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Manganese ferrite nanoparticles are superparamagnetic and have very high saturation magnetization,
which makes them candidates for application as MRI contrast agents. Because these nanoparticles are
very effective enhancers of transverse relaxation, they are particularly suitable as negative
(T2-weighted) contrast agents. The magnitude of the relaxivity of nanoparticulate Mn ferrites seems to
be determined mainly by the method of preparation, their dimensions, and their saturation
magnetization.
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1. Introduction

Magnetic resonance imaging (MRI) is a powerful tool in medical
diagnostics, producing images that reflect differences in intensities
of 1H NMR resonances, usually of water protons. These intensities
are proportional to local 1H concentrations and can be modulated
by longitudinal (R1 = 1/T1) and transverse (R2 = 1/T2) relaxation
rates, and by a number of other factors, including diffusion. In
the initial paper reporting the invention of MRI, Lauterbur demon-
strated that the contrast in images of phantoms can be altered by
enhancement of the water 1H relaxation rates by the addition of
the paramagnetic MnSO4 [1]. Later, paramagnetic contrast agents
(CAs) based on other paramagnetic ions such as Gd3+, Dy3+, Ho3+,
and Fe3+ were introduced [2].

The efficacy of a relaxation rate enhancing CA is usually
expressed by its relaxivity, the longitudinal or transverse relax-
ation rate enhancement normalized for a solution with a concen-
tration of 1 mM of paramagnetic metal ions (r1 and r2,
respectively). MRI CAs can be distinguished according to the ratio
r2/r1. CAs that increase R1 significantly more than R2 give rise to
bright areas in T1-weighted images and are called positive or T1
CAs. T2 or negative CAs increase R2 of water protons significantly
more than R1 and produce dark areas in T2- or T2*-weighted
images.

The CAs that are most frequently applied in clinical practice are
positive Gd3+-based agents. Free Gd3+ ions are toxic, and therefore
their presence in vivo must be avoided. For the current clinical
Gd3+-based CAs, this is achieved by sequestering the metal ion
using a strong chelating ligand, usually a DTPA- or DOTA-
derivative [3–6].

Features of MRI include high spatial and temporal resolution,
deep tissue penetration, and lack of ionizing radiation. However,
the low sensitivity of the presently applied clinical MRI CAs is a
serious shortcoming, particularly because most of these CAs dis-
tribute rather unselectively over the body. Nanoparticles (NPs)
may be employed to overcome this by delivering a high payload
of CA and thus creating high local concentrations in regions of
interest such as tumors and arterial plaques. The local accumula-
tion may be further enhanced by attachment of targeting vectors
to the NPs and/or by exploiting the enhanced permeability and
retention effect, the propensity of NPs to accumulate in tumors
through the leaky neovasculature.

Gd3+-based CAs have been in use for more than three decades
and have proven to be generally extremely safe. Only 0.03% of all
administrations (about 100 million worldwide) gave rise to serious
adverse effects [7,8]. The high thermodynamic and kinetic stability
of the Gd3+-chelates are important safety factors; the half-life of
the undissociated complex is large relative to the residence time
in the body. However, reports of nephrogenic systemic fibrosis
associated with linear Gd3+-based MRI contrast agents (Gd3+ com-
plexes of DTPA derivates) in people with late-stage renal failure
[8–10] and observations of long-term Gd3+ retention and accumu-
lation in the brains of patients with normal renal function [11–15],
have given rise to concerns regarding this class of compounds.
Although macrocyclic CAs (DOTA derivatives) show higher kinetic
stability than linear agents by multiple orders of magnitude, low
levels of deposition of Gd3+ have been reported for these agents
as well.

The concerns about Gd3+-based CAs have sparked renewed
interest in the use of Gd3+ -free CAs, such as Mn-based CAs, for
example [6,16]. Both high spin d5 Mn2+ and d4 Mn3+ complexes
are paramagnetic and have potential as MRI CAs. Due to the higher
electronic symmetry of Mn2+, the electronic relaxation rates of
Mn2+ are usually considerably slower than those of Mn3+, making
the latter more favorable for optimal longitudinal relaxivities. Free
Mn2+ is less toxic than Gd3+ and it plays an important role as a
cofactor in many enzymatic reactions, including the antioxidant
enzyme superoxide dismutase, as well as enzymes involved in
neurotransmitter synthesis and metabolism in the brain. There-
fore, there is almost no risk associated with long-term accumula-
tion. However, its normal concentration in organisms is very low,
for instance, 0.3–1 lg L�1 in human blood [17]. Despite its impor-
tant biological role, high concentrations of free Mn2+ are neurotox-
ic, and therefore Mn2+ needs to be sequestered for safe application
as an intravenous CA in humans. Largely due to its lower charge,
complexes are usually less stable than corresponding ones of
Gd3+. It is important to ensure that the dissociation of Mn-based
CAs is minimized in order to avoid any adverse side effects such
as neurotoxicity. On the other hand, given the inherently low sen-
sitivity of MRI CAs, the increase in relaxation rate should be as high
as possible. Finding a balance between kinetic stability and optimal
sensitivity is an important challenge in the design of Mn-based CAs
for human applications.

Superparamagnetic iron oxide nanoparticles (SPIOs) have found
application in MRI as negative or T2 CAs and ultrasmall iron parti-
cles (USPIOs) are used as positive or T1 CAs [18]. During the last
decade, manganese ferrites have attracted much attention, mainly
because of their applications as T2 CAs in highly sensitive MRI
probes. NPs based on mixed Mn-Fe oxides are interesting in this
respect because they can be tuned to optimize the r2 to values that
are higher than for iron oxides, whereas ultrasmall NPs usually
have higher r1 values thanks to the slower electronic relaxation
rate of Mn as compared to that of Fe. Here, Mn-ferrite NPs with
potential as MRI CA are reviewed with a focus on the relaxivity
aspects at magnetic field strengths between 0.5 and 1.5 T, at which
most clinic MRI scanners operate currently [19,20]. Mixed Mn-Zn
ferrites are included in this review but other mixed ferrites such
as those with Co and Ni are not because these materials may be
cytotoxic [21–24] and thus not very attractive for application as
MRI CA.

2. Relaxivity of superparamagnetic nanoparticles

Superparamagnetic NPs with sizes less than about 20 nm usu-
ally contain a single Weiss domain, which means that the electron
spins in an NP are aligned to produce a large overall magnetic
moment that is the sum of the magnetic moments of the magnetic
atoms that compose that NP. A single molecule of MnFe2O4 has a
magnetic moment of a few lB (lB = Bohr magneton). But a spher-
ical NP of MnFe2O4 with a diameter of 10 nm contains 6840 mole-
cules and therefore has an overall magnetic moment that is a factor
6840 higher than that of a single molecule. The overall magnetiza-
tion vector usually has two stable antiparallel orientations with
respect to the crystallographic axes, which are denoted as the easy
directions. Superparamagnetism is a regime where the correlation
time of flipping of the overall magnetic moment is shorter than the
experimental measuring time or in other words, the thermal
energy of the system (kBT) is greater than the energy barrier
between easy directions of the overall magnetic moment. Conse-
quently, the magnetization in the absence of a magnetic field is
zero. The state at lower temperatures is called the blocked (ferri-
magnetic) state and the transition temperature between the two
regimes is the blocking temperature (TB). At high temperatures,
the superparamagnetic regime is limited by the Curie temperature
(TC), where the thermal energy exceeds the energies of the antifer-
romagnetic coupling between two adjacent nearest metal cations
(the superexchange). Above TC, the system becomes paramagnetic.

