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Abstract

Magnetic nanoparticles (MNPs) have been extensively explored as magnetic resonance imaging
(MRI) contrast agents. With the increasing complexity in the structure of modern MNPs, the
classical Solomon-Bloembergen-Morgan and the outer-sphere quantum mechanical theories
established on simplistic models have encountered limitations for defining the emergent
phenomena of relaxation enhancement in MRI. We reviewed recent progress in probing MRI
relaxivity of MNPs based on structural features at the molecular and atomic scales, namely the
structure-relaxivity relationships, including size, shape, crystal structure, surface modification, and
assembled structure. We placed a special emphasis on bridging the gaps between classical
simplistic models and modern MNPs with elegant structural complexity. In the pursuit of novel
MRI contrast agents, we hope this review will spur the critical thinking for design and engineering
of novel MNPs for MRI applications across a broad spectrum of research fields.
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Introduction

The broad interest in manipulating structural characteristics of nanomaterials to practice
novel functionality remains a central theme in nanoscience.[t] A major focus has been
focused on inorganic nanoparticles including inorganic/organic hybrid nanostructures owing
to their variable structural features and diversified functions.[?] The family of magnetic
nanoparticles (MNPs) is among the most widely explored nanomaterials due to their
potential applications in a variety of research fields.[3] The unique physiochemical and
magnetic properties of MNPs have spurred great research interest in developing MNPs with
controllable size, shape, composition, crystal structure, surface madification, and
architecturally assembled structure.[l Moreover, advances in materials science and
nanotechnology have propagated the evolution of MNPs from simple substances to metal
oxides and alloys, which have endowed these MNPs with distinct magnetic properties.l]
More importantly, it has been shown that the magnetic moment per atom and the magnetic
anisotropy of MNPs can be different from those in bulk species.[®] Therefore, investigations
into the structural characteristics of MNPs are highly desirable, particularly for magnetism
mediated applications including data storage and biomedicine.l"]

Magnetic resonance imaging (MRI) is a noninvasive, non-ionizing, and radiation-free tool
widely used in clinical diagnosis.[] Under an external magnetic field in MRI equipment,
magnetic nuclei become aligned to allow resonance through a radiofrequency pulse. 1H has
the highest gyromagnetic ratio in nature and is the most abundant magnetic nucleus in the
human body, which is therefore the most commonly studied subject in MRI. MRI outputs
the computation results of nuclear relaxation of different chemical and physical
environments, which can be correlated to pathological differences in biological samples.
Although it is possible to achieve good-contrast images of tissues for diagnosis by
manipulating pulse sequences alone, MRI is best utilized in concert with contrast agents
which are able to highlight the anatomic and pathologic features of regions-of-interest.[°]
MNPs are introduced to generate a local magnetic field, which in turn disturbs the nuclear
relaxation of magnetic nuclei in the surroundings.[1%1 MNPs can accelerate the relaxation
process and shorten the relaxation time of protons nearby, enhancing the signal contrast
between the surroundings and distal background in MR images. Distinct from other imaging
media (e.g., optical probes, radiotracers) which are the direct sources of imaging signal,
MRI contrast agents are applied to affect the signal output of magnetic nuclei nearby.

The mechanism of relaxation enhancement by MNPs is related to the dynamic interactions
of water molecules with the magnetic centers, in which the magnetic properties of MNPs
play a predominant role.[!2] The MRI contrast enhancement effect of MNPs is attributed in
large part to their structural features.[12] The increased structural complexity requires more
meticulous control over the fabrication process, and accordingly, furnishes more dedicated
functional capacities. Compared to early strategies of making nanomaterials,[*3] modern
synthetic approaches enable us to achieve the synthesis of various nanoparticles with
controllable structural features. Indeed, the need for uniformity and unique structures of
nanomaterials lies beyond the aesthetic demand.[*4] For example, size can influence the
magnetization of MNPs due to the modification of exchange interactions through surface
effects, which in turn governs the magnetic moment of MNPs.[23] On the other hand, the
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magnetic switching property of MNPs is strongly associated with their shape due to the
presence of shape anisotropy.[16] Taken together, advances in nanoscience and
nanotechnology have improved our understanding of the relationship between the
increasingly complex structural features of MNPs and their MRI performance.[17]

A plethora of review articles have been published on a general interest of summarizing
different types of MNPs as MRI contrast agents.[7? 18] Unfortunately, there is a lack of a
comprehensive review article elaborating on the structure-relaxivity relationships of MNPs
for MRI.[19] The Solomon-Bloembergen-Morgan (SBM) theory and the outer-sphere
quantum mechanical theory have been the guiding principles for the design of MRI contrast
agents over the past decades.[20] However, the classical theories were established on
simplistic models, which lag behind the increasing complexity of MRI relaxation
enhancement effect by MNPs with elegant structural complexity.[10: 211 Therefore, we
attempted to summarize the latest achievements and propose future challenges for exploring
structural features of MNPs for MRI applications, with a focus on size, shape, crystal
structure, surface modification, and assembled structure. Specifically, the correlation
between the 77 and 75 relaxivities as well as the gap between classical models and current
structures will be discussed. We hope this topic will stimulate interest in the rational design
of MNPs for sophisticated MRI applications, which is significance in the interdisciplinary
fields of chemistry, physics, materials science, biomedical engineering, and nanomedicine.

2. Classical theories

The classical theories describing nuclear relaxation and the derived relaxation models were
developed around a half century ago.[22] Later on, the SBM and the outer-sphere diffusion
theories were developed to interpret the interactions between magnetic nuclei and electronic
spins, which have been the guiding principles for the design of many MRI contrast agents.
[10. 21] These theories involving complex mathematical equations can be found in other
reviews.[23] Here, we will briefly describe the two theories from the vantage points of
physical facts to help readers understand the origin of theories in classical models.

2.1 Solomon-Bloembergen-Morgan theory

The SBM theory regarding dipole-dipole interactions was originally developed by
Bloembergen, Purcell, and Pound in 1948,[241 which is arguably the most important
mechanism responsible for the 7; and 7, relaxations of water protons in nature. However,
the dipolar interaction in its original definition was limited to proton-proton interactions
until Solomon, Bloembergen, and Morgan extended the theory to include proton-electron
interactions in 1961.[212 21b] Dye to the smaller mass and much larger dipole magnetic
moment of electron spin over proton spin, proton-electron interaction is significantly
stronger than proton-proton interaction. This is evident from the fact that proton-electron
interaction occurring between water protons and paramagnetic ions shows greater impact on
the relaxation of protons.

The dipolar interaction is governed by four key factors including the type of spins, the
distance between spins, the angle between spins, and the relative motion of spins.[2°l The
classical models employed two hydrogen protons to engage a dipole-dipole interaction. The
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mathematical equations can be found in a good number of classical papers and follow-up
publications.[21¢. 21d] To simplify, the dipole interaction is directly dependent on the
gyromagnetic ratio () of protons to the fourth power (y2 x y2), and is inversely dependent
on the distance () between protons to the sixth power (a®) and the spectral density, which is
related to the relationship between the correlation time (z.) and the Larmor frequency.
Molecules may undergo three kinds of motion: vibration, translation, and rotation.
Vibrational motion is too fast to influence relaxation and translational motion is averaged out
in a homogenous field, only rotational motion is considered in nuclear magnetic relaxation
because it occurs in a range of frequencies that cover the Larmor frequency of protons. This
situation is applicable in many biological systems. For example, water molecules that are
bound to proteins or macromolecules may have shorter 7; relaxation time than that of free
water molecules.[26] The restricted motion of water molecules also diminishes the averaging
effect, reducing their 7 relaxation time.[27] In a typical MRI, the signals from bounded
water with short relaxation time are primarily responsible for the enhanced imaging contrast
observed for solid organs like the brain and liver. Notably, electron spins have y over 600
times larger than proton spins, which yields an over 360,000 fold difference between electro-
proton and proton-proton interactions.[28] This fundamental property explains why
paramagnetic materials are so effective in enhancing proton relaxations.

In contrast to proton-proton interactions, proton-electron interactions between water protons
and paramagnetic ions/molecules are the central mechanism behind paramagnetic materials
as 7p contrast agents. In a classical model, water protons interacting with paramagnetic
centers are classified into inner-sphere, second-sphere, and outer-sphere mechanisms (Fig.
1).[29] The inner-sphere mechanism involves the direct coordination of water protons with
paramagnetic ions and after dissociation, the interaction with bulk water protons, denoted as
chemical exchange.[?°] The definition of chemical exchange describes the transfer of a
nucleus from one part of a molecule to another, which can occur both intra-molecularly or
inter-molecularly. This effect influences the spectral line widths and is observable in NMR.
As such, the chemical exchange causes field-dependent shortening of both 77 and 75
relaxation times. The inner-sphere mechanism dominates the 7; relaxation enhancement in
paramagnetic contrast agents which is modeled as followings:
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where cis the concentration of metal ions (in mM); Ay is the mole fraction of the metal
ions, which equal to 1.8 x 107 when cis expressed in mM; g is the number of coordinating
water molecules in the first coordination sphere; 711 is the longitudinal relaxation time of
the inner-sphere bounded water protons; zy is the proton residence lifetime; y is the
gyromagnetic constant for protons (2.675 x 108 T~1s71); gis the electronic g-factor (g = 2);
Sis the total electron spins of the metal ion; 4 is the Bohr magneton (9.274 x 10724 J T~1):
fiv—H 1s the distance between the metal ion and proton; tc; is the correlation time (i = 1, 2);
wn is the proton Larmor frequency; ws is the angular electronic frequency; zy is the
molecular tumbling time; 7je is the electronic relaxation times (i = 1, 2); A is the zero field
splitting (ZFS) energy; z, is the splitting correlation time. Three key factors have been
identified in most of synthetic molecular contrast agents: zg, 7y, and ¢.[261 Generally, the 71
relaxivity of a given molecular contrast agent is positively correlated with =z, 1/7\, and g.
[30] Most clinically relevant molecular contrast agents have g =1 to compromise for the
physiological stability of the chelating paramagnetic metals.[202. 311

Second-sphere mechanism describes water protons that are not directly coordinated with the
paramagnetic centers, but with the second coordination sphere of the paramagnetic
molecules through hydrogen bonds (Fig. 1).[32] Therefore, the contribution of second-sphere
mechanism to the relaxivity is usually negligible and is limited to some extreme cases that
have no inner-sphere coordination of water molecules.[331 For example, Chen et a/.
investigated the r, relaxivities of vanadyl complexes such as vanadyl
ethylenediaminetetraacetate and diethylenetriaminepentaacetate that have no inner-sphere
contribution to proton relaxivity.[34] It was found that the outer-sphere model did not
adequately explain the relaxivity profiles, as the observed relaxivities were best explained
with a model that included both second-sphere and outer-sphere contributions. Finally, the
authors demonstrated that the second-sphere mechanism can have about 10-30%
contribution to the 7; relaxivities in the absence of the inner-sphere contribution.[34]

Other than the inner-sphere and second-sphere mechanisms, the outer-sphere mechanism
also describes molecules experiencing relaxation enhancement without direct coordination
of the magnetic center/molecules.[3%] The landmark model for outer-sphere relaxation was
first developed by Hwang and Freed in 1975 and was subsequently refined by Freed in 1978.
[21¢c, 21d] The outer-sphere theory aims to address the relative translational diffusion and
rotational motions of water molecules with respect to magnetic centers. Therefore, this effect
is less important in paramagnetic ions/molecules due to the weak magnetization behavior

Adv Mater. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhou et al.

Page 6

and the fast molecular tumbling effect.[35-36] Moreover, it is challenging to discern the
second-sphere and outer-sphere components in a real system. In most cases, both of these
contributions are often ignored because of the presence of an inner-sphere component (q #
0). The outer-sphere mechanism in superparamagnetic nanostructures and slow-motion
systems will be discussed in the following section.

2.2 Outer-sphere diffusion model

The quantum-mechanical outer-sphere theory was originally applied to relaxation
phenomenon in weakly magnetized particles.[29] For paramagnetic metal complexes, it was
theoretically calculated that the diffusion of water molecules contributes little to the
relaxation enhancement in those models.[292. 21b] The translational diffusion of bulk water
non-coordinated with magnetic centers is the major source of water movements.
Development in nanoscience and nanotechnology, especially the superparamagnetic NPs
with single-domain or multiple-domain structures, have enabled discovery of novel
phenomena of relaxation enhancement in MRI. Superparamagnetic NPs with large magnetic
susceptibility at room temperature are able to produce a local magnetic field under an
externally applied magnet.[11: 2001 As a result, the local magnetic field perturbs the phase
coherence of water protons nearby, which shortens the 75 relaxation time (Fig. 1). The 7;
relaxation, also called spin-spin relaxation, is derived from the predominant spin-spin
interaction during water diffusion.

