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Abstract

This study aims to compare the relaxivities of ultra-small dual positive and negative contrast iron
oxide nanoparticles (DCION) at different magnetic field strengths ranging from 4.7 to 16.4 T at
physiological temperatures; and to investigate the effect of particle aggregation on relaxivities.
Relaxivities of DCIONs were determined by magnetic resonance imaging scanners at4.7,7,9.4,and
16.4 T. Both longitudinal (T7) and transverse relaxation times (T,) were measured by appropriate
spin-echo sequences. It has been found that both longitudinal and transverse relaxivities are
significantly dependent on the magnetic field strength. Particle aggregation also strongly affects the
relaxivities. Awareness of the field strength and particle colloid stability is crucial for the comparison
and evaluation of relaxivity values of these ultra-small iron oxide nanoparticles, and also for their
medical applications as contrast agents.

Introduction

Magnetic resonance imaging (MRI) has become a powerful and indispensable tool in medical research, clinical
diagnosis, and patient-care since 1977 [1, 2]. Unlike positron emission tomography (PET) or computed
tomography (CT), MRI does not employ ionizing radiation; unlike ultrasound and optical methods, MRI
provides deep tissue penetration; and it is more advantageous than PET, because MRI has much higher spatial
resolution (sub-millimeter) [3]. Gadolinium (Gd) contrast agents are widely used and can give T5/T5 (where T}
is observed or effective T,) signal nulling for dynamic susceptibility contrast (DSC) and T signal enhancement
for dynamic contrast enhanced (DCE) imaging. Iron oxide nanoparticles, typical negative or T,/T5 -weighted
contrast agents, generally provide negative image contrast due to T,/T; shortening. DCE imaging allows easier
detection of enhanced areas in the tissue compared to T»/ T nulling methods because of the potential confusion
with image null areas due to air, cortical bone, tissue interfaces, hemorrhage or signal cancellations at water-fat
interfaces [4]. On the other hand, T,-weighted imaging via iron oxide nanoparticles is widely explored as iron is
naturally found in the body [5]. In addition, susceptibility agents give image effects larger than the physical size of
the region of agent localization.

Several diagnostic methods combine complementary information obtained from different imaging
techniques (i.e. MRI, PET, CT and optical microscopy) to achieve higher accuracy of disease diagnosis [6-9].
However, the development of dual diagnostic strategies that employ a single imaging technique and a single
instrumental system such as MRI is preferred because differences in depth penetrations and spatiotemporal res-
olutions of various imaging devices can lead to difficulties and discrepancies when matching images, resulting
in interpretation inaccuracies [6, 7]. Therefore, in the last decade, ultra-small dual positive and negative contrast
iron oxide nanoparticles (DCION) have been widely developed to overcome the disadvantages of single modal-
ity contrast agents in MRI [3, 5, 10-16], and the use of these dual contrast nanoparticles for molecular imaging
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has been reported. For example, we synthesized and developed ultra-small, water-soluble and biocompatible
magnetic iron oxide nanoparticles as positive and negative dual contrast agents for targeted imaging of thrombo-
sis [3]. In another example, Xue et al [17] reported the use of 3.5 nm iron oxide nanoparticles for dual-modality
MRI of tumor angiogenesis.

The reported dual MRI contrast iron oxide nanoparticles show good longitudinal and transverse relax-
ivities r; (4.4-19.7mM ! s7!) and r, (17.5-60mM ! s!) with low r,/r; ratios (1.4-3) at low magnetic field
strengths (1.5-3.0 T) [11-16]. However, there have been limited reports on their relaxivities at higher magnetic
field strengths. State-of-the art clinical MRI devices use magnets of high field strength, i.e. 3.0 and 7.0 T, which
raises questions about the feasibility and practicality of these nanoparticles in modern clinical settings. With the
increase of magnetic field strength in MRI scanners for clinical and preclinical applications, the effect of field
strength on magnetic properties of the contrast agents has to be investigated.