Several theoretical models have been developed for the under-
standing of the proton relaxivities of aqueous suspensions of
superparamagnetic iron oxide NPs [25], and they can also be
applied for Mn-ferrites. These models generally provide a good
qualitative description of structure-relaxivity relationships.
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The proton relaxivity of superparamagnetic NPs in aqueous
media has inner- and outer-sphere contributions. The inner-
sphere contributions arise from water protons that exchange
between metal atoms at the surface and the bulk and generally
can be modeled by the Solomon-Bloembergen-Morgan equations
in a way similar to Gd3+ and Mn2+ chelates [16,18,26]. Often the
inner-sphere relaxivity is neglected because it is assumed to be
small compared to the outer-sphere relativity. The latter is due to
water protons diffusing along the particles, without being bound.
The outer sphere contribution to the relaxivity is determined by
twomechanisms: (1) the Brownian rotation of theNP and (2) the flip
of the crystalmagnetization vector fromone easy direction of aniso-
tropy to another (the Néel relaxation). The correlation times associ-
ated with these mechanisms are sB and sN, respectively. For a
spherical particle, these correlation times are given by Eqs. (1) and
(2), where g is the dynamic viscosity, K the anisotropy constant of
thematerial, kB theBoltzmannconstant, T the absolute temperature,
V the volume of the NP, and d its diameter.

sB ¼ pgd3

2kBT
ð1Þ

sN ¼ s0eKV=kBT ð2Þ
Mn-ferrite NPs are predominantly used as T2 CAs. Only the

ultrasmall NPs have sufficiently large r1/r2 ratios at 0.5–1.5 T to
be suitable for application as T1 or dual T1-T2 CAs. An important
parameter governing both r1 and r2 of NPs is the magnetization,
expressed as magnetic moment of the nanoparticle (mNP) per unit
volume (M) or per unit of mass (r), respectively (see Eq. (3)). Here,
q is the density. Since saturation of the magnetization of Mn-
ferrites generally occurs below 0.5 T (see below), the magnetiza-
tion considered here usually is the value at saturation (MS or rS).
It would be convenient to express the magnetization in an analo-
gous manner to relaxivities, i.e. per mole magnetic metal. In the lit-
erature, however, r-values are usually expressed per kg bare NPs,
but a few authors express them per kg metal, per kg Fe, or per kg
coated NPs. Unless stated otherwise, the r-values in the present
review are expressed in A m2 kg�1 bare NP.

M ¼ mNP

V
A m�1� �

or r ¼ mNP

Vq
A m2 kg�1

� �
ð3Þ

M is proportional to the Larmor frequency shift associated with
the NP (Dx), which at the equator (defined relative to the B0-axis)
on the surface of a spherical particle is given by Eq. (4), where cH is
the gyromagnetic ratio of the 1H nucleus and l0 the permeability
of a vacuum.

Dx ¼ cHl0M
3

¼ cHl0qr
3

ð4Þ

Recently, Vuong et al. have reviewed studies on the modeling of
outer-sphere relaxation rates induced by superparamagnetic NPs
[25]. Relaxation rates as a function of the 1H Larmor frequency
(LF), i.e. nuclear magnetic dispersion (NMRD) profiles, have been
described with models for the motional averaging regime (MAR),
which is defined by the condition DxsD < 1 (sD = d2/4D, where
sD is the diffusion correlation time and D the water diffusion coef-
ficient). The longitudinal relaxation can then be described by Eq.
(5) [27], where CNP is the number of particles per m3, L(x) is the
Langevin function (L(x) = coth x – x�1) with x = mNPH/kBT.

R1 ¼ 8p
135

l0

4p

� �2
m2

NPc
2
H
CNP

dD
R ð5Þ

For low anisotropy energy, the Néel relaxation dominates
(sN � sB), R is given by Eqs. (6)–(8), P is an empirical function
depending on the anisotropy energy, and JF and JA are the Freed
and Ayant spectral densities, respectively [27].
R ¼ 14P
L xð Þ
x

JF xS; sD; sNð Þ

þ 14 1� Pð Þ L xð Þ
x

þ 6 1� 2
L xð Þ
x

� L2 xð Þ
� �

JF xH; sD; sNð Þ
� 	

þ 6L2 xð ÞJA xH; sDð Þ ð6Þ

JF x;sD;sNð Þ¼Re
1þ 1=4ð Þz1=2

1þz1=2þ 4=9ð Þzþ 1=9ð Þz1=2
� �

with z¼ sD
sN

þxsDi

ð7Þ

JA x;sDð Þ¼ 1þ 5=8ð Þzþ 1=8ð Þz2
1þzþ 1=2ð Þz2þ 1=6ð Þz3þ 4=81ð Þz4þ 1=81ð Þz5þ 1=648ð Þz6
�with z¼ 2xsDð Þ1=2 ð8Þ

When the anisotropy energy is so high that the magnetic
moment of the particle is fixed on its anisotropy axis, the Brownian
relaxation dominates the Néel relaxation and then, according to
the rigid dipole model, R is given by Eqs. (7)–(10) [28].

R ¼ 14
L xð Þ
x

JF xH; sD; s?ð Þ þ 6L2 xð ÞJA xI; sDð Þ
�

þ6 1� 2L xð Þ
x

� L2ðxÞJFðxH; sD; sk
� �	

ð9Þ

s? ¼ 2L xð Þ
x� L xð Þ sB ð10Þ

sk ¼ x
L xð Þ

1
x2

� 1

sinh2x

� �
sB ð11Þ

Simulations with the above models typically give 1H NMRD pro-
files as shown in Fig. 1. These profiles show that the highest r1 val-
ues in the range of the currently most used clinical MRI scanners
(0.5–1.5 T or LF = 20–64 MHz) can be reached with small NPs
(d � 10 nm) that have high magnetization.

The transverse relaxation is ascribed to the magnetic field inho-
mogeneities created by the superparamagnetic NPs, which leads to
loss of phase coherence of the precessing nuclear spins. Various
models have been developed to describe the resulting enhance-
ment of transverse relaxation rates of spherical superparamagnetic
NPs [18,25,29–32]. Three regimes can be distinguished with limits
defined by the diffusion correlation time (sD), the static correlation
time (Dx�1), and the correlation time sCP (half the time interval
between successive 180� pulses in a Carr-Purcell-Meiboom-Gill
(CPMG) pulse sequence).

2.1. The motional averaging regime (MAR)

This regime is also called the outer-sphere regime and can be
applied for small particles if sDDx < 1. Under this condition, pro-
tons experience a large range of magnetic fields during their diffu-
sion along the NPs. This results in a motional averaging effect of
these NPs. For high magnetic field strengths (>1 T), the transverse
relaxation rate can then be described by Eq. (12) [32,33].

R2 ¼ R�
2 ¼ 16

45
fsD Dxð Þ2 ð12Þ

Here R2 and R2* are the transverse relaxation rates measured in
the presence and absence of refocusing pulses, respectively, and f is
the volume fraction of the NPs. Since the relaxation rate is propor-
tional to (Dx)2, it is also proportional to M2 (or r2, see Eq. (4)),
which is, for Mn-ferrites at magnetic field strengths larger than
1 T, usually at the saturation value (MS

2 or rS
2) or somewhat higher

due to a paramagnetic contribution to the magnetization (see
Section 3.2).



Fig. 1. Simulated 1H NMRD profiles using the low anisotropy (top row) and the high anisotropy model (bottom row) for various MS and d values. The values for the other
parameters were: D = 3 � 10�9 m2 s�1, T = 310 K, P = 0.8, g = 0.6915 Pa s, sN = 10�9 s. Adapted from [25].

Fig. 2. The dependence of the transverse relaxivity on the diameters of spherical
Mn-ferrite NPs for the MAR, SDR, and PRR as predicted with Eqs. (12), (13), and (15),
respectively, assuming D = 3 � 10�9 m2 s�1, rS = 60 A m2 kg�1, f = 1.58 � 10�5

(corresponding to a concentration of 1 mM paramagnetic ions). The red line is
calculated for sCP = 1 ms and the blue one for sCP = 0.1 ms. In the MAR and the SDR
as long as the PRR is not reached, r2 = r2*. In the PRR, r2 < r2*.
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2.2. The static dephasing regime (SDR).

For relatively large NPs, when sDDx > 2.72, the diffusion can be
practically neglected and R2* is solely dependent on Dx. Its magni-
tude can then be approximated by [34,35]:
R�
2 ¼ 2p

3
ffiffiffi
3

p fDx ð13Þ

Eq. (13) is also a good approximation for R2 as long sD < sL
[36,37], where sL is given by:

sL ¼ 1:49
Dx

x1=3 1:52þ fxð Þ5=3 ð14Þ

with x = DxsCP. In the SDR regime, r2 is linearly proportional to M.

2.3. The partial refocusing regime (PRR).

When sD > sL, the refocusing of the transverse magnetization
during the CPMG pulse sequence becomes inefficient, which
results in a decrease in R2 compared to R2* to an extent that
depends on the magnitude of sCP according to Eq. (15) [18,36,37].