The quantum-mechanical theory is also valid for superparamagnetic NPs, provided that the
particles are small enough to satisfy the conditions for the motional averaging regime
(MAR).37] The 7, relaxivity by MAR theory is given as the following:

(256771405 VM1
r,= ~ (a6)
2 D +L/7) '

where y is the gyromagnetic constant of protons (2.675 x 108 T~1s™1); z,is the diffusion
time required for a water molecule to diffuse a distance of \/2r; Aw, is the rms angular
frequency shift for a distance at the particle surface; x4, is the Curie moment of MNP; V* is
the effective volume fraction; Mg is the saturation magnetic moments; ris the radius of
magnetic core; D is the diffusion coefficient of water molecules; L is the thickness of
impermeable coating layer on MNP. The MAR states that the time (zp) for a water molecule
diffusing a distance of 4/2r in any direction is shorter than the reciprocal of rms angular
frequency shift at the particle surface (1/Aw),), that is zpAw, < 1, where zp is also expressed
as r/D (r is the particle radius and D is the water molecular diffusion coefficient).[3¢] In
other words, the MAR indicates that proton relaxation is not complete before encountering a
significantly different magnetic environment when moving around magnetic particles. On
the contrary, in paramagnetic molecular systems, both the magnetic center and water
molecules move too fast to undergo an efficient dephasing process.[29] Therefore, proton
relaxation in MAR is highly dependent on the size of particles when other parameters are
constrained. Apparently, water molecules could be much easier to move to a significantly
different magnetic field around smaller particles in a given time interval compared to that
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around larger particles. As a result, larger particles are more efficient in perturbing the spin
phase coherence of water protons, leading to a shorter 7, relaxation time compared with
smaller particles. Taken together, for MNPs in MAR, the 7, relaxivity is positively correlated
with M and r of MNPs and is inversely related to the D of surrounding water molecules.

However, when the size of magnetic particles reaches a threshold where it no longer satisfies
the condition of pAw, < 1, proton relaxation around large particles becomes governed by
static dephasing regime (SDR) or slow-motion regime (SMR).[38-3%1 |n SDR, protons are
fully dephased before they diffuse a critical distance to reach a significantly different
magnetic field, provided that the magnetic particles are large enough or the magnetic field is
strong enough. In other words, the SDR applies to the situation where the relaxation signal
decay occurs faster than the ability of diffusion to average out the phases of different nuclei.
Therefore, the SDR model does not consider 75 relaxation refocusing and the diffusion of
water molecules is thus ignored. Vuong et a/. defined the lower and upper limits of the SDR
model as 1 < TpAw, < 5 and TpAw, = 20, respectively.[*0] Between 5 < tpAw, < 20, the
relaxivity of magnetic particles is independent of particle size.[40] The transition between
MAR and SDR in the lower spectrum can be found by computer simulations.[371 As the
particle size increases beyond SDR, echo-limited regime (ELR) is applied, where the
relaxation is independent of both particle size and echo time in the measurement settings.
[37b, 41] This phenomenon is mostly recorded in computer simulations and was occasionally
observed in magnetic clusters under extreme conditions.[42]

2.3 Limitations and opportunities

Both the SBM theory and the outer-sphere diffusive theory are based on several assumptions
regarding simplistic solid sphere models, such as the use of Redfield assumption (or slow-
motion model).[212. 216, 24] Moreover, the SBM theory assumes that electronic relaxation is
not correlated with molecular reorientation (spatial motion) and that the electronic spin
system is dominated by the electronic Zeeman interaction.[43] The first assumption identifies
a single correlation time g, while neglecting the effects of anisotropic reorientation and
internal motion of magnetic molecules. This is not true for many real samples, such as in
polymers coordinated with multiple magnetic centers. The second assumption is based on
the notion that electronic Zeeman interaction is much stronger than the zero-field splitting,
whereas a parallel theory in the zero-field splitting limit was published later on.[44] The
SBM theory, therefore, provides us with a plausible solution to theoretically understand
existing contrast agents and a point of departure for research aiming at modulating the
relaxivity of magnetic molecules. Indeed, the SBM theory has been extensively used as a
guiding principle to direct the development of most paramagnetic molecular complexes as
71 contrast agents. However, the use of the SBM theory to interpret the process of 7;
relaxation in MNP systems seems to be inadequate.

The solid sphere model used to simulate the outer-sphere diffusive theory, which fits only
single-domain MNPs, has also found its inherent limitation in understanding 7, relaxation
of MNPs with structural complexity. For example, anisotropic shaped MNPs within the
single-domain regime possess multiple magnetization poles, by which the induced magnetic
field is obviously more complicated than that of spherical ones with single poles.[43] As a
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result, it may take a shorter time for water protons around anisotropic shaped MNPs to meet
in a “single-encounter” than in the case of spherical MNPs of equivalent size. It was found
that the shape of iron oxide nanoparticles (I0 NPs) also plays a major role in 75 relaxation
enhancement.[46] This phenomenon becomes more significant in the case of magnetically
assembled structures with reduced symmetry of induced local magnetic fields due to the
field coupling between adjacent MNPs.

Over the past decades, MNPs with different physicochemical characteristics have been
explored, serving as numerous experimental models to explore their potentials in different
applications.[38 51 In the field of MRI, which deals with a meticulously dynamic process of
electron-nuclei interactions, the structural features of MNPs are of paramount importance.
Recent progress has outlined a vital blueprint to analyze the structure-relaxivity relationships
between different structural features and MRI relaxation enhancement effect of MNPs (Fig.
1). We will retrospectively summarize the efforts made on the exploration of MNPs with
different sizes, shapes, crystal structures, surface modifications, and assembled structures,
and more importantly, discuss their coherence and divergence from the classical models.

Dating back to the debates of defining ‘nano’, the parameter of size was first considered
before quantum confinement theory came into consideration. The relationship between size
of MNPs and magnetic properties has been widely reported.[47] However, the role of particle
size of MNPs on their MRI performance remains unclear, with both positive and negative
effects being reported in literature. On the other hand, due to the fact that the SBM theory
was established on paramagnetic metal chelating systems, the gap between paramagnetic
systems and MNPs for size effect needs to be considered.[48] The difficulty in resolving the
size effect from literature stems from the different scanning parameters and scanners used in
different MRI studies. Here, we separated the discussion of size effecton 7; and 75
relaxivity of MNPs. It is worth noting that 7; and 75 relaxivities show a level of
interdependence. Factors that influence 7; will also influence 75 relaxivity in MRI.

3.1 Effect on T relaxivity

The magnetization of a given sample is an arithmetic sum of all the magnetic moments in
the sample divided by the sample volume, which in principle is independent of the grain
size.[49] However, the electronic configuration of atoms on the outer surface of MNPs is not
the same as the inner surface, known as the surface spin-canting effect.[5% As a result, the
magnetic moment of MNPs is an integrated sum of the long-range ordered magnetic spins at
the center and the spin canted spins at the boundary of MNPs. In general, the thickness of
the spin-canting layer on maghemite is known to be 0.5-0.9 nm depending on the
crystallinity, giving rise to size-dependent magnetic moment as well as 7, relaxivity of
MNPs (Fig. 2A).150] The outer-sphere diffusive theory at the MAR, which covers the
majority of currently studied single-domain MNPs, identified two factors regarding the size
effect that are related to the 7, relaxation enhancement of MNPs: saturated magnetization
(M) and diameter (7).[460]
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Larger sized MNPs have higher r, value in the MAR. For example, the Cheon group studied
10 NPs of 4, 6, 9, and 12 nm, which showed size-dependent A% of 25, 43, 80, and 102
emu/g iron, respectively (Fig. 2B—E).[5 Their r, values were positively correlated with the
diameter of the 10 NPs. The size-dependent 7, relaxivity is universal for various kinds of
MNPs, including alloyed and doped MNPs,[52] showing good agreement between theoretical
predictions and the large body of data reported in the literature (Fig. 2F and G).[40a] The
size-dependency of 5> value was also reported in lanthanide-based magnetic NaDyF, NPs,
while the r; values showed negligible change when different sizes were evaluated.[3]

The size-dependency of 7, relaxivity ends when MNPs reach the critical size limit of MAR.
The SDR takes over, and the diffusion of protons surrounding MNPs is unable to average out
the different phases of nuclei under static field inhomogeneity.[4%2] In this regime, the
diffusion of protons surrounding MNPs is still related to the dephasing of magnetic nuclei
but is no longer dependent on the size of MNPs. The theory of SDR also plays an important
role in MRI signal formation by gradient echo sequences. In the range of ELR, 75 relaxivity
decreases as the size of MNPs decreases, which is attributed to the limited proton diffusion
in a time interval between a pulse-echo pair.[4%2] The size threshold of ELR is dependent on
the magnetic properties of MNPs, and is usually observed in multi-domain MNP clusters.[54]

3.2 Effect on T, relaxivity

It is well known that the 7; relaxation enhancement effect described in the SBM theory is
based on models of paramagnetic molecules. Compared with paramagnetic molecules,
MNPs are considered as strongly magnetized systems where the outer-sphere contribution to
71 relaxivity may not be ruled out. On the one hand, surface exposed metal ions on MNPs
are inversely related to size, which can be described in surface-to-volume ratio (Fig. 3A).
Smaller sized MNPs provide a higher number of surface-exposed magnetic metals for water
proton coordination and chemical exchange. On the other hand, 7; recovery of
magnetization is highly susceptible to strong 7, dephasing effect during the transition of the
longitudinal signal to the transverse direction during 7; measurement.[5%! It is worth noting
that paramagnetism of MNPs is a key factor for 7; relaxation enhancement owing to the
presence of transverse field fluctuation near the Larmor frequency, which also explains why
superparamagnetic MNPs do not show 7; contrast especially at high magnetic field. It was
reported that 10 NPs with sizes around 3 nm in diameter showed efficient 7; contrast ability.
[56] Hyeon et al. reported the large scale synthesis of 3 nm sized 10 NPs for efficient 7; MRI
of blood pool imaging in rats (Fig. 3B—E).[57] Recently, the same group showed that small
iron oxide nanoclusters are efficient 77 contrast agents for high-resolution magnetic
resonance angiography in beagle dogs and rhesus macaques.[>8! Furthermore, dynamic MRI
enabled the detection of cerebral ischemia in these large animal models, demonstrating the

clinical potential of small iron oxide nanoclusters as next-generation MRI contrast agents.
[58]

Size-dependent r; values have been reported in many types of MNPs, such as MnOP9] and
NaGdF,[%0 NPs. 7; relaxivity is, however, not solely determined by the size-dependent
surface-to-volume ratio of MNPs. Reducing the size of MNPs gives rise to greatly increased
surface energy which further reduces the colloidal stability in an ambient environment. To
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balance the 7; MRI ability and colloidal stability of MNPs, Zhou et a/. synthesized
gadolinium-embedded 10 NPs with a critical size of 4.8 nm in diameter.[2¢] The satisfactory
77 relaxivity, which was attributed to the elevated level of interior spin-canting effect as well
as the enhanced colloidal stability, enabled efficient MRI of subcutaneous tumor xenografts
in living subjects.[2¢] More recently, Shen et al. systematically analyzed the 77 relaxivity of
a series of small-sized 10 NPs, indicating that precisely controlled 10 NPs with a diameter
of 3.6 nm exhibited the highest r; value among seven samples with sizes below 5 nm (Fig.
3F).[61] Meanwhile, the lowest 75/1; ratio for the 3.6 nm sized 10 NPs facilitated highly
efficient 77 contrast imaging.

It should be noted that decreasing the size of MNPs will not alter the dominating value of 7,
relaxivity with respect to 77 relaxivity in MNPs. The r; value is still smaller than the
value in any small-sized 10 NPs. The appearance of 77 signal happens when 7, shortening
effect is diminished. This is the fundamental basis of signal processing and measurement in
MRI. Therefore, it is conceivable that tuning the size of MNPs may influence the 7; and 75
contrasts in MRI. In fact, tuning the balance between 7; and 7, contrast ability in MNPs is
an area of intense research.[52] Size-dependent 73, 75, and 73- 7, dual-modal contrasts have
been reported in different types of MNPs, including pure iron oxide, metal-doped iron oxide,
and FeCo alloy nanoparticles (Fig. 3G and H).[52b. 52d. 63] Taking 10 NPs for example, a
diameter of 5 nm leads to 7;- 75 dual-modal MRI contrasts, whereas 7; contrast dominates
at size below 3 nm and 7, contrast dominates when the size reaches around 10 nm in
clinically relevant magnetic fields.[64] The tunable 7;-dominated, 7»-dominated, and 73- 7>
dual-modal MRI were also reported for manganese engineered 10 NPs with controllable
sizes.[52d] Notably, the ability of MNPs in generating either 7; or 7> MRI contrast is also
dependent on the optimization of imaging parameters at different sequences.[6%]

Alternatively, large 7; contrast enhancement of superparamagnetic 10 NPs (SPIONs) was
achieved by using ultra-low magnetic field (ULF) MRI without compromising with the size
effect.[56] The authors operated the ULF-MRI at a magnetic field at around 0.13 mT which
is about four orders of magnitude lower than a typical clinical MRI field of 1.5 T. The
SPIONSs with diameters from 11 to 22 nm were tested and the highest 7, value of 615 mM™1
s~1 was obtained for the 18 nm sized SPIONS. It is interesting that large sized SPIONs
achieved strong 7; contrast enhancement at ULF-MRI by tailoring the magnetic
nanoparticle fluctuation rate. At ULF, the unsaturated magnetic moment of SPIONSs greatly
diminishes the undesirable negative contrast effect which is considered as the dominating
effect to the low 77 contrast enhancement at high magnetic field.