Another important consideration is the exposure of nanoparticles to a biological environment, which can
generate nanoparticle aggregates, which is an important yet overlooked aspect of the biological behaviour of
nanoparticles [18]. Aggregation can occur when the van der Waals attractive forces between particles are greater
than the electrostatic repulsive forces produced by the nanostructure surface [19, 20]. For example, a high con-
centration of ions can decrease the screening length of charged chemical groups on the nanoparticle surface [20]
and a high concentration of protein can cause a thermodynamically favored replacement of surface-associated
molecules with proteins [21], which destabilizes the nanoparticles and results in aggregation. Therefore, in bio-
logical media such as blood, saliva, lung surfactant, or cell culture media where the ion and protein contents are
high, nanoparticles that are well-dispersed in a buffered solution can agglomerate. The aggregation of nanopar-
ticles can affect cellular uptake, cytotoxicity and targeting efficiency of nanoparticles to cells and tissues [22-24].
Here we report the dependence of relaxivities on magnetic field strengths and colloid stability of 3.7 nm ultra-
small dual MRI contrast iron oxide nanoparticles.

Materials and methods
All reagents and solvents were obtained from standard commercial sources and were used as received.

Synthesis of dual contrast iron oxide nanoparticles (DCIONs)

The synthesis of the DCIONS has been described previously [5]. Briefly, thiol-functionalized poly(methacrylic
acid) (PMAA-PTMP) was prepared as described elsewhere [25]. PMAA-PTMP (0.1747 g) was dissolved in
miliQ-water (50 ml), purged with nitrogen to remove oxygen, and then heated to reflux. FeCl;-6H,0 (0.1378 g)
and FeSO4-7H,0 (0.0701g) were dissolved in concentrated HCI (1 ml). The mixture of iron precursors was
quickly injected into the hot polymer solution, followed by the addition of concentrated ammonia solution
(15ml,28%). The resultant solution was refluxed for 2 h before cooled down. The solution was concentrated and
then dialyzed against miliQ-water for 72 h to remove impurities.

Aggregate synthesis

For preparation of aggregates, 20 ul of a 10x solution of NaCl was added directly to 180 ul of a pre-mixed
solution of iron oxide nanoparticles (250 g ml~') and bovine serum albumin (BSA, 25 jzg ml~ ') under vigorous
vortex mixing. To make aggregates of different sizes, NaCl were added to the final concentrations of 0, 25, 50, 100
and 200 mM.

Characterization of DCIONs and DCION aggregates

Hydrodynamic size and zeta potential of nanoparticles were determined with a Zetasizer nano series
(Malvern) equipped with a 4.0 mW He—Ne laser operating at 633 nm and a detection angle of 173°. At least
three measurements at 25 °C were made for each sample with an equilibrium time of 2 min before starting
measurement. Transmission electron microscope (TEM) images were collected on a Hitachi HT7700 TEM
operating at an accelerating voltage of 120kV. The average size of the particles was estimated using Image]. X-ray
diffraction (XRD) patterns were measured using a Bruker Advanced D8 Diffractometer equipped with a LynxEye
detector, Cu tube and operated at 40kV and 40 mA. Conditions of analysis are as follow: 15 rpm rotation, 26 of
10-90° (start and end angles), 0.01° increment, 4.8 s/step time per step, 0.26° fixed divergence slit, 5.0 mm fixed
anti-scatter slit. Traces were processed using the Diffrac”®) Evaluation Package Release V4.2 and PDF-2 Release
2016. UV-vis absorbance spectra were obtained via a Shimadzu UV-2600 Spectrophotometer.

MRI relaxation time measurements

Measurements at 4.7 T were performed as previously described [5]. Measurements at 7 T were carried out on
a preclinical MRI system, comprising a 300 mm bore 7 Tesla ClinScan, running Siemens VB17. A 40 mm ID
RF coil was used to acquire the images. Measurements at 9.4 T and at 16.4 T were carried out on a 9.4 Tesla
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Bruker scanner and on a 16.4 Tesla Bruker scanner, respectively. A 23 mm ID mouse head MRI RF coil was used
to acquire the images. T quantification: Spin echo images were acquired with variable TR times to calculate the
T time. The following parameters were used: repetition time (TR) = 100, 200, 500, 1000, 2000, 5000 ms; echo
time (TE) = 8ms (7 T), 14ms (9.4 T), 10.5ms (16.4 T). T, quantification: A multi TE spin echo sequence was
acquired to calculate the T, time. The following parameters were used: TR = 2000 ms, TE = 20-400 ms in 20 ms
increments.