R2 ¼ 1:8fx1=3 1:52þ fxð Þ5=3
sD

ð15Þ

It can be concluded that upon an increase of the size of NPs, R2*
increases linearly with sD until the SDR is reached, where after R2*
as a function of sD is constant. In the MAR, R2 and R2* are equal,
whereas, in the PRR, R2 becomes smaller than R2* if sD > sL (see
Fig. 2). Therefore, maximum relaxivities will occur for NPs with
diameters that correspond to the transition between MAR and
SDR. The region with maximum R2 moves to smaller diameters
upon an increase of rs. A gap between R2 and R2* and dependence
of R2 on sCP are indications that the sample is in the PRR.



Fig. 3. A r�H curve of [Mn0.78Fe0.22](Mn0.22Fe1.78)O4 NPs. Adapted from Ref. [42].
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Although sharp transitions between the regimes shown in Fig. 2
are not realistic, this model reasonably describes the relaxation
behavior of Mn-ferrite NPs, at least qualitatively. A more elaborate
model has been described, that predicts a smooth cross-over
between the MAR and the SDR regimes [25,38].

Coating a bare superparamagnetic NP with a diamagnetic sub-
stance naturally has consequences for its relaxivity. Taking into
account the distance dependence of Dx, f, and sD, the following
scaling may be applied for spherical NPs coated with a water-
impermeable layer:

Dximp ¼ Dxcore
dcore

dimp

� �3

ð16Þ

f imp ¼ f core
dimp

dcore

� �3

ð17Þ

sD;imp ¼ sD;core
dimp

dcore

� �2

ð18Þ

Here, the subscripts imp and core denote the parameters for the
coated and the bare NP, respectively. Substituting Eqs (16)–(18)
into Eqs. (12), (13), and (15) gives the effect on R2 and R2* of coat-
ing with an impermeable layer [39].

MAR : R2;imp ¼ R�
2;imp ¼ R2;core

dcore

dimp

� �
ð19Þ

SDR : R�
2;imp ¼ R�

2;core ð20Þ

PRR : R2;imp ¼ R2;core ð21Þ
This shows that an impermeable coating decreases the trans-

verse relaxivity in the MAR, but does not affect it outside this
regime. Eqs. (16) and (18) show that the product sDDx will
decrease upon coating of an NP. Consequently, NPs that are in
the MAR will remain in that region upon coating. Similarly, it can
be demonstrated that this is not necessarily the case for the SDR.

For water-permeable coatings, the situation is more compli-
cated; the value of f cannot be calculated directly from the diame-
ters before and after coating and the self-diffusion into the pores
may be slower than in the bulk water, whichmay increase the local
sD [40]. The latter effect will, by contrast, lead to an increase in r2 in
the MAR, no r2-effect in the SDR, and a decrease in r2 in the PRR
upon such coating. Monte Carlo simulations have shown that, also
in the region of transition between MAR and SDR, decreased R2*
values are obtained [41]. Furthermore, protons exchanging
between locations close to the paramagnetic centers and the bulk
might contribute to the relaxivity of these systems. It should be
noted that coating, particularly when it involves coordination of
paramagnetic metal ions on the surface of the core, may influence
the value of rs as well (see Section 3.5).

3. Relaxivity of manganese ferrite nanoparticles

3.1. Magnetization of manganese ferrite nanoparticles

Nanoparticulate assemblies of single domain manganese fer-
rites exhibit superparamagnetic behavior. A typical curve of the
magnetization r against the magnetic field strength H at room
temperature is fully reversible without magnetic coercivity and
remanence (see for example Fig. 3) [42]. The latter is essential
for biomedical applications because coagulation due to residual
magnetization outside of a magnetic field is undesirable. Satura-
tion of the magnetization for NPs with diameters larger than
5 nm generally occurs below 0.5 T at values that are higher than
for Fe3O4 nano-assemblies. The curve of the magnetization as a
function of the magnetic field strength H can be described by a
Langevin function (22), where mNP is the magnetic moment of a
single particle. Fitting of the experimental r � H curve with this
equation affords the saturation magnetization rS (in A m2 kg�1,
often expressed as emu g�1) and mNP. The ratio rs/mNP is equal
to the number of particles per kg (N) and mNP = nlmol, where n is
the number of molecules (formula units) per NP and lmol is the
magnetic moment per molecule ferrite [43].
r ¼ rs coth x� 1
x

� 	
¼ NmNP coth x� 1

x

� 	
with x ¼ mNPH

kBT

¼ nlmolH
kBT

ð22Þ

NPs with high rS values are favorable for application as T2 CAs
as well as for efficient heat generation in AC magnetic field hyper-
thermia therapy of cancer and other diseases [44]. The generation
of heat has also been exploited to induce drug release from cap-
sules with a thermolabile shell loaded with MnFe2O4 NPs and the
anti-cancer medicine doxorubicin [45]. Therefore, it is important
to design nanoparticles with high and tunable rS values. The main
parameters that can be tuned to optimize the relaxivity are the
composition of the ferrite, the size of the NPs, their shape, and their
coating.

Spinel ferrites are ceramic ferrimagnetic iron oxide compounds
with a complex crystal structure in which oxygen anions are in a
face-centered cubic arrangement (space group Fd3m), while the
much smaller intervening 2- and 3-valent metal cations occupy
two different sublattices, denoted by A (or Td) and B (or Oh). In
the unit cell, the metal ions are coordinated by oxygen atoms, 8
of the 64 A-sites tetrahedrally and 16 of the 32 B-sites octahedrally
whereas the remaining sites are not occupied (see Fig. 4) [46,47].
The general formula of these spinels can be represented as [M2+

1�i-
Fe3+i ]A(M2+

i Fe3+2�i)BO4, where M is a metal, usually a transition metal
or Mg. The superscripts A and B indicate the location of the metal
ions and square and round brackets are used for the A-and B-sites,
respectively. Two limiting arrangements can be discriminated: (1)
structures with 8 M2+ ions at A-sites and 16 Fe3+ ions at B-sites
(i = 0) are called normal spinels and (2) structures having 8 Fe3+ ions
at the A-sites and B-sites occupied with both 8 Fe3+- and 8 M2+-ions
(i = 1) are denoted as inverse spinels. In the above molecular for-
mula, i is the fraction of M2+ ions at B-sites and is called the degree
of inversion [48]. The thermodynamically most stable distribution of



Fig. 5. The temperature dependence of rs of some bulk ferrites. Data from ref. [47].

Fig 4. Structure of the unit cell of a cubic spinel. The four shaded octants are
mutually identical, as are the unshaded octants. Reproduced from Ref. [46] with
permission. Copyright 2008, John Wiley & Sons, Inc.
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metal ions over the A- and B-sites depends on many factors includ-
ing (1) the ion size: the smaller cations generally have a preference
for tetrahedral A-sites, (2) the electronic configuration of the metal
ions involved and their crystal field stabilization, (3) the Coulomb
energy of the charged ions in the spinel lattice [47,49,50]. The nor-
mal spinel is the thermodynamically most stable Mn-ferrite,
whereas most other ferrites of divalent ions show a preference for
inverse spinel structures [47,51].

To a first approximation, insight into the saturation magnetiza-
tion (rs) of spinel ferrites can be obtained by considering the spin
only magnetic moments of the A- and B-sites at 0 K. Oxygen anion
mediated exchange interactions between spins of neighboring
metal ions determine the sign and the magnitude of rs. The AB,
AA, and BB superexchange interactions tend to be negative, but
all spin moments cannot be negative simultaneously [46]. Since
the AB spin-interaction is usually the strongest, all A spin moments
are parallel to one another and antiparallel to the B moments. A
57Fe NMR study on Mn ferrites has demonstrated that in the pres-
ence of an external magnetic field, the B moments align in the
direction of the field and the A moments in the opposite direction
[52]. Mn2+ and Fe3+ both have 5 unpaired d-electrons and thus
have a spin-only magnetic moment (l) of 5 lB, whereas Fe2+ and
Mn3+ have 4 unpaired d-electrons and thus both have l = 4 lB at
0 K. The net magnetic moment per formula unit of a ferrite (lmol)
can be estimated by subtracting the summed magnetic moments
of the A sublattice from those of the B sublattice. In this way, it
can be estimated that for the series of inverse spinel structures
of MFe2O4 (M = Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+), lmol at 0 K
decreases with the number of unpaired d-electrons from 5 to 0
lB [53]. Moreover, the net magnetic moment of these metal ferrites
(M – Mn2+), is dependent on the degree of inversion.