4. Shape

Controlling the shape of colloidal nanoparticles is not only an aesthetic demand, but also a
starting point for functional design applications, such as catalysis, plasmonics, sensing, and
magnetism.[67] MNPs consist of assemblies of separate but strongly interacting magnetic
moments.[%8] The classical electrodynamic theory demonstrated that only ellipsoidal shaped
bodies have homogenous magnetization, whereas distorting the shape requires additional
energy to stabilize the particle anisotropy.[6%] The shape of MNPs is a determining factor of
the strength and character of magnetic anisotropy. Moreover, dealing with the strong metal-
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oxygen bonds and diverse crystal packing structures in metal oxide crystals (e.g., IO NPs)
requires more rigorous control over the synthetic approaches.[2d: 42l As such, investigating
shape regulated magnetic properties of MNPs and the potential impact on MRI relaxivity is
highly desirable.

Benefiting from the development of synthetic approaches for novel nanomaterials over the
past few decades, MNPs with shapes deviating from ellipsoid conformations have been
achieved.[42 701 The reported nonellipsoidal or nonspherical shapes of 10 NPs include, but
are not limited to cube,[7Y] concave,[72] octapod,[46] tripod,[46d] plate, (3% flower,[73]
octahedron,[74] tetrahedron,[46¢] ring,[75] and rod.[78] It is intuitive to ask how and to what
extent does the shape influence the magnetic properties of MNPs. Previous theoretical
simulations indicated that MNPs attain their lowest energy state in quasiuniform
magnetization.[’7] In general, non-spherical MNPs produce a local magnetic field that
extends farther out in the directions parallel to the particle magnetization and are more
closely condensed to the particle in the perpendicular directions compared to equivalent
spherical ones.[78]

Taking cubes as an example, the magnetic spins spread at the corners of a cube like a flower
state (Fig. 4A—F).[160. 45,791 Therefore, water diffusion and relaxation around a magnetic
cube greatly benefit from the emerging complexity of the induced local magnetic field,
causing irreversible dephasing in routine Carr-Purcell-Meiboom-Gill (CPMG) sequences in
MRI. This effect mainly contributes to the 7; relaxivity, resulting in enhanced r, values for
10 cubes compared with spheres of equivalent size and magnetic moment. The Hyeon group
reported uniform ferrimagnetic iron oxide nanocubes (FIONs) with a critical edge length of
22 nm, which exhibited an extremely high 7, value of 761 mM~1 s~ under a 3 T clinical
scanner (Fig. 4G-J).[46al After being coated with phospholipid polyethylene glycols, the
FIONs showed highly sensitive MRI of single cells and transplanted pancreatic islets in
small rodents and large animals.[8% Core-shell type cubic 10 NPs with antiferromagnetic
core and ferrimagnetic shell can provide both effective MRI relaxivity and hyperthermia
effect.[81] After oxidation, cubic Fe;.,O@Fes3.,O4 nanoparticles with a size of 16 nm
showed a high 7, value of 509 mM~1 s~ at 300 MHz.[81]

The cubic shape also features specific facets exposed on the surface. This provides an
exceptional model for investigating the effect of surface structure on 7; relaxivity of MNPs.
[46¢, 82] Dye to the well-defined shape and surface structure, the enhanced 7; relaxivity and
T1- T» dual-modal contrast abilities of 10 nanocubes were reported by many research groups
(Fig. 4K).[52e. 831 We will further elaborate the effect of surface structure in a latter section.

4.2 Octapods

The Gao group reported on novel octapod shaped 10 NPs by a chloride ion-assisted
synthetic method in a size-controllable manner (Fig. 5A-F).[46b] The octapod 10 NPs with
an edge length of 30 nm exhibited an ultrahigh 7, relaxivity of 679.3 +30mM1s1at7 T.
This led to MR contrast imaging of orthogonal liver tumors in small mice with high
sensitivity and in low doses. In this case, the effective radius of octapod 10 NPs, by
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simulating the octapod 10 NP as a sphere on its edge length, was found to be about 2.4 times
larger than that of spherical IO NPs with equivalent solid volume (Fig. 5G). This further
indicates that the shape effect of nonspherical MNPs may generate a larger area of effective
spin perturbation than that of spherical MNPs with equivalent M values. Although in the
classic outer-sphere diffusive theory the volume fraction factor was included, the radius
applied to define the 7, relaxivity of MNPs was simulated based on a sphere. Of note, it was
the first time that the effective radius of MNPs was investigated for the octapod shaped 10
NPs.[460] More recently, Pradeep et a/. found that tripod shaped 10 NPs also showed
enhanced 7 relaxivity, which shows good agreement with the previous study.[46d]

Non-magnetic NPs with different shapes may alter the water interacting behaviors of
paramagnetic metals decorated on the surface. The Meade and Odom groups showed that the
n, relaxivity of Gd species can be improved by conjugating them onto non-magnetic Au
nanostars (Fig. 5H-J).[84] Significantly, Au nanostars decorated with Gd chelates showed
greatly enhanced r; relaxivity of 54.7 mM~1s~1 at 60 MHz and at 37 °C, which is among the
highest for Gd(I11) nanoconjugates with one inner-sphere water molecule (q = 1).[84] Using
nuclear magnetic relaxation dispersion (NMRD) analysis, it was shown that the shape and
surface curvature in Au nanostars played a major role in sequestrating water molecules in
close proximity to the Gd complexes. In this respect, Gd-Au nanostars facilitate longer
access to second-sphere water molecules and thereby generate relaxation enhancement
greater than that can be achieved by using small-molecule contrast agents alone. The
structure-property relationship between the relaxivity and the shape distribution of the Gd-
Au nanostars further indicated that ; value increases with increasing the amount of
branched Au particles.[85]

The platelet structures of MNPs have also attracted considerable interest.[8¢] Ferromagnetic
exchange interactions have been observed on the ultrathin layered structure of magnetic
crystals, which provide an opportunity to tailor the spin exchange interactions in developing
magnetic devices.[87] Specifically, magnetic nanoplates featuring MRI contrast ability have
been reported.[88] In a previous report, manganese oxide nanoplates with surface passivated
Mn3*, evidenced by X-ray photoelectron spectroscopy, showed higher r; value (2.06 mM™1s
~1 at 3 T) compared with those dominated with Mn** ions.[59¢] Recently, the Pearson
product moment correlation method was employed to show that the high r; value of
manganese oxide nanoplates is strongly correlated with the number of paramagnetic
manganese ions exposed on the surface.[88¢] |t is plausible that the conformation change
from a sphere to a plate affects the density of surface exposed metal ions, resulting in
favorable coordination and chemical exchange of water protons.

The Murray group reported that triangular gadolinium oxide (Gd,0O3) nanoplates showed
ultrahigh r, value, but very low r; value, 140 and 1.41 mM~1s1 at 9.4 T, respectively.[88f]
Although paramagnetic Gd,O3 nanoparticles were mostly studied as 7; contrast agents, the
Gd,03 nanoplates with such high 7> value may serve as effective 7, contrast agents.
Similarly, the enhanced 7 relaxivity was observed in magnetite nanoplates.[30 821 However,
magnetite nanoplates also exhibited size-dependent magnetization effect, thus the correlation
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between 7 relaxivity and the aspect ratio of nanoplates needs to be further validated.[30]
The surface structure of magnetic nanoplates and the effect on MRI relaxivity will be further
discussed in a latter section. Future studies regarding the evaluation of shape anisotropy and
75 relaxivity of MNPs are thus desirable, which will benefit from better preparation strategy
and structural analysis technology. In a brief summary, two important factors relating to
shape effect on MRI relaxivity of MNPs include enhanced effective radius and well-defined
surface structure compared with sphere ones.

4.4 Other shapes

Great progress in controlling the shape of MNPs has been made.[46¢: 8] For example, hollow
shaped manganese oxide nanoparticles (HMONS) have been widely studied and the MRI
relaxivity was compared with solid water-soluble manganese oxide nanoparticles
(WMONS).[%0] The results showed that both 77 and 75 relaxivities of HMONS were
markedly higher than those of WMONSs, by factors of 5.8 and 4.4, respectively.[®9 It was
demonstrated that the increased number of manganese ions exposed on the surface of
HMONS play an important role.[%] Similarly, hollow 10 NPs (HIONSs) were developed as 73
MRI contrast agents.[92] However, the implication of HIONs was limited by the low 7> and
r, values which are likely due to the low magnetic moment of the dominating maghemite
(Fe,03) phase in as-synthesized HIONSs.[93]

An interesting study was reported on designing magnetic heterotrimers as tunable 7; and 7»
MRI contrast agents.[94] In this work, each heterotrimer consists of an 10 nanoparticle, a Pt
nanocube, and an Au nanoparticle which were fused in a row v/a solid-state interfaces (Fig.
6A). The Au nanoparticle was then covalently decorated with Gd chelators (Fig. 6B). The
size of Au nanoparticles was controlled by seed-mediated epitaxial growth and the distance
between 10 and Au nanoparticles was mediated by the size of Pt nanocube at the center of
the heterotrimers (Fig. 6C-G). In this way, the magnetic field coupling between Gd species
and 10 nanoparticle could be manipulated by controlling the distance between them to
achieve dual-enhanced 7; and 75 contrasts (Fig. 6H and 1).[94]

By controlling the reaction temperature during thermal decomposition of iron oleate
complex in the presence of sodium oleate, 10 nanoplates, tetrahedrons, octahedrons, cubes,
multi-dendrites, and coalesced superstructures can be obtained in one system.[46¢] More
interestingly, magnetite phase enveloped 10 nanostructures (plates, tetrahedrons,
octahedrons, and cubes) showed enhanced 7, values, whereas the others with a majority of
Wistite phase showed relatively low , values due to the low magnetic moment.[46c]
However, the comparison of 7, relaxivity between different samples requires special
consideration of the crystallization and magnetization effect.[38: 402, 42b] \Weakly magnetized
antiferromagnetic B-FeOOH nanorods can be oxidized into strongly magnetized
superparamagnetic Fes0, nanorods, leading to a significantly high , value of 608 mM~1s71
at 3 T.[89d]

5. Crystal structure

Magnetic property arises from the specific arrangement of magnetic atoms and the
alignment of magnetic moments. Such a delicate, yet complicated process relies heavily on
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several factors regarding crystal structure of the materials, such as the crystal phase,
crystallinity, superexchange effect, domain boundary, and crystalline anisotropy. In the
following sections, we will elaborate on the relationship between different crystal
characteristics and magnetic properties, and their effects on 77 and 75 relaxivities.

5.1 Crystal phase

Although iron oxide crystals with a complex monoclinic structure were recently obtained at
ambient conditions,[9%] spinel or inverse spinel structures of magnetite phase (Fe30,) are
still among the most stable and the most abundant magnetic materials compared to cubic
Wailstite (FeO) or maghemite (Fe,O3). The unique spinel formulation of AZ*B,3+0,2~
allows the magnetic atoms to form long-range-order spin states due to the superexchange
effect. The degree of spin order within crystals directly contributes to the magnetization
effect and the induced magnetic field. Therefore, the crystal phase and the crystallinity
dictate the magnetization and consequently the MRI relaxivity of magnetic nanomaterials.
Due to the similarity of the crystal phases, mechanistic studies on the formation of
magnetite, maghemite, or Wiistite phase of 10 NPs remain a daunting task. Although it is
technically different to isolate the mixed phases in 10 NPs, it is important to recognize their
influence on the degree of spin order within the crystals. In literature, there have been
significant variations in the reported r, values of 10 NPs of similar sizes, which is likely due
to the differences in the crystal phases.