NMR T; and T, measurements

T, and T relaxation time measurements were performed at 298 K using Inversion Recovery and Carr—Purcell-
Meiboom-Gill (CPMG) pulse sequences, respectively, on a Bruker Ascend 400 NMR spectrometer. Water
solutions of iron oxide nanoparticles or aggregates were placed in Wilmad coaxial insert tubes with reference
capacity of 40 pl and the tube were inserted into NMR tubes containing D,0. Data were analyzed with TopSpin
to obtain T and T, relaxation times.

Calculation of relaxivities
Relaxivities (r; and r,) are generally defined as the slope of the linear regression generated from a plot of the
measured relaxation rate (1/7T; where i = 1,2) versus the concentration of the contrast agent (iron, Fe):

1 1 + [F }
— = ———— 471 [Fe
T;  Tiwlank)
orR; = +r;- |Fe
" Tilank) [Fe]
1 1
- — = r;-|Pe
Ti  Tilank) i [Fel

T; denotes the longitudinal and transverse relaxation times, T; and T, respectively, R; is relaxation rate, and
Tiblank) 1s the relaxation times of the solvent without DCION.

Results and discussion

Synthesis and characterization of the nanoparticles

Magnetic iron oxide nanoparticles are conventionally prepared by aqueous or non-aqueous routes and the
majority of preparations act as negative contrast agents [5, 26—-29]. These synthetic routes mostly result in
formation of large nanoparticles (diameter > 5nm) with a large r,/r; ratio. Generally, superparamagnetic
iron oxide nanoparticles can shorten both T; and T, (or T5) relaxation times, however, signal dephasing from
reduced T; or T3 is more significant than signal enhancement due to the shorter T'. It is because the magnetic
susceptibility effect is generally dominant over longitudinal relaxation to give a much greater r,/r; ratio (r; and r,
are longitudinal and transverse relaxivities, respectively) than paramagnetic molecules such as Gd-DTPA [30].
Ultra-small iron oxide nanoparticles (<6nm), on the other hand, are able to generate positive (T;-enhanced)
images due to their low magnetization resulting from a strong surface spin-canting effect [1, 5, 15, 12] and the
so-called collective magnetic excitations [31]. Most ultra-small iron oxide nanoparticles have been obtained
using non-aqueous synthetic routes [11-16]. The exception is particles generated by Li et al [ 5] using an aqueous
route. In this study, we employed the nanoparticles synthesized by method adopted from Li et al [5] to study the
effect of magnetic field strengths on relaxivities of these particle solutions. These nanoparticles (DCIONSs) have
a size of 3.7 £ 0.8 nm as shown in the TEM image (figure 1(A)). They show excellent water solubility and their
hydrodynamic size was measured as 7.5 nm using dynamic light scattering (DLS). DLS provides the diameter of
a sphere that moves (diffuses) the same way as the particle, assuming a hydration layer surrounding the particle.
Therefore, DLS hydrodynamic size of the nanoparticle was larger than TEM size. The crystalline nature of the
synthesized DCIONs was determined by XRD (figure 1(B)). The XRD peaks are characteristic of cubic structure
of maghemite and magnetite. Using XRD spectrum data and the below Scherrer equation [32], the crystallite size
of the nanoparticles was calculated as 4.1 nm [32].

KX
L =
[Bcost

where: L is the crystallite size of the nanoparticles; K is the dimensionless shape factor, which is typically 0.9
for sphere; A is the x-ray wavelength; [ is the line broadening at half the maximum intensity (FWHM), after
subtracting the instrumental line broadening, in radians; 6 is the Bragg angle. The peak at 20 of 35.53° was chosen
for the size calculation. A was 1.54 A and S was calculated as 0.0352 radians.
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Figure 1. TEM image (A) and XRD pattern (B) of the ultra-small dual contrast iron oxide nanoparticles (DCION).

Field strength dependency of relaxivities (r; and 1), and r,/r; ratio

The efficiency of a MRI contrast agent is determined by its capability in lowering the longitudinal (T;) and
transverse (T3) relaxation times of the water proton spins in tissues at the lowest contrast agent concentration
[33]. The acceleration of proton relaxation near a magnetic particle is due to fluctuations of magnetic dipolar
interactions between the proton spins and the electronic spins of the contrast agents. The relaxivity defined as the
slope of the relaxation rate in s ! (either 1/T} or 1/T5) versus the equivalent ion concentration in mM is a direct
measurement of this efficiency [33].