It should be noted that the values of rS are maximal at 0 K and
decrease to 0 at the Curie temperature (TC), where the materials
become paramagnetic (see for example Fig. 5). The shape of a curve
of rS as a function of the temperature is the resultant of the curves
for the sublattices A and B, which sometimes may lead to a non-
continuous shape [46]. Furthermore, the values of many magnetic
properties of NPs are not the same as those of bulk materials. For
example, the Curie temperature of MnFe2O4 tends to increase
whereas rS generally decreases with decreasing particle size (see
Section 3.2) [46,47,54,55]. The value of TC is dependent on the
strength of the superexchange interaction between the A and the
B sublattices and therefore on the cation distribution over these
sites. An increase in i corresponds with the replacement of the
Mn2+-Fe3+ AB-superexchange interaction by the stronger Fe3+-
Fe3+, interaction leading to a rise of TC.

For the MAR (see Section 2.1), r2 is proportional to rs
2 and if it is

assumed that the members of the MFe2O4 series (M is a transition
metal ion) have about the same density, it follows that r2 is approx-
imately proportional to the square of the number of unpaired elec-
trons of the metal ion M. Fig. 6 shows that this is in reasonable
agreement with the experimental r2 data. The high relaxivity of
MnFe2O4 NPs has been exploited in tests of targeted probes based
on these NPs demonstrating the potential in the detection of vari-
ous types of diseases and in cell tracking [53,56–58].
3.2. Influence of the size of the nanoparticles

The size of NPs may influence the magnitudes of rs and sD,
which are both parameters governing the transverse relaxivity
(see Section 2). Often, the rs values of NPs are lower than predicted
by estimation from the magnetic moments of the metal ions inside
each particle. Moreover, an inspection of published r-H curves
shows that these curves sometimes continue to increase linearly
with the magnetic field strength after ‘‘saturation”, particularly
for the smallest NPs. This suggests that there is a paramagnetic
contribution to the magnetization in addition to the superparam-
agnetic one. Therefore, a better fit can be obtained by including a
term in Eq. (22) to account for this paramagnetic contribution



Fig. 7. Simulations with Eq. (24) of the effect of a dead layer on the value of rS. The
value of rS is assumed to be 80 A m2 kg�1.

Fig. 6. rS at RT and r2 at 1.5 T and RT as a function of magnetic moments of the
metal ion M in 12 nm NPs of MFe2O4 spinels. Constructed with data from Ref. [53].
It should be noted that in Ref. [53] rS is expressed per mass of magnetic atoms,
whereas other data in the present paper are expressed per mass of ferrite (formula
weight) unless stated otherwise. The lines are intended only as guides to the eye.

Fig. 8. Plot of rs versus d. The rs values have been obtained by fitting of reported
r-H curves with Eq. (23). The curve is calculated with the best-fit parameters of all
rs data (black and red squares) with Eq. (24) (see text). Here, red squares are data of
a set of NPs prepared using the same synthetic method (see text) [78].
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(see Eq. (23)). A similar approach has been followed by Bulte et al.
to fit the magnetization curves of iron oxide NPs [59]. Fitting of r-H
curves with Eq. (23) providesmNP, rS, and Cpara. If the paramagnetic
contribution is negligible, division of rS bymNP gives the number of
superparamagnetic molecules (N) and thus also the weight or the
volume of one NP can be calculated if the molecular weight and
the density of the ferrite, n and lmol are known.

r ¼ rs coth x� 1
x

� 	
þ CparaH with x ¼ mNPH

kT
¼ nlmolH

kT
ð23Þ

The paramagnetic contribution may be due to surface aniso-
tropy effects due to atomic disorder and symmetry breaking. These
effects result in orientations of surface spins that are not parallel
with those of the core (this effect is also known as spin-canting).
Canting of the surface spins in random directions results in a sur-
face layer with net zero magnetization: a magnetically dead layer
[60–62]. Possibly, the local Curie temperature in a paramagnetic
layer is lower than that in a magnetically dead layer. The reduction
in rs due to a dead layer can be related to its thickness (DL) by
Eq. (24), where d is the diameter of the NP. Simulations of r as a
function of d show that even a thin dead layer results in a large
decrease in the value of rS of NPs with small diameters because
the volume of the magnetically dead layer increases relative to that
of the total volume of the NP (see Fig. 7).

rs ¼ rbulk
s

d� 2DL

d

� �3

ð24Þ

Alternative Eq. (25) has been used in various publications to
estimate the effect of a dead layer on the magnitude of rS

[61,63–66].

rs ¼ rbulk
s 1� 6DL

d

� �
ð25Þ

Since the magnetic moments of Mn2+ and Fe3+ are both 5 lB, the
net magnetic moments of the normal and the inverse structures
are identical (5 lB at 0 K). Therefore, it may be expected that at a
given temperature, MnFe2O4 NPs always have the same rS. How-
ever, the experimental rS values are found to be in the range of
2–90 A m2 kg�1. In Fig. 8, values of rS obtained by fitting of 41 dif-
ferent published r-H curves on spherical MnFe2O4 NPs [64,67–86]
with Eq. (23) are displayed as a function of the reported diameters
(d) determined by transmission electron microscopy (TEM).
Although the data points are rather scattered, they show a clear
increasing trend in rS with d. Fitting of these data with Eq. (24)
gives as best-fit parameters rS

bulk = 74 A m2 kg�1 and DL = 0.4 nm.
Considering the large extent of scattering in Fig. 8, the value for
rS
bulk is in reasonable agreement with that measured in bulk

material (80 A m2 kg�1) [47]. A comparison of the best-fit value
for DL with the cell dimensions of the unit cell of MnFe2O4

(0.85 nm) suggests that the dead layer is formed mainly by the
outer surface layer. This layer probably contains metal ions that
are not fully coordinated, which may give rise to spin disorder. If
in Fig. 8 only the data of NPs prepared using one particular proce-
dure are considered, a better fit is obtained. For example, the red
squares in Fig. 8, represent data for a series of MnFe2O4 NPs that
were prepared by thermolysis of metal salts in the presence of
oleylamine (OA). The latter had a threefold role: it served as a
solvent, as a reducing agent and as a capping agent. The resulting
NPs showed rs values (at 300 K) increasing with the particle size



Fig. 10. Degree of inversion of MnFe2O4 as a function of the temperature. Adapted
from ref. [96].
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from about 33 to 80 A m2 kg�1 (after correction for the weight of
the oleylamine at the surface).[78] The application of the fitting
procedure described above gives rS

bulk = 81 A m2 kg�1 and DL = 0.3-
nm as best-fit parameters.

The influence of the NP diameter on the transverse relaxivity
through sD is dependent on the operative regime. From Fig. 2, it
may be concluded that for a particular rs value, maximum trans-
verse relaxivities may be expected in the SDR between sSDR and
sL. Fig. 9 displays a plot of rs versus d in which the borders
between the SDR and the MAR and PPR are represented by lines
simulated with s D = 2.72/Dx and sD = sL, respectively. Since under
the SDR regime, r2 is linearly proportional to Dx and thus also to
rs (see Eqs. (3) and (4)), the highest transverse relaxivities will
be found for the highest rs values in the SDR in Figs. 2 and 9.
Almost all single-crystalline Mn-ferrite superparamagnetic NPs
have core diameters below 20 nm and the maximum rs reported
is for Zn0.4Mn0.6Fe2O4 (175 A m2 kg�1 magnetic atom �107 A m2-
kg�1 material). Accordingly, very high r2 values (860 s�1 mM�1, see
Section 3.3.3) have been reported for this system [87]. As can be
seen in Fig. 9, the relaxivity is near the boundary of the MAR and
the SDR and thus is approximately the highest possible r2 within
this class of CAs. Increasing the diameter by coating with a
water-impermeable diamagnetic layer is counter-effective since
the beneficial effect of the increase in sD is less than the detrimen-
tal effect of the decrease of rs of the NP. However, clustering of NPs
by encapsulation or by inclusion in more bulky structures may
bring the system under study into the SDR. If a very high r2 is
required, very large sizes are unfavorable, because then the PRR
may be reached, where r2 becomes smaller than in the SDR. How-
ever, it should be noted that r2* is independent of the NP size in
both SDR and PRR.