Crystallinity refers to the degree of structural order in solid materials, which is very sensitive
to the environment during the crystal formation. For example, the intrinsic spin-canting
effect, especially on the surface of magnetic crystals, would destroy the long-range-order of
magnetic spins and therefore decreases the magnetic moments.[0 Crystallinity is usually
accompanied with the variation of crystal phase in different materials. Magnetite phase is
compliant with a thermodynamic process during particle formation.[%] Meanwhile, the
kinetic growth of particles can lead to the production of a Wiistite phase, which can happen
simultaneously during the thermodynamic process, resulting in particles with mixed phases.
[46¢, 971 The correlations between crystal phase as well as crystallinity and 75 relaxivity of
magnetic nanomaterials in MRI follow a general rule that higher degree of magnetic spin
order within crystals leads to greater 7, relaxivity. Examples of tuning crystallinity in order
to regulate the magnetization of MNPs can be found in the evolution of synthetic methods
from water solvent to high boiling temperature organic solvents.[8l The crystallinity and the
consequent magnetization of MNPs benefits from the burst nucleation and steady-state
growth at high reaction temperatures.[70b]

Metallic iron possesses the highest theoretical magnetic moment (~228 emu/g Fe); however,
it is very challenging to stabilize iron nanoparticles under ambient conditions due to the high
oxidative potential.[%] It has been reported that the formation of Fe/Fe304 or Fe/MFe,04
(M = Fe, Co, and Mn) core-shell structures are able to retard the oxidation of iron in the core
(Fig. 7A-F).[9] For example, the Sun group reported an all crystalline body-centered cubic
(bcc) Fe/Fe30,4 nanoparticles with increased stability in physiological solutions.[100] The
modified bce-Fe/Fes0,4 nanoparticles showed a 7, of 220 mM~1s71 at 1.5 T, which is 2-fold
higher than that of the typical contrast agent Feridex (110 mM~1s1) obtained by a

Adv Mater. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhou et al.

Page 15

hydrothermal method.[100] Recently, iron carbide (FeC,) nanoparticles have been explored
as high-performance 7; contrast agents (> = 464.02 mM~1s~1 at 7.0 T) due to the high
magnetic moment (M of 125.4 emu/g) and great stability against oxidation under ambient
environments (Fig. 7G-J).[101]

Chou and co-workers reported antiferromagnetic a-iron oxide-hydroxide (a-FeOOH)
nanocolloids with individual diameters of 2-3 nm, which showed very low magnetic
moment at room temperature (0.05 emu/g at 2 T).[102] The relatively high 7, value of 2.12
mM~1s71 and low 72/ ratio of the a-FeOOH nanocolloids measured at 4.7 T demonstrated
effective 73 contrast imaging of cells in vitro and vascular and urinary systems in vivo.[102]
Furthermore, encapsulating a-FeOOH nanocolloids into worm-like mesoporous silica
nanoparticles (WMSN) resulted in FeOOH/WMSN nanocomposites, which showed a further
increase in the 7, value.[1920] |n another example, synthetic antiferromagnetic nanoparticles
(SAF-NPs) were prepared by separating two thin layered ferromagnetic alloys by a
nonmagnetic spacer layer.[103] Roosbroeck er a/. demonstrated that the SAF-NPs exhibited
improved 75 relaxivity over ferromagnetic 10 NPs due to the antiferromagnetic coupling
between ferromagnetic layers, which mimic ferromagnetic behavior while overcoming the
superparamagnetic size limit.[193] Moreover, both theoretical and experimental results
confirmed that the SAF-NPs have neither superparamagnetic size limit nor SDR limitin 75

relaxivity values, which make them competitive state-of-the-art contrast agents for MRI.
[103-104]

5.2 Crystal dopants

5.2.1 Lattice substitution—Artificially engineering the crystal structure of colloidal
particles through dopant control has long been realized as an effective way to synthesize new
materials.[10%] For example, Co ion doping into (Fe;xCoy)3BOs nanorods dramatically
changed the magnetic ordering from antiferromagnetic order at low temperature to
ferromagnetic above room temperature.[19¢] |n a typical spinel or inverse spinel structure of
magnetite, Fe(I1) and Fe(l11) ions are distributed in either octahedral (Oy,) or tetrahedral (Ty)
voids. Whereas the magnetic spins in Oy, voids align in parallel, those in T4 voids align
antiparallel to an external magnetic field. Therefore, the net magnetization represents the
remaining spin magnetization after the antiferromagnetic coupling.

The Cheon group artificially engineered the magnetism of 10 NPs through doping of
different transition metal ions into the crystal voids (Fig. 8A-D).[1050] Due to the fact that
magnetic net spins of Mn?*, Fe2* Co%*, and Ni2* are 5, 4, 3, and 2 g, respectively,
MnFe,04 nanoparticles exhibited the highest magnetic moment (110 emu/mass of magnetic
atoms) and 7, relaxivity (358 mM~1s71 at 1.5 T) among the other ferrites under equivalent
conditions.[1050] Furthermore, doping non-magnetic metal Zn%* ions into magnetite led to
the formation of spinel structures of (ZnyFe;.x)Fe,0,4 nanoparticles, in which Zn* mainly
occupied the Ty sites while some Fe3* moved to the Oy, sites of the spinel matrix (Fig. 8E—
G).[1058] The crystal structure of Zn doped 10 NPs was confirmed by extended X-ray
absorption fine structure analysis. This strategy drastically enhanced the magnetic moment
of 10 NPs to as high as 175 emu/g with respect to magnetic metals in the case of
(Zno.aMng g)Fe,04 nanoparticles, while up to 860 mM~1 s71 was achieved for the 7,
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relaxivity.[1958] |n a recent study, the successful post-synthetic fabrication of metal-doped
magnetite nanoparticles through cation exchange approach was reported (Fig. 8H and 1).[107]
For example, superparamagnetic zinc doped octapod 10 NPs showed a very high 7,
relaxivity of 754.2 mM~1s71 at 7 T, enabling ultra-sensitive contrast imaging of early
hepatic tumors and metastatic lesions as small as 0.4 mm.[107] |n another study, an ultra-high
r> value of 904 mM~1 s71 (at 7 T) was obtained for 18.5 nm sized manganese-doped
magnetite nanoparticles with the formula of MnyFes_,O4 (x = 0.43).[108]

5.2.2 Crystal embedding—Due to the mismatch between the coordination
environment, crystallization condition, and atomic sizes, doping metal ions into IO NPs may
lead to phase separation of different components. Zhou et a/. synthesized gadolinium-
embedded iron oxide (GdIO) spherical nanoparticles with a diameter of about 14 nm, which
exhibited partial paramagnetism compared with pure magnetite nanoparticles of equivalent
size (Fig. 9A and B).[620] Structural analysis indicated that Gd species formed tiny Gd,05
crystals within the main body of the iron oxide crystal matrix. Surprisingly, the GdIO
nanoparticles showed synergistically enhanced 73- 7, dual-modal contrasts, with enhanced
n and > values over small Gd,O3 nanocrystals and 10 NPs with respect to each of the metal
masses, respectively (Fig. 9C). More importantly, the 77- 7, dual-modal MRI contrast agents
hold great potential in MRI detection of lesions with improved accuracy and precision in a
self-confirmed manner.[55: 1091 A similar phenomenon was also observed for europium-
engineered iron oxide (EulO) nanocubes, in which both r; and > values were tunable based
on size and doping ratio of the EulO nanocubes.[>2¢] Additionally, decreasing the size of
GdIO nanoparticles significantly reduced the 5 relaxivity and thus the 7; contrast was
predominant in MRI (Fig. 9D).152¢] The 4.8 nm sized GdIO nanoparticles showed a high r;
value of 7.85 mM~1 s71 and a low 7>/ ratio of 5.24 at a strong magnetic field (7 T) (Fig. 9E
and F). After coating with zwitterionic dopamine sulfonate molecules, ultrasmall GdIO
nanoparticles exhibited ‘stealth” functionality with low nonspecific adsorption in biological
medium. These particles showed improved retention time in blood, efficient tumor passive
targeting and rapid renal clearance.[52c]

5.3 Surface structure

5.3.1 Metal exposure—The isotropic growth nucleus leads to formation of spherical
nanoparticles in compliance with the growth thermodynamics and kinetics.[110] Spherical
nanoparticles may have a large amount of structural defects on the surface; on the contrary,
controlling the growth rate of different facets leads to nanostructures with well-defined
surface structure.[111] |t is highly desirable to explore the relationship between surface
structure and activity of nanomaterials in different applications.[112] For example, the
catalytic activity of noble metal nanoparticles has long been connected to the surface
structures of different exposed facets of nanostructures.[*13] In MRI, the process regarding
71 relaxation enhancement by magnetic metals shares some basic behaviors with that of
catalysis, such as coordination, chemical exchange, and dissociation of protons with metal
centers. However, the mechanistic investigation of 7; relaxation enhancement effect in
MNPs has been rarely studied due to a lack of suitable models (Fig. 10A).
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The Gao group reported the controllable synthesis of magnetite nanostructures with different
surface exposed facets.[46] Magnetite nanoplates, truncated octahedrons, and tetrahedrons
contain were synthesized with Fe304{111} facets bound on the surface, while magnetite
nanocubes were obtained with Fe304{100} facets. The Fe304{111} and Fe30,{100} facets
have different metal exposure densities of 0.114 and 0.053 A~2, respectively. More
importantly, well-defined surface structure of these MNPs would attain lower level of
surface defects compared with spherical MNPs. These magnetic nanostructures exhibited
2.5-4.2 times higher r; values compared with that of equivalent nanospheres, demonstrating
the critical role of metal-rich facets in 7; relaxation enhancement of MNPs. Given the
different sizes and surfa-to-volume ratios, the tendency of r; values between the Fe304{111}
and Fe30,4{100} facets was unclear for these nanostructures.

In an attempt to investigate the interplay between 7; and 7, contrasts in 10 nanoplates,
magnetite nanoplates with hexagonal shape were obtained with controlled aspect ratios (Fig.
10B-D).[30] These 10 nanoplates showed thickness dependent 73- 7, on and off states. For
example, the IOP-8.8, IOP-4.8, and I0P-2.8 were demonstrated to be 7;- 7, OFF-ON, ON-
ON, and ON-OFF types in a seesaw manner, respectively (Fig. 10E-G). Unfortunately, the
change of r; values of different Fe304{111} nanoplates does not follow the tendency of
surface-to-volume ratio, in which the IOP-2.8 showed an even lower r; value (14.36 mM™1s
~1) compared with those of I0P-8.8 and 10P-4.8 samples (38.11 and 43.18 mM~1s71,
respectively). This may be due to the spin-disorder at the corner of such ultrathin nanoplates.
[30] To further test the effect of surface exposed metals on 73 relaxivity, GdIO nanoplates
with Fe304{100} facets and embedded Gd ions exposed on the surface were obtained (Fig.
10H-J).[82] Due to the small size (10 nm in length and 2 nm in thickness), the GdIO
nanoplates exhibited excellent 7; contrast at various magnetic fields ranging from 0.5t0 7 T.
After being coated with zwitterionic dopamine sulfonate molecules, the GdIO nanoplates
showed excellent efficiency in contrast enhanced magnetic resonance angiography in a rat
model. Overall, these results indicated that large-area exposed metal-rich surface could
greatly facilitate the chemical exchange of surrounding water molecules, opening up new
venues for the rational design of high-performance 7; contrast systems for MRI and sensing
applications.

5.3.2 Coordination—Other magnetic nanoplates, such as manganese oxide and Gd,Og,
have been studied with enhanced 7; relaxivity. The Hyeon group reported that ultrathin
manganese oxide nanoplates with a thickness of about 1 nm exhibited a high r; value of up
to 5.5 mM~1s™1 compared with MnO spherical nanoparticles (1, values of 0.41 to 2.38 mM
~1s71)ata 1.5 T clinical MR scanner, because of the high concentration of manganese ions
exposed on the surface.[88€] However, this factor is not generalizable to Gd,O3 oxide
nanoplates. The Murray group reported that tripodal and triangular Gd,O3 nanoplates with
{111} facets exposed on surface showed very low r; values.[88f] To investigate the
coordination chemistry, the Gao group studied Gd,O3 nanoplates with {100} or {111} facets
exposed on the surface (Fig. 11A and B).[114] Crystal structural analysis revealed that
Gd,03{100} facets have more exposed gadolinium ions than Gd,03{111} facets (Fig. 11C
and D). The metal exposure on Gd,O3{100} facets may greatly facilitate proton
coordination compared to Gd,03{111} facets with potential steric hindrance. The
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Gd,03{100} nanoplates showed an approximately 4-fold higher r; value compared to that of
oxygen-terminated Gd,03{111} nanoplates (Fig. 11E and F).[114] The density functional
theory simulation results further revealed that the enhanced 77 relaxivity can be attributed to
water bridge coordinations on the metal-rich surface of Gd,03{100} nanoplates.[124] More
interestingly, the possibility of water hopping on such a metal-rich surface was discussed
through detailed modeling and analysis,[115] which may impact future works on MRI
relaxivity.