In this study, relaxation rates (R; = 1/T;, where i = 1 or 2) of DCION solutions were measured at 4.7, 7, 9.4
and 16.4 T and plotted against the Fe concentration in figure 2. From these plots, relaxivities of DCION solu-
tions were obtained and then plotted against magnetic field strengths in figure 3. It was found that r significantly
decreased as the magnetic field strength increased (figure 3(A)). On the other hand, r, increased as the field
strength increased from 1.5 T to 9.4 T and then significantly decreased at 16.4 T (figure 3(B)). Interestingly, the
1o/ ratios increased with increasing the field strength (figure 3(C)), indicating the T effect is the dominant effect
at the high field. Since r,/r; becomes very high at high magnetic field strength, any hyper-signal is lost because of
spin-spin relaxation in the transverse plane where the detection antennas are sensitive [33]. Therefore, DCION
may not be an effective probe for T;-weighted positive imaging at very high magnetic field strength. Lower r,/r
ratios can be favorable for T}-weighted MRI in addition to high r, relaxivities. Similarly, larger r,/r| ratios can be
advantageous for T,-weighted MRI in addition to high r, relaxivities. Similar observations were reported with
gadolinium-based T contrast agent [34]. Caravan et al found that relaxivity is clearly field dependent, suscep-
tibility effects of Gd>* are higher at higher magnetic fields, and a higher field strength leads to a lower r; and a
higher r, value [34]. The consequence of these susceptibility effects is that increasing the contrast agent dose to
shorten T} may not be effective because T effects may dominate.

Dependence of relaxivities on the colloid stability of the nanoparticles

To study the dependence of relaxivities on the colloid stability of the nanoparticles, aggregation of the particles
was induced. There are a number of approaches to assemble nanoparticles into controlled aggregates, including
aliphatic a,w-dithiols [35,36],light-induced self-assembly [37], DNA-directed assembly [ 38—42] and DNA cross-
linking [43]. Here we used salt and protein which are present in the biological environment to ‘naturally’ induce
aggregation of the nanoparticles, a process that is known to happen under ‘real’ conditions. By manipulating the
kinetics and stoichiometry of salt (NaCl), protein (BSA) and modified-poly(methacrylic acid)-coated iron oxide
nanoparticles, different levels of nanoparticle aggregation were achieved. In aqueous solution, NaCl dissociates
into Na* and Cl~, then Na™ binds to the carboxylic acid groups on iron oxide nanoparticle surface, neutralizes
the surface charge and induces the aggregation of nanoparticles. NaCl has been employed in aggregate synthesis
for both gold and other types of nanoparticles [18, 44, 45]. BSA was used as a model protein to mimic biological
media and to control the size of the aggregates. BSA stabilizes early aggregates by adsorbing proteins onto the
nanoparticle surface, allowing nanoparticle assembly to defined aggregate sizes. By simultaneous addition of
BSA and NaCl in various proportions (different concentrations of NaCl) to iron oxide nanoparticle solution,
aggregates of different sizes were obtained (figure 4). The occurrence of aggregation was evidenced by the change
in hydrodynamic size as measured with DLS (figure 4(A)); the slight change in the UV—vis absorbance spectrum
(figure 4(C)); and also evidenced by TEM images (figure 4(B)). These differently-sized aggregates mimic the
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Figure2. Plotsshowinglongitudinal (A) and transverse (B) relaxation rates versus Fe concentrations of DCIONs at different
magnetic field strengths. (C) MR images of the nanoparticle phantoms at different Fe concentration at 16.4 T field strength.

early and late stages of aggregation naturally occurring in biological environments. Initially, doublets and triplets
of nanoparticles form, then aggregates progressively grow into larger structures.