The size of NPs is not only important with regard to the relax-
ivity but it also determines to a great extent their biodistribution.
Generally, small particles (20–30 nm) are eliminated by renal
excretion, while particles 30–150 nm are taken up by the reticu-
loendothelial system of the liver and other organs [88]. For optimal
cell binding of NPs, their size should be <50 nm [89]. It should be
noted that other parameters including shape and zeta potential
also play important roles in biodistribution and pharmacokinetics.
Globally, it can be stated that small particles (<30 nm) have the lar-
gest chance to reach their target.
Fig. 9. Schematic representation of the MAR, SDR, and PRR regimes. The lower
curve represents the rS, and d values for which sDDx = 2.72, whereas at the upper
curve sD = sL See Eq. (14). These curves are calculated assuming that the
concentration Fe + Mn atoms = 1 mM, q = 4.96 kgL�1, D = 3 � 10�9 m2 s�1, and
sCP = 0.1 ms.
On the other hand, larger particles have higher rs and thus
higher r2 because of the reduced spin-canting effect. By compro-
mising on these opposite requirements, Lee et al. have prepared
16 nm Mn-doped ferrite NPs (ratio Fe/Mn � 4) coated with 2,3-
dimercaptosuccinic acid (DMSA) having rs = 124.3 A m2 kg�1 metal
and r2 = 420 s�1 mM�1 at 40 �C [90]. After conjugating monoclonal
antibodies against specific cancers to these NPs, it was possible to
detect as few as 2 cancer cells in 1 lL sample volumes of unpro-
cessed fine-needle aspirates of tumors and to profile the expres-
sion of several cellular markers in less than 15 min with the aid
of a specially developed highly sensitive micro NMR probe.

3.3. Influence of the preparation and the composition of the
manganese ferrite

Mn-ferrite NPs can be prepared by several methods [50,91–94],
the most common of which include (1) calcination of mixtures of
the appropriate metal oxides at temperatures above 1200 �C and
subsequent ball milling, (2) hydrothermal or solvothermal co-
precipitation of Mn- and Fe-compounds, eventually followed by
heat treatment, and (3) solvothermal decomposition of metal com-
plexes, often acetylacetonates in the presence of a surfactant such
as oleic acid and/or oleylamine. Usually, the particle size is then
controlled with a seed-growth procedure [93]. NPs with hydropho-
bic coatings have to be made hydrophilic by ligand exchange.

The degree of inversion, i, can be influenced by the preparation
method and particularly by the thermal treatment. Accordingly,
the magnetic properties also, including rs, the magnetic aniso-
tropy, the blocking temperature, and the Curie temperature are
dependent on the preparation and temperature treatment [42].
During the co-precipitation method, higher growth rates appeared
to result in higher disorder in the cation distribution and thus in
higher i-values and consequently also in higher Curie temperatures
[95].

Neutron powder diffraction (NPD) studies have shown that the
dependency of the degree of inversion of the Mn-ferrites on the
heat treatment during their preparation can be ascribed to struc-
tural changes due to cation partitioning between the A- and B-
sites (for example, [Mn2+]A + (Fe3+)B ¡ (Mn2+)B + [Fe3+]A), which
begins between 573 K and 623 K [96–98]. Between 623 K and
1247 K, the value of i of MnFe2O4 increased monotonically from
0.13 to 0.41 (see Fig. 10) [96]. Quenching by fast cooling from tem-
peratures above 870 K affords a metastable state with i � 0.22,
which indicates that i follows its equilibrium value down to about
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870 K where it freezes [97]. At lower temperatures, the equilibra-
tion of the cation distribution becomes extremely slow.

A complicating factor in studies of Mn-ferrites may be the
occurrence of the redox equilibrium between Mn2+ and Fe3+

(Mn2+ + Fe3+ ¡ Mn3+ + Fe2+) and (partial) oxidation of Mn2+ to
Mn3+ by air. The latter may already occur during the synthesis,
for example by co-precipitation, particularly under highly basic
conditions [99]. Oxidation can be prevented by working in a
strictly inert atmosphere, particularly during hydrolytic proce-
dures at high pH. An elegant way to remove traces of Mn3+ in fer-
rites is by reduction into Mn2+ with hydrogen peroxide in an acidic
medium (2Mn3+ + H2O2 ? 2Mn2+ + O2 + 2H+) [100,101]. A
hydrothermal synthesis of Mn0.62Zn0.41Fe1.97O4 carried out under
less strictly inert conditions has been reported to result in contam-
ination with 1% a-Fe2O3 and 2% Mn3�xZnxO4 [102].

Because Mn3+-ions prefer a location in the B-site thanks to a rel-
atively high crystal-field stabilization, oxidation also affects i.
Since, after oxidation, the magnetic moment of Mn is no longer
the same as that of Fe3+ but decreases from 5 to 4 lB, the rS-
value is influenced by changes in both the degree of oxidation
and the degree of inversion.

For a full understanding of the magnetic properties of spinel
Mn-ferrites knowledge of the stoichiometry, the valence of the
metal ions, and their distribution over the A- and B-sites is indis-
pensable, requiring measurements that are challenging [103].
Unfortunately, many publications lack complete information in
this respect. The molar ratio Mn:Fe can be determined by induc-
tively coupled plasma optical emission spectroscopy (ICP-OES) or
by X-ray powder diffraction (XRD), and NPD can afford cation dis-
tribution data. The latter technique may also provide the magnetic
moments of the A- and B-sites. 57Fe Mössbauer spectra have been
used to obtain information on valences of the Fe -cations and their
distribution, but it cannot always be used to determine the location
of Fe3+-ions [98]. X-ray absorption fine structure (XAFS), X-ray
absorption near edge structure (XANES), electron energy loss spec-
troscopy (EELS), X-ray photoelectron spectroscopy (XPS), and low-
temperature spin-echo 55Mn- and 57Fe-NMR studies have been
applied to determine the valences of metal ions in Mn-ferrites
[52,67,104,105].

The thickness of a dead layer on the NP is also dependent on the
preparation procedure. For example, the preparation of MnFe2O4

NPs by co-precipitation of MnCl2 and FeCl3 in aqueous NaOH has
been reported to produce NPs with a thicker dead layer than by
precipitation with aqueous solutions of alkanolamines. A similar
phenomenon was observed with MnFe2O4 NPs prepared by
solvothermal procedures using oleylamine as both the solvent
and the capping agent [78]. These effects were attributed to the
coordination of metal ions by the amines, which provides a higher
surface spin order [60,78].

3.3.1. Stoichiometric manganese ferrites (MnFe2O4)
Bulk material and ceramically prepared NPs usually have about

20% of the Fe3+ cations located in the tetrahedral A-sites (i = 0.2).
Since the magnetic moments of Mn2+ and Fe3+ are both 5 lB, the
net magnetic moments of the normal and the inverse structures
are expected to be identical (5 lB at 0 K). However, in practice,
the net magnetic moment is always about 4.6 lB near 0 K [51]. Sin-
gle crystals of MnFe2O4 generally appear to obey the relation (26)
[106].

m ¼ 5� 2i ð26Þ
Several explanations have been put forward to explain this.

Šimša and Brabers suggested, based on high field susceptibility
measurements, that the spin moments A and B sublattices of the
inverse structure of a molecule MnFe2O4 are not co-linear, but that
the Mn2+-spins in the B sublattice are canted to the direction of the
total magnetization by about 53�. DFT calculations have suggested
that the most stable MnFe2O4 structures have Mn2+-ions at the A
site in the high spin state (l = 5 lB), whereas those at the B sublat-
tice are in an intermediate spin state (l = 3 lB) [107]. A more likely
explanation is that oxidation of Mn2+ to Mn3+ is involved, leading
to a structure that can be represented as [Mn2+

0.8Fe3+0.2]A(Mn3+
0.2Fe2+0.2-

Fe3+1.6)BO4. This structure was supported by low-temperature spin-
echo 55Mn- and 57Fe-NMR studies [52,104,105,108].