5.3.3 Surface vacancy—For a long time, it has been known that several properties of
solid materials are controlled not only by their geometric and electronic structures but also
by faults or defects in the structure.[116] Investigating the relationships between the
chemical, electrical, and optical properties and the defects of materials have garnered
remarkable interest in materials science, namely defect engineering.[*17] In other words, the
atomic nature of point defects in materials, especially oxides, is essential for the
understanding of their structure-property relationships. For example, surface oxygen
deficiency has been widely explored for designing a variety of new materials including
catalytic reactions and photothermal conversion.[118]

Inspired by this rationale, Ni et a/. reported Gd3*-doped tungsten bronzes and investigated
the effect of surface oxygen vacancy on the 77 relaxivity (Fig. 11G).[219] The concentration
of oxygen vacancies in the Na,WO3 (PEG-Na,GdWO3) nanorods were controlled by adding
hydrogen peroxide and monitored by electron spin resonance spectrum.[11%] The  value of
the oxygen-deficient PEG-Na,GdWO3 nanorods was as high as 80 mM~1s71 at 0.7 T and
32.1 mM~1s1 at 3.0 T, and was dependent on the concentration of surface oxygen vacancy
(Fig. 11H and 1).[129] This study provided a novel strategy to modulate the critical
parameters of proton relaxation on solid nanomaterials, which may be of great important to
stimulate the design of novel MNPs for MRI applications.[120]

6. Surface modification

MNPs synthesized through solvothermal methods usually require multi-step surface
modification to meet the criteria of stability, biocompatibility, and targeting ability for
biomedical applications.[121] Research interest in surface engineering of MNPs has gained
momentum over the past decades.[122] The numerous strategies for surface engineering of
MNPs have been extensively reviewed in a great number of publications.[7a 123] Here, we
mainly focus on several approaches of surface modification that would influence the MRI
relaxivity of MNPs.

6.1 Anchoring structure

Strategies for surface functionalization of MNPs share the same rules with those for other
nanomaterials. Generally, stabilizing MNPs in solvent requires surface ligands to avoid
inter-particle agglomeration, which are either attached to MNPs through chemical
coordination or coated on MNPs through physical forces (e.g., van der Waals, electrostatic).
[121a, 123b] The former requires an anchoring moiety that is able to chelate with the surface
ions of MNPs. Although various kinds of chelating molecules for surface functionalization
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of MNPs have been developed, the anchoring behavior of molecules on MNPs is rarely
studied.

The Pierre group reported the systematic study of surface functionalization of MNPs using
different anchoring moieties, and the influence on magnetic properties of MNPs was studied
(Fig. 12A—C).[124] The results showed that 10 NPs coated with PEG polymers viaa
catecholate-type anchoring moiety (e.g., dopamide and 2,3-dihydroxybenzamide)
maintained the magnetic moment, whereas other anchoring moieties (e.g., phosphonate,
carboxylate, and dopamine) decreased the magnetic moment of 10 NPs. The 75 relaxivity
correlated to the anchoring nature of surface molecules on 10 NPs, due to the alternation of
surface spin canting effect through specific coordination. More recently, the Gao group
showed the binding affinity of anchoring ligands is strongly correlated to the magnetic
moment of 10 NPs (Fig. 12D—F).[125] |n particular, higher binding affinity of the anchoring
ligands leads to lower magnetic moment of the resulted 10 NPs, in which -1t and p-r
conjugations between the anchoring ligands (e.g., catechol and hydroxamate groups) and 10
NPs were identified as the main reason of enhancing the magnetization effect of 10 NPs.
These examples have provided new strategies to customize the magnetic properties and MRI
performance of MNPs through alternating the chemical structure of surface ligands.

6.2 Organic polymers

6.2.1 Water diffusivity—For MNPs, polymeric coating on the surface can have
profound effect on the relaxivity in MRI. The T, relaxivity is highly dependent on the
interactive behavior between the magnetic field induced by MNPs and the surrounding water
molecules. The magnetic field induced by MNPs dramatically decreases with the distance
away from the core, which indicates that a dense layer of surface coating of polymers may
exclude water molecules from undergoing effective diffusion around the magnetic field. For
example, the magnetic field on dextran-coated cross-linked iron oxide (CL10O) nanoparticles,
with a core size of 4.35 nm and coating thickness of 10.8 nm, decreases to only 2.3% at the
outer surface of the dextran layer.[126] On the other hand, the unique folding and winding
structures may result in the decreased diffusion efficiency of water molecules within the
polymers, which could be optimized to enhance the 75 relaxivity of MNPs.

The Bao group reported that 75 relaxivity of MNPs is highly related to the surface coating
polymers, where the 7 relaxivities of two SPIOs with core sizes of 5 and 14 nm,
respectively, and five PEG chain lengths with respective molecular weights of 550, 750,
1000, 2000 and 5000 Da were studied (Fig. 13A).[227] Interestingly, both 5 and 14 nm sized
SPIOs have a critical PEG size, at which the 75 relaxivity was significantly different from
the others. The highest , value (385 + 39 mM~1s~1) was obtained for SP10s with a core size
of 14 nm and PEG molecular weight of 1000 Da. The correlation between coating thickness
of the PEG layer and r, value of SPIOs were described by the core/shell ratio, assuming that
the coating layer was water impermeable. This work indicated that surface coating of PEG
layers may immobilize water molecules in a region much larger than that considered by the
classical theory.[127] In another work, Monte Carlo simulations suggested that the effect of
surface coating thickness on the 7, relaxivity is determined by two competing factors: the
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physical exclusion of water protons away from MNPs and the increased residence time of
water molecules within the polymer layer.[128]

Liu et al. employed hyperbranched polyethylene glycol-g-polyethylenimine (MPEG-g-PEI)
polymers to modify MNPs (Fig. 13B).[229] The mPEG-g-PEI polymers are not only water
permeable, but also able to hinder the diffusion of water molecules inside the hyperbranched
network, compared with phosphorylated mPEG polymers. As a result, mPEG-g-PEI coated
spherical MNPs with an average diameter of 6 nm exhibited a remarkably increased r, value
of 331.8 mM~1s71 at 3 T, which was four times higher than that of mPEG coated MNPs
(Fig. 13C).[229] This finding rules out the otherwise predominant contribution of core/shell
ratio in 75 relaxivity of MNPs due to the water permeable feature of the mPEG-g-PEI
polymers.[129]

Proteins of various forms have also been explored as coating materials for surface
modification of MNPs.[7¢. 62¢, 130] Casein is the main ingredient (~80%) of bovine milk
which belongs to a family of phosphoproteins. 10 NPs coated with casein showed a
significantly higher 7, value than those coated with synthetic polymers, 273 vs. 109 mM~1s
1 for spherical 10 NPs with a diameter of 15 nm measured at 3 T.[131] This result was
attributed to the high permeability and affinity of casein to water molecules, which greatly
facilitate the access and diffusion of water molecules in the surroundings. Moreover, the
hydrated functional groups on casein could enhance the exchange efficiency between
hydrated water molecules and bulky ones. More recently, casein coated FesC, nanoparticles
showed a strikingly high 7, value of 973 mM~1s71 for 22 nm sized FesC, nanoparticles
measured at 7 T.[132] The content of x-casein, the most soluble variant of the casein family
members, was responsible for the enhanced 75 relaxivity over non-coated nanoparticles.[132]

6.2.2 Water retention—It is generally accepted that 7; relaxivity benefits from direct
chemical exchange effect. Due to the tunable molecular weights and chemical properties,
polymer coating on the surface of MNPs provides a facile way of enhancing the 7;
relaxivity. For example, the 77 relaxivity of Gd-based metal-organic-frameworks (MOF)
coated with a range of polymers were studied, including poly[N-(2-hydroxypropyl)
methacrylamide (PHPMA), poly(N-isopropylacrylamide) (PNIPAM), and polystyrene
(PSty).[133 The 73 relaxivity of the Gd-MOF increased with the molecular weight of
hydrophilic polymers (7.e., PHPMA and PNIPAM) on the surface. Compared with
unmodified Gd-MOF nanoparticles (r; = 9.86 mM~1s71), the PHPMA (molecular weight of
19370 g/mol) coated Gd-MOF nanoparticles exhibited the highest r; value of 105.36 mM™1s
~1 measured at 1.5 T. This may be attributed to the increased water retention within the
hydrophilic polymer matrix. The hydrophobic polymer (PSty) on the surface of Gd-MOF
significantly decreased the r; value, while the molecular weight of PSty had minimal impact
on the r; value of the Gd-MOF nanoparticles.[!33] In another work, poly(acrylic acid) (PAA)
polymers were used to cap small-sized NaGdF,4 nanoparticles due to the strong hydrogen
bonding capacity. The PAA (molecular weight of 2000 Da) coated 2.1 nm sized NaGdF4
nanoparticles exhibited a high r; value of 15.5 mM~1s~1 at 0.5 T (Fig. 13D-F).[134]

The distance of water molecules to the surface of MNPs can be customized by controlling
the structure of surface coating polymers. For example, PEG-phospholipids (DSPE-PEG)

Adv Mater. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhou et al.

6.3

Page 21

were employed for surface micellization of NaGdF, nanoparticles (Fig. 13G-I).[135] By
tuning the polymer to nanoparticle ratio, the size of NaGdF, micelles was controlled. The
compact micelles showed high 7; value up to ~80 mM~1s™1 per Gd3* determined at 1.41 T.
Due to the fact that the dipole-dipole interaction between outside water molecules and Gd3*
ions is strongly distance dependent (1/rf), the greatly enhanced 7; relaxivity achieved by
compact micelles was thus attributed to the decreased distance from surrounding water
molecules to the surface of NaGdF, nanoparticles.[135-136] Furthermore, the dependency of
71 relaxivity of MNPs on the surface coating structure was also explored as 7; MRI

activatable systems for sensing a wide range of biological stimuli, such as pH and enzymes.
[137]

Inorganic layer

6.3.1 Magnetic dilution—The surface of MNPs can be modified with an inorganic layer
which can further extend the property and functionality of MNPs. Non-magnetic inorganic
materials, such as silica,[138] gold,[13%] and metal oxides[®%] have been extensively
engineered for theranostics in combination with the intrinsic MRI property of MNPs.[140]
However, a dense inorganic layer may compromise the magnetic field induced by MNPs and
block the interaction of MNPs with its surroundings. Therefore, it is conceivable that both

71 and 7, relaxivity could decrease in MNPs following coating with a dense inorganic layer
on the surface. This phenomenon is often referred to as “magnetic dilution”, which is largely
dependent on the coating thickness on MNPs.[24] Thicker coating lead to lower 7 and 7,
values.[3% Owing to the advanced synthetic approaches, a wide range of architectures can be
obtained through depositing inorganic materials on the surface of MNPs, including core-
shell,[141¢, 141d, 142] yo|k-shell,[143] satellite, [144] and Janus/dumbbell structures.[143] For
example, Lin et al. reported a yolk-shell structured magneto-plasmonic hybrid nanoparticle
(MPHN) consisting of Fe304 core and Au shell with a hollow cavity and pores (Fig. 14A-
D).[2432] The unique structural features of MPHNSs enable efficient water accessibility to the
magnetic core, leading to greatly preserved 75 relaxivity when compared with that of core-
shell structures (Fig. 14E and F).[143a]

Among the various inorganic materials, silica has attracted much attention for surface
modification due to the merits of easy functionalization, biological safety, and flexible
hierarchical formulations.[246] A dense layer of silica on the surface of magnetite nanoplates
significantly reduced the 7; relaxivity (Fig. 14G-J).13% Specifically, mesoporous silica on
the surface of MNPs may permit optimal access of water molecules to the surface, which
would boost both the 7; and 75 relaxation enhancement effects. For example, Kim et al.
developed mesoporous silica coated hollow manganese oxide (HMnO@mSiO5)
nanoparticles which showed much higher r; values when compared with dense silica or PEG
coated HMnO nanoparticles (Fig. 14K—M).[91b] The increased surface area to volume ratio
in mesoporous silica facilitated the chemical exchange of water protons near the surface of
magnetic centers. Meanwhile, diffusion of water molecules was restricted in the mesoporous
framework, which contributed to the effective electronic spin relaxation of water protons,
namely the geometrical confinement effect.[147] Similar results have also been reported for
Mn ions incorporated mesoporous structures,[138¢. 1481 manganese oxide encapsulated hybrid
silica frameworks,[14] and gadolinium-based mesoporous silica complexes.[147. 1501
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Moreover, other materials (e.g., zeolites, titania) were also reported as candidates for
fabricating magnetic core-porous shell nanoparticles, providing great opportunities to
incorporate new functions and applications.[151]

The magnetic field induced by MNPs drops significantly over the distance to the surface. A
non-magnetic layer on the surface of MNPs seems unable to alter the magnetic field
distribution around the MNPs. However, a water-resistant interlayer situated between the
near surface of MNPs and the surrounding water molecules may dilute the effective
magnetic field distribution. According to a study on strongly magnetized nanoparticles
(zcAAw,> 1, where zopis half the echo-time for a single spin-echo sequence, and Awy is the
rms angular frequency shift for a distance at the particle surface), the magnetic field
gradients near the surface are too strong to allow efficient refocusing by normal pluses.