Relaxivities r; and r, of aggregates were measured on a Bruker Ascend 400 NMR Spectrometer. The number-
mean sizes were used to label the aggregate samples. Relaxation rates (R; = 1/T;, where i = 1 or 2) of the aggre-
gate solutions were measured and plotted against the Fe concentration in figure 5. From these plots, relaxivities of
aggregate solutions were obtained and then plotted against aggregate size in figure 6. It was found that as the level
of aggregation or the size of the aggregates increased, r significantly dropped while r, dramatically increased
(figures 6(A) and (B)). The r,/r; ratios increased with increasing size of aggregates (figure 6(C)), indicating the T
effect becomes dominant once these ultra-small iron oxide nanoparticles agglomerate. Iron oxide nanoparticles
are able to generate large local field inhomogeneities [46]. This inhomogeneity results in alocal field gradient that
accelerates the dephasing of the proton spins of the water and leads to a strong reduction in the T relaxation time
causing a hypo-intense contrast in T,-weighted MRI sequences. Agglomeration of multiple iron oxide nano-
particles causes higher inhomogeneity and therefore greater r, relaxivity. The effect of increasing r, relaxivity
by aggregation of iron oxide nanoparticles has been described previously [47, 48]. Since T effects of aggregates
start to dominate the signal behavior, T; effects decrease, resulting in the drop in longitudinal relaxivity r; when
nanoparticles agglomerate.

These results show that particle aggregation strongly affects relaxivities and the larger the aggregate the
stronger the change in relaxivities. Methods need to be tested to stabilize the nanoparticles so they do not aggre-
gate. Functionalization of the nanoparticles with binding ligands such as antibody for targeted molecular
imaging seems to be an approach to stabilize the particles and prevent their aggregation. In our previous study,
DCIONSs were labelled with single-chain antibody that targets activated GPIIb/I1Ia receptors on activated plate-
lets for molecular imaging of thrombosis [3]. These nanoparticles were found to be stable in phosphate buffered
saline (PBS, a buffer with 137 mM NaCl) for weeks within our study and their relaxivities remained.
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Figure 3. Dependence of longitudinal relaxivity r; (A), transverse relaxivity r, (B) and r,/ry ratio (C) on magnetic field strength.
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Figure4. Characterization of the aggregates prepared using different concentrations of NaCl. (A) Hydrodynamic size and
polydispersity index of aggregates, obtained by DLS. (B) TEM images of aggregates prepared using different concentrations of NaCl.
(C) UV-vis spectra of aggregates.
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Figure5. Plots showinglongitudinal (A) and transverse (B) relaxation rates versus Fe concentrations of different-sized DCION
aggregates prepared using different concentrations of NaCl. T} and T, relaxation time measurements were performed on a Bruker
Ascend 400 NMR spectrometer.
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Figure 6. Dependence of longitudinal relaxivity r; (A), transverse relaxivity r, (B) and r,/r ratio (C) on the degree of aggregation or
hydrodynamic size of aggregates.

Steric stabilization or functionalization of the nanoparticle surface with a hydrophilic non-ionic surfactant
or neutral polymers can be a strategy to improve colloid stability of the nanoparticles in blood and physiological
fluids as reviewed by Moore et al [49]. Poly(ethylene glycol) (PEG), a neutral polymer, is a well investigated and
frequently used polymer in the field since it has been shown to avoid ionic interaction with salts present in the
physiological fluids and also decrease protein adsorption. Protein-nanoparticle interaction is known to destabi-
lize the colloidal nanoparticle system.
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Conclusion

In conclusion, the presented data demonstrate the dependency of relaxivities of ultra-small positive and negative
iron oxide contrast agent on the magnetic field strength and the colloidal stability. As the magnetic field strength
increases from 4.7 T to 16.4 T, the longitudinal relaxivity r; significantly decreases while transverse relaxivity r,
increases to its maximum at 9.4 T and then dramatically drops when the field strength increases to 16.4 T. The
ratio of r, to r; also significantly increases as the field strength increases, indicating the dominance of T) effects.
According to these findings, it is reccommended that MRI employing ultra-small DCION should be avoided
at very high magnetic field strengths to avoid the loss of T effects, disabling their dual contrast enhancement
capacity. This work investigates the dependency of relaxivity on particle aggregation induced by salt and protein,
which mimics conditions in biological environments. Our results show that particle aggregation strongly affects
relaxivities and the level of aggregation correlates with the extent of change in relaxivity. As the aggregate size
increases, 11 decreases while r, and r,/r; increase, demonstrating the dominance of T effects once the particles
agglomerate. These findings are extremely important since aggregation appears to be an inevitable occurrence
invivo and will consequently affect the medical applications of dual contrast iron oxide nanoparticles. This study
highlights the need for more thorough studies regarding the downstream effects of these types of contrast agents
and the design of effective and stable contrast nanomaterials that are not prone to aggregate in vivo.
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