Similarly, it was demonstrated that the initial cation distribu-
tions of NPs prepared by wet co-precipitation of Fe2+ and Mn2+

and subsequent air oxidation at 343 K appeared to be different:
[Mn2+

0.48Fe3+0.32]A[(Mn2+0.06Mn3+
0.46Fe2+0.46Fe3+1.02)BO4 [108]. Upon heating at

573 K, the cation distribution of this material changed irreversibly
to become identical to that of ceramically prepared material. Chen
et al. and Zhang et al. prepared similar systems by wet co-
precipitation at 298 K followed by digestion at about 370 K for
2 h. The resulting compounds have been shown to have a metastable
random cation distribution corresponding with the ratio of the Fe
and Mn cations in the synthesis mixture [63,98]. Usually, the as-
synthesized materials of aqueous co-precipitations have higher
inversion degrees than ceramically prepared manganese ferrites. A
1/2 ratio Mn/Fe afforded systems with an initial high i value of
0.61–0.67 because the thermal energy at 298 K is insufficient for
redistribution of the cations. This as-synthesized mixture appeared
to contain both divalent and trivalent Mn. Upon heating of this mix-
ture up to 873 K in a vacuum, the Mn3+ was reduced completely and
irreversibly to Mn2+, whereas no change of the oxidation state of Fe3+

was observed by EELS spectroscopy. In this way, equilibrium states
at lower i-values were reached (i = 0.29–0.40 at 298 K) [63,98].

Heat treatment of the same as-synthesized Mn-ferrite in air can
result in partial oxidation of Mn2+ to Mn3+[63,109], which as
shown by EXAFS studies, is accompanied by a relatively small
change in the degree of inversion [42,110]. Since the Mn3+ shows
a preference for the octahedral sites, Mn2+-cations in the A-sites
exchange with Fe3+-cations in the B-sites upon oxidation to
Mn3+. This may result in the formation of non-stoichiometric fer-
rites, in which the positive charge of these structures is probably
counterbalanced by some cation vacancies in the crystals
[42,63,106,111]. From the magnetic moments of Fe3+, Mn2+, and
Mn3+ (5, 5, and 4 lB, respectively), it follows that the net magnetic
moment per molecule decreases, which agrees well with the
experimentally determined decrease in rs with the oxidation,
which for particles of the same size is also reflected in a decrease
in r2 [42,63,112].

A polycrystalline microparticulate sample of Mn-ferrite that
was obtained by a heat treatment at 1400 �C for 24 h followed
by quenching in water adopted a normal spinel structure (i = 0.2)
and can be described as [Mn0.8Fe0.2]A(Mn0.2Fe1.8)BO4. Non-
hydrolytic thermal decomposition of metal-complexes typically
resulted in high purity magnetic cores with controllable particle
sizes and higher magnetization than for hydrolytically prepared
ferrites [53]. In this way, a series of NPs of high quality single crys-
talline metal spinel ferrites MFe2O4 (M = Mn2+, Fe2+, Cu2+, Ni2+) was
prepared [53]. The MnFe2O4 NPs with a size of 12 nm had an rS

value of 79 A m2 kg�1, which is higher than the rS for Fe3O4 NPs
of the same size (73 A m2 kg�1) and about the same as bulk
MnFe2O4 (80 A m2 kg�1) [47].

In Table 1, relaxivities reported for single domain MnFe2O4 NPs
are compiled together with the parameters that govern their mag-
nitude. These NPs all have d � 21 nm. From Fig. 9, it can be con-
cluded that the transverse relaxivity is in the MAR. With these
NPs, r2 values up to 450 s�1 mM can be reached. The trends in r2
are roughly in agreement with those calculated using Eq. (12)
(see Fig. 11). In these calculations, the effects of the coating, which



Table 1
Diameters, saturation magnetization, and relaxivities of MnFe2O4 NPs.

Coatinga dTEM
(nm)b

dDLS
(nm)c

rs

(Am2kg�1) d
T
(K)e

B0
(T)e

r1
(s�1 mM�1)f

r2
(s�1 mM�1)f

Ref.

PEG-PEI 3 RT 3 43 [113]
PEG-PEI 9 RT 3 57 [113]
PEG-PEI 18 RT 3 107 [113]
DMSA 6 49 1.5 208 [53]
DMSA 9 71 1.5 265 [53]
DMSA 12 79 1.5 358 [53]
PEG-PPG-PEG-di-succ 10 29 1.6 300 1.5 236 [114]
DMSA 7.6 215 53 9.4 18.6 228 [115]
TP80 12 41 40 298 1.5 384 [74]
DMSA 15 90 RT 4.5 422 [87]
TEG 7 39 0.5 126 [85]
Au@CTAB 12 1.5 4.0 56 [116]
CTAB 8.6 55 293 9.4 197 [42]
CTAB 8.2 66 293 9.4 346 [42]
Citric acid 18 95 76 310 1.5 19.0 394 [76]
DA-PEG1000 6 11 48 RT 1.5 249 [80]
DA-PEG2000 6 13 48 RT 1.5 249 [80]
DA-PEG5000 6 19 48 RT 1.5 199 [80]
DA-PEG10000 6 23 48 RT 1.5 189 [80]
DA-PEG20000 6 27 48 RT 1.5 189 [80]
DA-PEG1000 12 22 88 RT 1.5 448 [80]
DA-PEG2000 12 24 88 RT 1.5 449 [80]
DA-PEG5000 12 29 88 RT 1.5 400 [80]
DA-PEG10000 12 35 88 RT 1.5 298 [80]
DA-PEG20000 12 42 88 RT 1.5 288 [80]
Gal-PEG3000 6 20 36 298 1.5 13.3 65 [81]
Gal-PEG3000 7.5 23 43 298 1.5 18.6 88 [81]
Gal-PEG3000 9 25 52 298 1.5 12.3 104 [81]
Gal-PEG3000 12 31 66 298 1.5 7.4 174 [81]
Gal-PEG3000 14 32 77 298 1.5 14.4 301 [81]
Gal-PEG3000 6 20 36 298 9.4 0.8 63 [81]
Gal-PEG3000 7.5 23 43 298 9.4 1.3 102 [81]
Gal-PEG3000 9 25 52 298 9.4 0.9 137 [81]
Gal-PEG3000 12 31 66 298 9.4 2.3 262 [81]
Gal-PEG3000 14 32 77 298 9.4 1.3 336 [81]
CTAB 21 6.3 298 1.5 110 [117]
NDOPA-PEG600 7.8 61 RT 3 448 [79]
Phosphorylated mPEG20000 2 8 19 300 3 8.4 21 [86]
Phosphorylated mPEG20000 3 9 25 300 3 8.2 22 [86]
Phosphorylated mPEG20000 3.9 13 29 300 3 7.0 27 [86]
PEG400 6.4 34 310 9.4 0.7 118 [66]
DHCA 3 14 43 300 7 125 [69]
DHCA 8 32 75 300 7 241 [69]
DHCA 3.9 21 RT 7 6.7 27 [118]
CREKA 4.1 19 RT 7 6.8 25 [118]
mPEG1000 3.1 26 300 3 9.9 23 [119]
PEG6000 47.8 78 1.5 1.24 61 [120]
CTAB 19.5 59 RT 1.5 296 [82]

a CREKA = Cys-Arg-Glu-Lys-Ala; CTAB = cetyltrimethylammonium bromide; DA = dodecanoic acid; DHCA = 3,4-dihydroxyhydrocinnamic acid; DMSA = 2,3-dimercapto-
succinic acid; mPEG = methoxy polyethylene glycol; NDOPA-PEG = nitrodopamine-polyethylene glycol-carboxylate; PEG = polyethylene glycol; gal = gallol; PEI = poly
(ethylene imine); PEG-PPG-PEG-di-succ = disuccinate of poly(ethylene glycol)–block-poly(propylene glycol)–block-poly(ethylene glycol); TEG = tetraethylene glycol;
TP80 = tri-aminated polysorbate 80.