[11, 37a] This indicates that the spin relaxation near the inner surface of strongly magnetized
MNPs is too fast to be detected by MRI setups. Therefore, MNPs coated with a thin
inorganic layer may have a negligible impact on 7, relaxivity although the changes in 7;
relaxivity may be significant.[30. 141b]

6.3.2 Magnetic coupling—Bi-magnetic core-shell structures may give rise to many
useful magnetic coupling effects, such as exchange bias and exchange-spring magnetism.
[152] |n particular, exchange-coupled MNPs with a magnetically hard core (e.g., CoFe;0y)
and soft shell (e.g., MnFe,04) were developed for highly efficient magnetic hyperthermia
therapy.[160. 1531 Among the various bi-magnetic core-shell nanoparticles,[14] the metallic
iron core and iron oxide shell (Fe@Fe30,4) nanoparticles have attracted considerable interest
for MRI because of practicality and functionality.[9% 1551 The outer layer of Fe30, shell is
designed to prevent the oxidation of inner iron substances and the subsequent loss of
magnetic moment, which maintains the A% and r, value of Fe@Fe304 nanoparticles under
ambient conditions. A recent study reported that bi-magnetic Zng sMng sFe;,O4@Fe304
core-shell nanoparticles showed an outstanding 7> value up to 300 mM~1s71 at 1.5 T, which
was attributed to the presence of magnetically dead layer on the core.[15¢] Depending on the
structural features of the core-shell interface, the presence of “frozen spins” at the interface
of bi-magnetic core-shell structures can impact the coercivity (Hc) and the exchange-bias
field (Hg).[157]

The inorganic core-shell structure of bi-magnetic MNPs can be extended to the cases of
MNPs decorated with magnetic ions on the surface. The rationale of this combination is that
paramagnetic metal ions (e.g., Gd3*, Mn2*) exhibit 7; relaxivity through the facilitated
direct chemical exchange with surrounding water molecules, whereas superparamagnetic
MNPs show 7, relaxivity mainly through the induced magnetic field. Therefore, it was
assumed that MNPs may not lose their 75 relaxivity after being decorated with paramagnetic
metal ions; meanwhile, the 77 relaxivity is expected to increase due to the presence of
paramagnetic centers on the surface. However, the presence of high 75 decaying effect of the
MNP core may affect the 7; relaxivity, which often requires a non-magnetic interlayer (e.g.,
silica) to dilute the negative impact between the MNP core and surface metal ions. Tuning
the distance between the magnetic core and shell can be engineered as an activatable MRI
system for sensing pH change (Fig. 15A and B).[158] Moreover, tuning the thickness of the
interlayer offers an opportunity to balance the contrast imaging property of these bi-
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magnetic core-shell structures from being 7, dominant to 7;- 7, dual-modal contrast agents
(Fig. 15C-G).[141¢. 141d] Recently, the phenomenon of distance-dependent magnetic
resonance tuning has been developed as an MRI-based ruler for nanometre-scale distance
measurement (Fig. 15H-L), providing a valuable tool for detecting molecular interactions
(e.g., cleavage, binding, folding and unfolding) in /7 vitroand in vivo systems.[158-15¢1
Furthermore, the concept of fabricating such core-shell nanoparticles to achieve 7;- 7, dual-

modal contrasts has been realized in Fe30,@MnO and Fe304@ Gd,O3 hanoparticles.
[55, 83a, 160]

7. Assembly

Assembly is a phenomenon where the building blocks in a system assemble together to form
a larger unit through either spontaneous interactions or external forces.[161] The concept of
self-assembly of units at different scales (e.g., molecules, nanoparticles) has gained
popularity in chemistry and materials science.[1621 MNPs can achieve self-assembly through
either surface engineered molecular interactions or externally applied magnets.[163] A
variety of assembled structures from single MNPs have also found their unique implications
in MRI; that is, the 75 relaxivity of assembled MNPs is greatly enhanced with respect to that
of single MNPs.[164] Gillis et a/. assumed that a smaller quantity of larger particles provides
a greater effect on relaxivity than an abundance of smaller particles with the same mass.[10]
However, the underlying mechanism of the enhanced 75 relaxivity upon assembly of MNPs
is still unclear and the previous model used in the classical theories seems to be
inappropriate to simulate assembled MNPs. The microscopic coupling effect across the
interfaced and crystalline coupled nanodomains of MNPs is highly important for attaining
collective magnetic properties.[%8] In the subsequent sections, we will discuss the factors of
assembly state, diffusion coefficient, multi-domain structure, and magnetic field
inhomogeneity

7.1 Assembly state

The consideration of assembly state brings two questions to the forefront: (i) what the
fraction ratio of MNPs in the assembled structure is; and (ii) what the spatial order of MNPs
in the assembled structure is. The first question usually refers to real systems where the
assembly is triggered by molecular or biological targets.[165] An increase in concentration of
targets leads to higher degrees of assembled MNPs with pre-maodified functions (Fig. 16A).
Remarkably, the 7, relaxation time of assembled MNPs is linearly correlated with the
assembly state in an optimized range,[166] which has motivated the design of numerous
magnetic resonance switch systems for sensing a wide range of molecular interactions and
biological processes.[3¢: 1671 Relying on this rationale, diagnostic magnetic resonance
(DMR) platform has been developed into easy-to-use sensing system for point-of-care
clinical utility (Fig. 16B).[168]

The second question arises from artificially engineered self-assembly of MNPs through
well-defined molecular or physical interactions between MNPs.[1691 For example, during the
self-assembly of amphiphilic polymers, hydrophobic MNPs are expected to partition into the
hydrophobic core of resultant micelle structures through the universal hydrophobic-
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hydrophobic interactions (Fig. 16C).[2701 Furthermore, surface modification of MNPs with
hybrid hydrophobic and hydrophilic polymers leads to controllable self-assembly into
vesicular structures with increased complexity and functionality.[171] More importantly,
different from target triggered assembly of MNPs, molecularly engineered MNPs may
undergo an entropy-driven self-assembly process which leads to a controllable size of the
assembled structures.[7%a] This allows us to investigate the relationship between the
relaxivity and the assembly state of MNPs. The Weller group presented a detailed report on
the relaxivities of SP10-based clusters with narrow size distribution.[>4 Tri-block PEI-4-
PCL-6-PEG polymers were employed to encapsulate SP10s of 9.8 nm in diameter, which
produced SPIO clusters with various sizes ranging from 51 to 141 nm by DLS
measurements (Fig. 16D). The r, values of the SPIO clusters showed size dependent
relationships, which matched well the theoretical concepts of the three regimes (i.e., MAR,
SDR, and ELR).[2% 378l For example, the maximum r, value reached ~250 mM~1s1 for
clusters with size ~80 nm measured at 1.41 T, which was also the SDR limit of the SPIO-
based clusters (Fig. 16E). However, SPIO clusters made from small crystals of 4 nm in
diameter showed no SDR in their measurement range (up to 180 nm in hydrodynamic
diameter) due to the weak magnetization effect.

Although it is generally accepted that target-induced clustering of MNPs results in a
decrease of T, relaxation time of the system, an opposite phenomenon involving target-
induced increase of 7; relaxation time was reported at the initial target-binding step.[172] For
example, monovalent targets that bind onto MNPs may not result in clustering of MNPs,
where the presence of surface-binding targets on MNPs may prevent water molecules from
reaching the proximal MNPs (Fig. 16F and G). A series of model targets, such as small
molecules, proteins, and nucleic acid sequences, have been tested on MNPs, and an
increased in 7; relaxation time was consistently observed for all samples.[172] The authors
thus proposed an extension of outer-sphere relaxation theory to elicit the critical role of
molecular architectures resulting from MNPs and model targets.[172-173]

7.2 Diffusion coefficient

The diffusion coefficient of water molecules (5,) is one of the key parameters in 7,
relaxivity of MNPs according to the outer-sphere regime theory. This factor has also been
recognized in MNP clusters with enhanced 7 relaxivity. Pothayee et a/. found that
hydrophilic space between MNPs in clusters is critical in 7 relaxivity.l[1741 Magnetic block
ionomer clusters (MBIClusters) were prepared through chemically conjugating MNPs
coated with amino-terminated poly(ethylene oxide-b-acrylate) (HoN-PEO-6-PAA)
copolymers (Fig. 17A). The MBIClusters with an estimated intensity average spacing of ~50
nm between MNPs resulted in high 7, value up to 604 mM~1s71 at 1.4 T, which was
attributed to the water penetration behavior within the vicinity of MNPs (Fig. 17B). Paquet
et al. reported on hydrophilic hydrogel clusters encapsulated with 10 NPs, where the 7,
relaxivity was modulated by the coating thickness and the pH-dependent swelling of the
surface polymers.[173] Moreover, Monte Carlo simulations showed good agreement between
the lower diffusivity of water molecules inside the clusters and the enhanced 75 relaxivity.
[175] Interestingly, the water diffusivity mediated 75 relaxivity was also reported in
paramagnetic metal complexes encapsulated in hydrophilic polymeric structures.[176]
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Hierarchical structures consisting of an inorganic skeleton and collectively dispersed MNPs
have been developed using both porous silica and pore-directed MOFs as matrices.[177]
Decuzzi and co-workers reported on sub-micrometer magnetic hanoconstructs by confining
ultrasmall 5 nm sized SP10Os into discoidal mesoporous silicon particles or polymeric
structures (Fig. 17C and D).[178] Through the confinement effect within the porous matrices,
the r, value of the original ultrasmall SP10s increased from 107 + 24 to 270 + 73 and 835

+ 63 mM~1s71 for the obtained silicon particles and polymeric structures, respectively (Fig.
17E). The molecular dynamics (MD) simulation further predicted that the decreased
diffusion coefficient of water molecules in the geometrically confined structures played a
critical role in boosting the 7 relaxivity in MRI (Fig. 17F and G).[178] The water diffusion
in nano-confined geometries is different from that in the bulk phase. Chiavazzo et al. further
showed that the diffusion coefficient of water molecules can be scaled linearly through a
single parameter 0 as follows: D(6)=Dg[1+(Dc/Dg—1)0], where Dg and D¢ are the
diffusion coefficient of bulk and totally confined water molecules, respectively (Fig. 17H).
(1791 To examine practicality, silicon particles with different levels of SPIO loading were
computed and the average relaxivity enhancement was ~2.7, which was in excellent
agreement with the experimental value of ~2.52. In addition, core-shell magnetic MOFs with
incorporated MNPs have been widely developed as multifunctional platforms for theranostic
applications where the enhanced 75 relaxivity is due to a similar mechanism regarding water
diffusivity inside the cavity of MOFs.[180]

7.3 Multi-domain structure

Single-domain MNPs are defined by the linear response theory, whereby the magnetizing
effect of MNPs is primarily associated with the Néel fluctuations of magnetic spins within
the crystal.[181] Typically, 10 NPs have a critical size threshold on the order of about 100 nm
for the formation of multi-domain structure depending on crystallinity and morphology.[182]
In other words, 10 NPs larger than the critical size threshold may contain multiple domains
inside the crystals. The presence of domain boundaries within multi-domain MNPs separates
the spin collections between each domain. Therefore, it is essential to know how the domain
structure impacts the MRI relaxivity of multi-domain MNPs.[183] The strategies of
synthesizing MNPs with controllable architectures are described in literature.[122. 184]

Lartigue et al. reported a multi-core maghemite nanoparticle through a polyol-based
synthetic procedure and the 7; relaxivity was systematically studied.[18] In this case, the
collective dipole-dipole interaction in the multi-core nanoparticles was strikingly different
from the matrix-embedded clusters in which the emergent magnetic behavior was dominated
by dipole-dipole interactions between different particles. The magnetically cooperative
multi-core nanoparticles showed enhanced magnetic susceptibility and decreased surface
disorder compared with individuals while preserving their superparamagnetic-like behavior.
The enhanced r; and 7, values for the multi-core nanoparticles were ascribed to the
optimized magnetic dynamics, for example, blocking the Néel fluctuations due to the local
magnetocrystalline field.[185-186] |n other words, the detrimental role of magnetic spin
fluctuation that could average out the nuclear relaxation is suppressed in the cooperative
multi-core structure, which benefits both 7; and 7, relaxivities. The Chen group further
showed that polyvinylpyrrolidone (PVP)-coated 10 NPs with sizes of 2, 23, 37, and 65 nm
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can be synthesized by a simple one-pot pyrolysis method.[287] The 7, values were positively
correlated with the size of PVP-10 NPs. However, only a slight difference between that of
PVP-10-37 and PVP-10-65 NPs was observed, 239.98 vs. 248.89 mM1s71at 7 T,
indicating the presence of an SDR limit in the multi-domain MNPs.[187] Furthermore, the
PVP-10-37 NPs exhibited the greatest enhancement in liver contrast due to the optimal
cellular uptake rate and biodistribution.

