPION distribution within the lipid matrix which
gave rise to noticeable differences in the salient features of
longitudinal relaxivity versus frequency trends. In particular, it
was found that a different number of SPIONSs is present in
clusters with different dimensions and accessibility to water.

Notwithstanding the scarce reproducibility of the prepara-
tion, the investigated SPION-loaded SLNs always showed very
good potential negative contrast properties, with r,/r; values in
water much higher than those reported for most common
SPION-based contrast agents. In addition, an excellent stability
in time was demonstrated, the NMRD curves being perfectly
reproducible for at least 2 months. Also considering the
previously shown good biocompatibility of cetyl palmitate and
the possibility of loading hydrophobic drugs in the same
matrix,”” the investigated systems seem of great potential for
theranostic applications. On the basis of the present study,
refinements of the preparation procedure should be proposed
with the aim of better tuning the relaxometric properties of
SPION-SLNS.
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