b Diameter of core as determined by TEM.
c Hydrodynamic diameter as determined by DLS.
d Expressed per mass bare MnFe2O4. Values reported as expressed per mass Mn(+Fe) atoms were corrected.
e Magnetic field strength or temperature at which the relaxivities were measured
f Expressed per mM of Mn + Fe
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are difficult to predict, were not taken into account. It is noticeable
that all but one experimental values are higher than the calculated
ones. Possibly, this may be attributed to the effect of the coatings. If
the coatings were impermeable to water, the opposite effect would
be expected according to Eq. (19). Probably almost all applied coat-
ings were at least partly permeable. Possibly, the coatings
increased the ordering at the core surface, which would lead to a
rise in rS and thus also in r2. Other possible r2 increasing effects
may be due to significant inner-sphere contributions by water or
proton exchange between the coating and the bulk and to a local
decrease of sD in the coating.
3.3.2. Non-stoichiometric manganese ferrites (MnxFe3�xO4)
Relaxivities of non-stoichiometric manganese ferrites and

parameters on which they depend are summarized in Table 2. Sev-
eral groups have reported that the rS of MnxFe3�xO4 NPs as a func-
tion of x has a maximum at x � 0.4–0.6 (see Fig. 12) [119,121–124].
For example, spherical MnxFe3�xO4 NPs with a diameter of about
18.5 nm, prepared by a thermal decomposition method of metal
oleates, exhibited an almost linear increase in rS from 50.8 to
89.5 A m2 kg�1 (mass of Fe + O) at 300 K between x = 0 and
x = 0.43 (see Fig. 12) [122]. The rS values for systems with x
between 0 and 0.43 varied almost linearly (see Fig. 12) [122]. Fer-



Fig. 11. Comparison of experimental r2 values for MnFe2O4 NPs (see Table 1) with
results of calculations from Eq. (12) using d-values of the cores, determined by TEM,
D = 2� 10�9 m2 s�1, q = 4.96 kgL�1. The coating was not considered. The dashed line
represents r2,exp = r2,calc.
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rite (x = 0) adopts an inverse spinel structure ([Fe3+]A(Fe2+Fe3+)BO4)
and XRD indicates that this structure is maintained upon doping
with Mn2+. Since the Mn2+ ions prefer the tetrahedral A-sites, the
structure of these MnxFe3�xO4 NPs (x = 0 and x = 0.43) can be rep-
resented as [Mn2+

x Fe3+1�x]A(Fe2+1�xFe3+1+x)BO4. The spin-only moment for
0 � x � 1 is (x + 4) lB at 0 K, which can account for the almost linear
increase of rS that was observed between x = 0 and 0.43. However,
further increase of x above 0.43 resulted in a gradual decrease in
rS and it appeared that the r-H curves did not saturate completely
suggesting a paramagnetic contribution to the magnetization. This
has been explained by lattice distortion as supported by XRD and
HRTEM studies that indicate significantly increasing lattice distances
and disturbance of lattice fringes at the higher x values [122]. Other
possible reasons for the decrease in rs going from x = 0.4 to 1 have
been suggested: (1) weakening of the AB interaction upon an
increase of the ratio Fe3+/Mn2+ in the A-site [119,121], (2) random
spin canting at the surface of the NPs due to reduced superspin
exchange coupling [121,123]. Citrate coated particles with x = 0.57
exhibited a record high r2 of 904 s�1 mM�1 at 7 T and 300 K, which
is a factor of about 4 higher than for ferrite (Fe3O4). The r2 values
measured at a magnetic field strength of 0.5 T were about a factor
2 lower, whereas the reported r-H curves showed that the corre-
sponding r-values differed by only a factor of about 1.1, based on
which a difference in r2 of only a factor of 1.3 would be expected
assuming that the MAR regime is operative here (see Eq. (12)). This
suggests that the inner-sphere contribution to the relaxivity is sig-
nificant for these particles. The rs-value of 21.1 A m2 kg�1 for the
NPs with x = 1.06 [122] is much lower than the rS for MnxFe3�xO4

NPs (x = 1–1.12, d = 3–6 nm) prepared by thermal decomposition
of metal carbonyl complexes followed by oxidation (rS = 42–44 A m2

kg�1) [99,125] and of bulk MnFe2O4 or high-quality single crystals
(80 and 79 A m2 kg�1, respectively) [47,53]. This underlines once
again that synthetic procedures are decisive for the magnitude of
the magnetization of the products.

Similar trends in rS were observed for PEGylated [Mn2+
x Fe3+1�x]A(-

Fe2+1�xFe3+1+x)BO4 NPs (x = 0–0.34, core about 6 nm diameter) [124]. For
these ultra-small NPs, the r1 and r2 values are of the same order of
magnitude (r2 = 41–67; r2/r1 = 2–3 at 1.5 T), which provides these
materials with potential as dual-mode T1/T2 CA. Another series of
MnxFe1�xFe2O4 NPs (prepared by co-precipitation) has been
reported to have about the same or somewhat lower rs values than
SPION NPs, but surprisingly their r2 values were a factor 4 higher
[126]. In the long term, these NPs appeared to aggregate, which
may explain these high r2 values. The aggregation could be avoided
by surface coating with sodium tricitrate [127].

Oxidation of Mn2+ to Mn3+ may disturb the trend described
above, because of the lower magnetic moment of the latter (4 lB

as compared to 5 lB for Mn2+). The positions of the Fe- and Mn-
edge peaks in the XANES spectra of MnxFe3�xO4 NPs prepared by
hydrothermal decomposition of Fe(acac)3 and Mn(acac)2 under
an inert gas (Ar) have indicated the presence of considerable
amounts of Mn3+ and Fe2+ [112].

Tuning of the ratio Mn/Fe in Mn-ferrites prepared by thermal
decomposition of Mn(acac)2 and Fe(acac)3 is difficult because the
decomposition temperatures of these complexes differ signifi-
cantly (522 and 459 K, respectively). Therefore, the simultaneous
incorporation of Fe3+ and Mn2+ is often not possible without the
formation of a second phase of, for example, MnO, which is washed
out during subsequent washing procedures. Since Mn(acac)3
decomposes at about the same temperature as Fe(acac)3, it might
be a more suitable precursor than Mn(acac)2 in the preparation
of MnxFe3�xO4 NPs. A series of MnxFe3�xO4 NPs (x = 0.29–0.77, core
diameter 5–6.5 nm) has been prepared by decomposition of
Mn(acac)3 and Fe(acac)3 in a molar ratio 1:2 using a polyol as the
solvent, which served also as a mild reducing agent for the Mn3+

as well as for the surface coating of the NPs. The x-value of the pro-
duct was dependent on the choice of the polyol [110,129]. It was
assumed that Mn3+ is almost completely reduced under the condi-
tions applied whereas Fe3+ is not. There will likely be vacancies to
ensure that there is no excess positive charge on the spinel frame-
work. A structure with x = 0 would resemble maghemite, which
can be considered as an Fe2+-deficient magnetite with 1/3 vacancy.
The r-H curves showed a clear saturation and no paramagnetic
contribution. Mn2+ appeared to be located mainly in the A-sites.
A maximum magnetization at rS = 80.3 A m2 kg�1 (at 300 K) was
observed for NPs with x = 0.35. However, the highest r2 was
observed for NPs with x = 0.77. This has been explained by the for-
mation of aggregates in this sample as witnessed by dynamic light
scattering (DLS) [110]. In a recent study on 8.5 nm NPs of metal-
doped ferrites prepared by solvothermal decomposition of metal
acetylacetonates, the variations of rS-values of MnxFe3�xO4 com-
plexes with x were relatively small; a vague maximum was
observed for x = 0.7 (rS = 78 A m2 kg�1 at 300 K) [128]. Co-
dopingwith Zn2+ resulted in an increase ofrS to up to 125 Am2 kg�1

for Zn0.12Mn0.26Fe2.62O4 (see also section 3.3.3). These NPs were
coated with a dodecylamine modified (isobutylene-alt-maleic
anhydride) polymer. The r2 values were only modest (21–72 s�1-
mM�1 at 3 T and 300 K) and they did not reflect the trends
observed in rS-values. Possibly, the relatively low r2 can be
ascribed to impermeability of the applied polymeric coating layer
to water.

Preparation by co-precipitation afforded MnxFe3�xO4 NPs with a
diameter of about 20 nm that showed a linear decrease in rS from
86.0 to 4.6 A m�2 kg�1 between x = 0 and 0.75 [130]. At the same
time, the Curie temperature decreased from 610 to 510 K, suggest-
ing that the AB-superexchange energy is decreasing upon replace-
ment of Fe2+ by Mn2+.

Other preparation procedures generally result in materials with
lower rs values and thus lower r2 values. Contamination with other
metal ions and partial oxidation may influence rs as well.