More examples of assembled MNPs with inter-particle coalesced domain structures can be
found in the literature.[188] |t is noteworthy that the aggregation-based growth of MNP
clusters may involve the oriented crystallographic coalescence of single-domain MNPs
within clusters.[46¢. 189] Therefore, a high-volume fraction is expected in such MNP clusters
which may exhibit collective magnetic behavior due to the inter-particle interactions
involving superspin (for single-domain MNPs) dipolar and surface-spin exchange
interactions. Kostopoulou et al. employed scaling-law analysis and Monte Carlo simulations
to decipher the dipolar interactions within colloidal nanoclusters of maghemite,
demonstrating a strong correlation between the volume fraction and the emergent spin-glass
dynamics.[19] The physical interactions of particles within clustering structures were
described elsewhere,[191] where the presence of dipolar and exchange coupling effect needs
to be carefully examined.

7.4 Magnetic field inhomogeneity

In MRI, a static magnetic field is required to polarize the magnetic nuclei of samples for
signal acquisition. Although MRI manufacturers strive to produce uniform magnetic field,
current MRI techniques still suffer from the intrinsic defects of the applied magnet which
give rise to the 7,* decay of the samples. A general solution is to deploy a spin-echo array
to refocus the strong 7,* decay caused by the machine itself, which is usually an order-of-
magnitude faster than the normal 7, decay caused by atomic and molecular mechanisms in
most samples.[192] The emergent magnetic exchange coupling effect upon clustering of
MNPs may greatly increase the level of magnetic field inhomogeneity, enhancing the 75
relaxivity in assembled MNPs.

Recently, Zhou et al. reported that the concept of magnetic field inhomogeneity is
generalizable from single MNPs to MNP clusters (Fig. 18A).[193] To test this hypothesis, 10
clusters consisting of multiple components of IO NPs with different sizes and shapes were
fabricated through a controllable self-assembly process. The artificially enhanced local
magnetic field inhomogeneity in the multi-component 10 clusters showed enhanced 7>
relaxivity compared to those of single-component 1O clusters (Fig. 18B-D). For example, 10
NPs of 5 and 15 nm in diameter were used to produce 10 clusters C1, C2, and C3 which
consisted of 10-5 NPs only, 10-15 NPs only, and mixed 10-5 and 10-15 NPs, respectively.
The r> values of C1 and C2 were 231.6 + 9.3 and 358.3 + 14.2 mM~1s71, respectively, and
increased to 533.4 + 13.2 mM~1s71 for C3 at 7 T (Fig. 18E and F). The Landau-Lifshitz-
Gilbert simulations were used to decipher the magnetic field distribution around MNPs of
different models (Fig. 18G-J). The calculation results showed that the stray field gradient in
the C3 model was the largest, which agreed with the enhanced 7> value of the C3 clusters
(Fig. 18K and L). In addition, the concept of artificially engineering magnetic field
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inhomogeneity to enhance 75 relaxivity of 10 clusters was further confirmed in 10 clusters
consisting of 10 NPs with shape anisotropy (/.e., cubes and plates). This study shed light on
interpreting the relationship between the 7 relaxivity and the magnetic field inhomogeneity
induced by MNPs, especially in MNP clusters.[193-194] previously, Mikhaylov et a/. reported
that ferri-liposomes consisting of spherical 10 NPs with widely dispersed diameters (/.e.,
ranging from 3 to 14 nm) exhibited ultrahigh 7, value up to 1286 mM~1s~1 by an unknown
mechanism.[195] We speculate that this result may be a consequence of enhanced magnetic
field inhomogeneity derived from the large size deviations of 10 NPs used for fabricating the
ferri-liposomes.

8. Conclusion and perspective

MNPs with diversified structural characteristics have pushed the frontier for high-
performance MRI contrast agents. With increased complexity of modern MNPs, more and
more unique relaxation enhancement effects in MRI have been discovered. However, the
classical theories established on simplified models have been insufficient to decipher those
new mechanisms. In this review, we have elaborated on the classical theories regarding the
physical explanations of MRI contrast enhancement and discussed major parameters which
could influence the MRI relaxivity. It is worth noting that some parameters, such as the size
and magnetic moment, have been described in the classical theories. By surveying the
literature, we have covered a variety of structural features of MNPs, including size, shape,
crystal structure, surface modification, and assembled structure, and outlined their structure-
relaxivity relationships of MNPs in MRI. Moreover, the potential gap between the classical
theories and novel relaxation enhancement phenomena of MNPs was discussed for each
section.

To summarize: (i) size effect on the relaxivity of MNPs is multi-fold: larger size is
associated with a larger area influenced by the induced magnetic field, leading to higher r»
value. Meanwhile, the magnetization effect is also positively correlated with the size of
MNPs. Therefore, increasing size of MNPs would collectively enhance the 75 relaxivity
which is consistent with the classical outer-sphere mechanism. On the contrary, small-sized
MNPs with elevated surface-to-volume ratio and prominent paramagnetism may become 7;
dominated contrast agents, which also benefit from the diminished 7; relaxivity. (ii) Shape
effect is an important parameter for tuning the 7; and 7 relaxivities of MNPs. In general,
nonspherical shape leads to larger effective radius for MNPs with respect to equivalent
spherical particles, resulting in enhanced 7, relaxivity. In addition, a case study of star-
shaped MNPs with high 7; relaxivity may be due to shape regulated elevation of second-
sphere contributions. (iii) Crystal structure governs the crystallinity and therefore the
magnetization effect of MNPs. This has been previously described in the classical theories
for 75 relaxivity. On the other hand, surface structure of MNPs and surface coordination
chemistry of water molecules on MNPs are associated with the 7; relaxivity, where
generalizing the inner-sphere theory from a chemical exchange model of paramagnetic metal
ions to superparamagnetic MNPs is pivotal. (iv) Surface modification of MNPs with either
magnetic/non-magnetic or inorganic/organic layer give rise to extra parameters in evaluating
the 71 and 75 relaxivities, including magnetic coupling effect within MNPs and diffusion
behavior of water molecules in the vicinity of MNPs. (v) Assembly of MNPs from single
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particles to clustered structures is a simple yet highly effective approach to enhance 7,
relaxivity of MNPs. This phenomenon has been demonstrated in many systems where the 7,
relaxivity was correlated with the diffusion behavior of water molecules around the magnetic
clusters (7.e., MAR, SDR, and ELR). We have summarized four factors derived from the
diffusion behavior of water molecules and the magnetic field distribution around MNPs,
including assembly state, diffusion coefficient, multi-domain structure, and local magnetic
field inhomogeneity.

Despite the tremendous technological advances in the synthesis of MNPs, the bottom-up
approach of designing novel MRI contrast agents is still limited in molecular based magnetic
materials. One of the major obstacles of studying MNPs is the inability to control the
structural features in a well-defined manner. For example, increasing size of MNPs would
also increase the saturated magnetization, which complicates the investigation of MRI
contrast enhancement when one tries to study individual variables of a system. This situation
becomes more awkward when synthesizing critically large sized MNPs with multiple crystal
phases and multi-domain structures. Aside from the synthetic part, surface modification of
MNPs of different sizes also leads to variable surface coating densities which could become
an influencing factor when dealing with the MRI contrast enhancement effect. In our
surveyed publications, only a handful of publications claimed single variable parameter for
studying relaxation enhancement effect in their work. We highlight those with clearly
announced novel mechanism relating to the enhancement of 7; or 75 relaxivities in MRI
(Tables 1 and 2). Studied that reported high 7; or 75 relaxivity values but lacked a clear
variable parameter were not included in the Tables, which might on the other way encourage
further investigations on those systems.

In the end, investigation of the structure-relaxivity relationships holds great promise for
guiding the design of MNPs as high-performance MRI contrast agents and for unveiling the
fundamental basis of novel phenomenon of relaxation enhancement by MNPs in MRI.
Although it is still challenging to incorporate all the parameters derived from different
MNPs into a single theory, which will require multi-disciplinary cooperation from materials
scientists, chemists, physicists, and mathematicians, we hope this review is timely to shed
light on the understanding of equivocal MRI relaxation enhancement effect by MNPs with
diversified structural features. Ultimately, the fundamental analysis of the structure-
relaxivity relationships of MNPs in MRI may open up new avenues to innovate sophisticated
MNPs for magnetism mediated applications.
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Figure 1.
Schematic diagram of MNPs interacting with water molecules in the vicinity. The inner-

sphere and second-sphere mechanisms illustrate direct chemical exchange and hydrogen
bonding models of water molecules with MNPs, respectively, which are mainly correlated
with the longitudinal relaxation (77, recovery of longitudinal magnetization) of water
molecules. The outer-sphere mechanism describes diffusion and dephasing of water
molecules, corresponding to the transverse relaxation (7, loss of transverse magnetization).
MNPs with different structural features are summarized in categories of relaxation
enhancement effect on water protons, including size, shape, surface features, crystal
structure, surface modification, and assembled structure.
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Figure 2.

Size effect on 75 relaxivity of MNPs. (A) Cartoon showing size-dependent magnetization
effect of MNPs. (B-E) TEM images, MR phantoms, relaxation times, and magnetizations of

Fe304 nanocrystals with different diameters of 4, 6, 9, and 12 nm, respectively. Adapted

with permission from ref. [511. Copyright 2005, American Chemical Society. (F and G) The
scaling law of 75 relaxivity of samples in MAR (zpAw, < 1) and out of MAR (pAw, > 1),
respectively, summarized from the literature. Adapted with permission from ref. [40a],

Copyright 2012, John Wiley & Sons, Inc.
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Figure 3.
Size effect on 7 relaxivity of MNPs. (A) Cartoon showing size-dependent surface-to-

volume ratio of MNPs. Red color indicates spin-canting layer on the surface. (B and C)
TEM images of 3 nm-sized ultra-small SPIONSs, and the spin-canting models in comparison
with SPIONs of 12, 2.2, and 1.5 nm. (D and E) MR phantom study of the 3 nm-sized ultra-
small SPIONs and 7; relaxivity curves of SPIONSs of different sizes. Reprinted with
permission from ref. [7]. Copyright 2011, American Chemical Society. (F) r; values and
1l ratios of exceedingly small sized 10 NPs as a function of the particle size (< 5 nm).
Reprinted with permission from ref. [611. Copyright 2017, American Chemical Society. (G
and H) Size-dependent 77 relaxivity curves and MR phantoms of FeCo NPs of 4 and 7 nm
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in diameter in comparison with Feridex and Magnevist agents. Reprinted with permission
from ref. [520]. Copyright 2006, Nature Publishing Group.
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Figure 4.

Cubic MNPs and their magnetic properties and MRI performance. (A-D) TEM images and
M-H curves (measured at 300 K) of cubic and spherical Zng 4Fe; 604 NPs. (E and F)
Simulated magnetic spin states of cube and sphere, respectively. The color map indicates the
degree of spin canting against external magnetic field where red represents nondeviated
spins and blue indicates highly canted spins. Reprinted with permission from ref. [160],
Copyright 2012, American Chemical Society. (G) TEM image of 22 nm sized cubic
WFIONSs. (H-J) M-H curves, MR phantoms, and > values of cubic 10 NPs with different
sizes, respectively. Reprinted with permission from ref. [46al Copyright 2012, American
Chemical Society. (K) Magnetite nanocubes with an average size of about 9.7 nm serving as
both 7; and 7, contrast agents as shown in the phantom study. Reprinted with permission
from ref. [830]. Copyright 2015, The Royal Society of Chemistry.
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Figure 5.
Octapod 10 NPs and shape effect on 7; and 75 relaxivities. (A-C) TEM and HRTEM image

of octapod-30 10 NPs (inset: geometric model). Scale bar: 100 nm (A), 20 nm (B), and 2 nm
(C). (D-F) Comparisons of MR phantoms, M-H curves, and r, values of octapod 10 NPs and
spherical 10 NPs with equivalent geometric volume, respectively. (G) Schematic models of
octapod and spherical 10 NPs with identical geometric volume, where octapod 10O NPs have
larger effective radius (R) than that of spherical 10 NPs (r). R = 2.4 r. Reprinted with
permission from ref. [460] Copyright 2013, Nature Publishing Group. (H) TEM images and
(1) r; values of DNA-Gd decorated Au spheres and stars. Reprinted with permission from
ref. [85]. Copyright 2016, American Chemical Society. (J) The enhanced 7; relaxivity of
DNA-Gd complex decorated Au stars are attributed to the enhanced second-sphere
contribution due to the shape effect. Reprinted with permission from ref. [841. Copyright
2015, American Chemical Society.
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Figure 6.

Heterogeneous structure and the effect on 7; and 7, relaxivities. (A-C) Schemes showing
heterogeneous nanostructures with core-shell and dumbbell shapes for magnetic coupling of
71 and 7, contrast agents. (D-G) TEM images of four types of heterogeneous
nanostructures: Gd-Au-IONPs, Gd-HNTs, Gd-DB-HNTs, and Gd-XDB-HNTSs, respectively.
(H and 1) MR phantom study of the four heterostructures reveals structure-dependent 7; and
7, contrasts with different concentrations. Reprinted with permission from ref. [%4],
Copyright 2014, American Chemical Society.
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Figure 7.
Crystal phase and magnetization effect on 75 relaxivity. (A and B) TEM and HRTEM

images of 16 nm iron/iron oxide core/shell nanoparticles. (C-E) XRD, M-H curve, and r,
values for the iron/iron oxide core/shell nanoparticles, respectively. Reprinted with
permission from ref. [992]. Copyright 2011, John Wiley & Sons, Inc. (F) The r, values map
for different samples as a function of both the particle size and the magnetization measured
at 0.47 T. Solid lines are calculated using the outer-sphere theory. Dotted line indicates the
boundary of r, values for ferrite MNPs. Reprinted with permission from ref. [9901. Copyright
2011, John Wiley & Sons, Inc. (G-1) TEM, M-H curves, and 75 relaxivity of the FesC, NPs.
Reprinted with permission from ref. [101d] Copyright 2014, John Wiley & Sons, Inc. (J)
Stability of the FesCo NPs compared with amorphous Fe NPs. Reprinted with permission
from ref. [101c] Copyright 2014, The Royal Society of Chemistry.
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Figure 8.
Crystal doped structure and the effect on 7 relaxivity. (A) TEM images of MnFe;04

(MnMEIO), Fe30,4 (MEIO), CoFe,O4 (COMEIO), and NiFe,O4 (NIMEIO). (B) Mass
magnetization values and schematic cartoons of the spin alignment phenomenon of magnetic
ions in the spinel structure of the four MNPs. (C and D) MR phantoms and calculated 7>
relaxivity coefficient of the four MNPs and CL1O NPs. Reprinted with permission from ref.
[105b] ' Copyright 2007, Nature Publishing Group. (E-G) The Zn K edge EXAFS spectra,
magnetic spin alignment diagrams, and 7, values of the Zn2* doped 10 NPs with different
ratios. Reprinted with permission from ref. [1058]. Copyright 2009, John Wiley & Sons, Inc.
(H and I) Cation exchange strategy for fabricating ZnlO and MnlO NPs and their 7, values
as a function of the shape, respectively. Reprinted with permission from ref. [197]. Copyright
2016, American Chemical Society.
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Figure 9.

Crystal embedded structure and the effect on 7; and 7, relaxivities. (A) The paradigm of 73-
7> dual-modal contrast agents based on nanoentity with 7; materials embedded into 7,
materials. (B and C) The M-H curves and 77- 7, dual-modal MR phantoms of the GdIO
NPs. Reprinted with permission from ref. [620]. Copyright 2012, John Wiley & Sons, Inc.
(D) Small sized (below 5 nm in diameter) GdIO NPs with inner spin-canting effect. (E and
F) The r; and r, values and MR phantoms of small sized GdIO NPs with different diameters
below 5 nm. Reprinted with permission from ref. [52¢]. Copyright 2013, American Chemical
Society.
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Figure 10.
Surface structure and the effect on 7; and 75 relaxivities. (A) Schematic illustration of

proton interaction phenomena in magnetic systems relating to 7; and 7, relaxations. (B-D)
TEM and HRTEM images of Fe3O4 nanoplates with different sizes and thicknesses, but with
the same atomic structures as the Fe30,4(111) facet. (E-G) The r; and 5, values and MR
phantoms of the Fe304 nanoplates, where the r; values are correlated to the surface exposed
Fe304(111) facet. Reprinted with permission from ref. [301. Copyright 2014, American
Chemical Society. (H-J) TEM and HRTEM images, surface structure and water proton
chemical exchange models, and the r; values of the GdIO nanoplates. Reprinted with
permission from ref. [82]. Copyright 2015, American Chemical Society.
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Figure 11.
Surface coordination behavior and the effect on 7 relaxivity. (A and B) TEM and HRTEM

images of the Gd,03{100} and Gd,O3{111} nanoplates, respectively. (C-E) The proposed
surface coordination models, and calculated coordination phenomena and the binding
energies for water molecules on the Gd,03{100} and Gd,03{111} facets. (F) The r; values
for the two Gd,O3 nanoplates under different magnetic fields. Reprinted with permission
from ref. (1241, Copyright 2016, The Royal Society of Chemistry. (G) Proposed schemes for
the oxygen vacancy on surface and the interaction with water molecules. (H and 1) The 7;
relaxivities and MR phantoms of the PEG-Na,GdWO3 nanorods with different oxidation
levels. Reprinted with permission from ref. [119], Copyright 2017, American Chemical
Society.
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Figure 12.
Anchoring structure and the effect on 7; and 7, relaxivities. (A) Different ligands for

surface anchoring of Fe3O4 NPs, including oleic acid (0), oleic acid-soap (1), dopamide-
PEG (2), DHB-PEG (3), PO3-PEG (4), CO,-PEG (5), and dopamine (6). (B and C) The M-
H curves and transverse relaxivity study of the Fe3O,4 NPs with different anchoring
molecules. Reprinted with permission from ref. [124]. Copyright 2011, John Wiley & Sons,
Inc. (D-F) Chemical structures of PEG with different anchoring groups, TEM images, and
digital photos, and the r; and r, values of Fe30,4 nanoparticles (3.6 and 10.9 nm in diameter)
after surface modification. Reprinted with permission from ref. [125]. Copyright 2014, John
Wiley & Sons, Inc.
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1:5 1:10
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Organic surface coating effect on 7; and 75 relaxivities. (A) The 7, relaxivity of SPIOs with
different sizes and PEG coating on the surface. Reprinted with permission from ref. [127],
Copyright 2010, American Chemical Society. (B and C) Surface modification and the 75
relaxivity study of MNPs using hyperbranched multivalent mPEG-g-PEI and phosphorylated
mMPEG. Reprinted with permission from ref. [12%1. Copyright 2014, John Wiley & Sons, Inc.
(D) Optimized binding structure and the binding energy of different monomers for
fabricating PEG, PAA, and PEI polymers. (E and F) The relaxivities of NaGdF, NPs coated
with different polymers and dispersed in different medium. Reprinted with permission from
ref. [1341. Copyright 2017, American Chemical Society. (G-1) TEM image, 7 relaxivity, and
MR phantom of NaGdF4 NCs coated with different polymer ratios. Reprinted with
permission from ref. (1331, Copyright 2016, American Chemical Society.
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Inorganic surface coating effect on 77 and 75 relaxivities. (A-D) TEM images and the
simulation of the induced magnetic field distribution of core-shell (E and F) and yolk-shell (I
and K) Fez04@Au NPs. (L and M) The 77 relaxivity and MR phantom of the core-shell and
yolk-shell Fe30,@Au NPs with Fe3O4 NPs as a control. Reprinted with permission from
ref. [143a] Copyright 2017, John Wiley & Sons, Inc. (G-J) TEM images and ;, and 7, values
of 10 nanoplates coated with small molecules DMSA or SiO5 layer. Reprinted with

permission from ref. (30, Copyright 2014, American Chemi

cal Society. (K) Scheme of the

synthesis of HMnO@mSiO, NPs. (L and M) TEM and 7; relaxivity of the HMnO@mSiO,
NPs. Reprinted with permission from ref. [138b]. Copyright 2011, American Chemical

Society.
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Figure 15.
Surface coating of MNPs with magnetic layer and the effect on 7; and 75 relaxivities. (A

and B) The paradigm of an activatable 7; contrast probe where the Gd-DTPA complexes are
encapsulated in the outer surface layer of 10 NPs. Reprinted with permission from ref. [158],
Copyright 2012, American Chemical Society. (C and D) The cartoon model, TEM image,
and elemental mapping picture of MNPs coated with SiO, layer and Mn-MOF on the
surface (MAFIA). (E-G) MR phantoms and the 77 and 7, relaxivities of the mAFIA NPs,
compared with Magnevist and Feridex. Reprinted with permission from ref. [141¢],
Copyright 2014, American Chemical Society. (H) Schematic illustration of distance-
dependent magnetic resonance tuning system where the ON and OFF state of the enhancer is
dependent on the distance to the quencher. (I-L) The nanoscale ruler and the resultant
variation in the 73 MRI relaxation as a function of distance or proton Larmor frequency.
Reprinted with permission from ref. [15%1. Copyright 2017, Nature Publishing Group.
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Figure 16.
Assembly state and the effect on 75 relaxivity. (A and B) Illustration of magnetic relaxation

switching (MRSw) assay and the changes in NMR signal after the aggregation of MNPs.
Reprinted with permission from ref. [168]. Copyright 2012, Ivyspring International Publisher.
(C) Schematic illustration of the assembled micelle formation of MNPs. Reprinted with
permission from ref. [170¢]_ Copyright 2005, John Wiley & Sons, Inc. (D and E) The 7,
values of SPIO clusters as a function of the cluster size. Reprinted with permission from ref.
(541, Copyright 2012, American Chemical Society. (F and G) The assembly state dependent
aggregating architectures of MNPs in the presence of targets. The 75 relaxation time
increases in assembled structures and then decreases in clustered structures. Reprinted with
permission from ref. [172]. Copyright 2011, American Chemical Society.
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Figure 17.
Diffusion coefficient and the effect on 7; and 7, relaxivities. (A and B) The MBIClusters

with hydrophilic spacing structure and their 1 and r, values. Reprinted with permission
from ref. [1741. Copyright 2013, The Royal Society of Chemistry. (C-E) The structure and the
MRI relaxivities of SiMPs and DPNs with porous structure and loaded with 5 nm sized
ultrasmall SPIOs. (F and G) Molecular Dynamics simulation for the self-diffusion
coefficient of water molecules in a mesopore, indicating that the coefficient reduces as the
number of loaded USP10s increases. Reprinted with permission from ref. [1781. Copyright
2014, John Wiley & Sons, Inc. (H) Scaling behavior of the water diffusion coefficient for
different cases. Reprinted with permission from ref. [1791. Copyright 2014, Nature
Publishing Group.
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Figure 18.

Magnetic field inhomogeneity and the effect on 7, relaxivity. (A) Water proton diffusion and
dephasing phenomena around single MNPs and MNP clusters with magnetic coupling. (B-
F) TEM and HRTEM images, schematic models, , values, and 7, MR phantoms of 10
clusters with different components. (G-L) Landau-Lifshitz-Gilbert simulations maps, the
stray field and the stray field gradient of different 10 cluster models, indicating strong
correlation between > values and the induced magnetic field inhomogeneity of the 10
cluster samples. Reprinted with permission from ref. [1931. Copyright 2017, Nature
Publishing Group.
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Summary of MNPs with representative mechanisms for 7; relaxivity.

Table 1.

MNPs r, (MM s Field Mechanism Reference
10 NPs, 3 nm 4,78 30T size, paramagnetism 57
10 NPs, 18 nm 615 0.13mT ultra-low field 66
Au stars@Gd 54.7 15T second-sphere contribution 84
10 nanoplates 43.18 05T metal-rich surface 30
MnO plates 2.06 30T surface passivated Mn3* 59¢
a-FeOOH 4.03 47T antiferromagnetism 102a
Gd,03 plates 145 05T water-bridge coordination 114
Na,GdWO3 321 30T surface oxygen vacancy 119
Gd-MOF 105.36 15T optimized water retention 133
HMnO@SiO, 0.99 11.7 restricted water diffusion 91b
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Table 2.

Summary of MNPs with representative mechanisms for 75 relaxivity.

MNPs r, MM s Field Mechanism Reference
10 NPs N.A. 15T size, magnetization 51
10 cubes 761 30T shape, SDR threshold 46a
10 octapods 679.3 70T shape, effective radius 46b
Fe@Fe30, 324 15T high magnetization 99a
SAF-NPs 355 94T antiferromagnetic coupling 103
MnFe,04 358 15T  high magnetization, composition 105b
10 NPs, 3.6 nm 48.8 30T surface anchoring ligand 125
10 NPs, 14 nm 385 70T water permeability 127
MBIClusters 604 14T water penetration and diffusion 174
Multi-core NPs 365 025T optimized magnetic dynamics 185
10 clusters 533.4 70T local field inhomogeneity 193
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