3.3.3. Manganese ferrites doped with zinc (ZnxMn1�xFe2O4)
Doping of Mn2+ with another metal ion that has a lower mag-

netic moment including Mn3+ [42] Fe2+, and Zn2+ has substantial
effects on the magnitude of rs because these cations change the
antiferromagnetic superexchange interaction between the A-sites
and the B-sites [87]. EXAFS spectra indicated that the divalent
metal ions prefer the tetrahedral A sites and the substitution of



Table 2
Diameters, saturation magnetization and relaxivities of MnxFe3�xO4 NPs.

x Coatinga dTEM
(nm)b

dDLS
(nm)c

rs

(Am2kg�1)d
T
(K)e

B0
(T)e

r1
(s�1 mM�1)f

r2
(s�1 mM�1)f

Ref.

1.12 None 3 44 310 3 1.97 15 [125]
1.13 None 4.6 43.2 310 3 1.49 18 [125]
1.09 None 4.8 42 310 3 0.84 50 [125]
1.12 None 5.9 44 310 3 0.68 98 [125]
0.6 DMSA 9.3 52.8g 313 0.47 220 [90]
0.6 DMSA 12.5 75.0g 313 0.47 379 [90]
0.6 DMSA 16.3 84.7g 313 0.47 420 [90]
0.29 PEG8000 6.5 215 65.6 300 9 32.7 [110]
0.35 PG 6.0 160 80.3 300 9 64.5 [110]
0.57 TEG&PG 5.8 140 75.7 300 9 126.5 [110]
0.77 TEG 5.0 765 60.3 300 9 212.2 [110]
0 Na3 citrate 11.90 67.63 295 1.5 57.0 [126]
0.24 Na3 citrate 7.80 62.40 295 1.5 236.6 [126]
0.47 Na3 citrate 7.40 60.55 295 1.5 203.9 [126]
0.70 Na3 citrate 9.62 71.13 295 1.5 202.1 [126]
0.25 Na3 citrate 6.8 72.4 55.4 295 1.5 239.5 [127]
0.50 Na3 citrate 7.4 85.6 58 295 1.5 203.4 [127]
0.75 Na3 citrate 9.4 105.2 58.8 295 1.5 184.6 [127]
0 Na3 citrate 18.5 22.1 50.8h 300 7 244.2 [122]
0.09 Na3 citrate 18.5 21.4 60.1h 300 7 397.1 [122]
0.19 Na3 citrate 18.5 21.2 67.7h 300 7 512.5 [122]
0.31 Na3 citrate 18.5 22.4 73.3h 300 7 715.6 [122]
0.39 Na3 citrate 18.5 21.8 83.9h 300 7 855.3 [122]
0.43 Na3 citrate 18.5 20.0 89.5h 300 7 904.4 [122]
0.47 Na3 citrate 18.5 21.4 75.6h 300 7 748.4 [122]
0.53 Na3 citrate 18.5 19.8 69.9h 300 7 591.3 [122]
0.61 Na3 citrate 18.5 18.8 60.9h 300 7 460.0 [122]
0.79 Na3 citrate 18.5 25.2 44.0h 300 7 289.5 [122]
0.92 Na3 citrate 18.5 24.7 35.2h 300 7 236.4 [122]
1.06 Na3 citrate 18.5 23.2 21.2h 300 7 139.1 [122]
0.32 mPEG1000 3.11 21.78 300 3 7.02 25.95 [119]
0.37 mPEG1000 2.95 31.07 300 3 7.08 30.11 [119]
0.75 mPEG1000 3.28 26.92 300 3 10.35 26.06 [119]
1 mPEG1000 3.05 25.59 300 3 9.91 23.24 [119]
1.23 mPEG1000 3.07 10.69 300 3 9.23 21.18 [119]
1.57 mPEG1000 3.14 8.2 300 3 7.64 17.97 [119]
0.48 Dam-PMA 8.8 30 76 300 3 21 [128]
0.69 Dam-PMA 8.4 18 78 300 3 47 [128]
0.72 Dam-PMA 8.2 21 300 3 69 [128]
0.95 Dam-PMA 8.8 29 68 300 3 72 [128]

a Dam-PMA = dodecylamine modified poly(isobutylene-alt-maleic anhydride) (6 kDa); DMSA = 2,3-dimercaptosuccinic acid; mPEG = methoxy polyethylene glycol;
PEG = polyethylene glycol; PG = propylene glycol; TEG = tetraethylene glycol.

b Diameter of the core as determined by TEM.
c Hydrodynamic diameter as determined by DLS.
d Expressed per mass bare MnFe2O4 unless stated otherwise.
e Magnetic field strength or temperature at which the relaxivities were measured.
f Expressed per mM of Mn + Fe.
g At 300 K.
h Expressed per mass Fe + O atoms.
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Mn2+ in the normal spinel of MnFe2O4 with diamagnetic Zn gives a
mixed ferrite [ZnxMn1�x]A(Fe2)BO4 (x = 0–1). In this case, part of the
antiferromagnetic coupling between Mn2+ in the A-sites and Fe3+-
ions in the B-sites is removed. The magnetic moment of the A-site
is (1 � x)5 + 0 lB and that of the B-site 5 + 5 lB and since the
moments of the A- and B-sites are anti-parallel, the net magnetic
moment of the ferrite increases according to 5 + 5x at 0 K. This
trend is in agreement with the curve of rs versus the level of
Zn2+ doping at 300 K (Fig. 13, Table 3), which rises between x = 0
and 0.4, where it reaches a maximum in rs. At higher Zn2+ ion
levels (x > 0.4) antiferromagnetic A-B coupling interactions are
probably becoming so weak that the negative BB interaction comes
into play, finally resulting in antiparallel Fe3+ moments on B sites
and no net moment at 0 K for x = 1 (pure ZnFe2O4). Since r2 is pro-
portional to rs, the r2 values of (ZnxMn1�x)Fe2O4 spinels exhibit a
very high maximum of 860 s�1 mM�1 at x = 0.4 for NPs with a
diameter of 15 nm [87]. The NPs mentioned were prepared by
employing a thermal decomposition method with slow growth of
nanocrystals at 573 K. A similar trend was observed with 8 nm
NPs that were also prepared by thermal decomposition followed
by coating with nitrodopamine conjugated polyethylene glycol-
600 (NDOPA-PEG600). Those NPs had a maximum rS and r2 for
x � 0.2 (110 A m2 kg�1 and 552 s�2 mM�1 at room temperature
and 3 T) [79]. Mixed Zn-Mn ferrites prepared by a hydrothermal
precipitation method (at 453 K) showed, at room temperature,
curves with a smooth decrease of rs from about 65 to 20 A m2 kg�1

between x = 0 and 1, without a maximum [131,132]. This has been
ascribed to the formation of a metastable distribution of the metal
ions over the A- and the B-sub-lattices, at the relatively low prepa-
ration temperature. A Mössbauer spectroscopy study on 12 nm
Mn0.65Zn0.35Fe2O4 has indicated that an irreversible phase transi-
tion to a stable phase occurs by cation rearrangement upon heating
above about 500 K [133].

An alternative rationalization might be a preference for the nor-
mal spinel structure at x < 0.6, which would be in line with the
degree of inversion of MnFe2O4, which is 0.2 [46]. Large particles
(>100 nm) prepared by co-precipitation followed by calcining at
1373 K showed a similar trend [134]. From the fitting of the depen-



Fig. 12. Magnetization and relaxivity data of MnxFe3�xO4 as a function of x at 300 K.
Data from Ref. [122]. The rS values are expressed per kg Fe + O.

Fig. 13. Plot of rS at RT and r2 at 4.5 T and RT as a function of the Zn-doping degree
(x) in 15 nm NPs of Mn1�xZnxFe2O4. Constructed with data from ref. [87]. The lines
are intended only as guides for the eye.
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dencies of the magnetic moments of these particles as a function of
x to quantummechanical models, it was concluded that the prefer-
ence of Zn2+ moves from location at site A to site B at x = 0.4.

ZnxMn1�xFe2O4 NPs (diameter 10 nm) prepared at relatively
low temperatures by a hydrothermal procedure showed a weak
maximum rS at x � 0.4 and a steep decrease between x = 0.4
and 0.6, but between x = 0 and 0.4, rS was almost invariable
[131]. It was suggested that this behavior is also due to a meta-
stable distribution of the metal cations over the A- and B-sites with
Zn2+ also located in the B-sites.

Fairly high rs (98 A m2 kg�1 Fe for uncoated material) and r2
(338 s�1 mM�1 Fe) has also been achieved with monodisperse
lipid-PEGylated Mn-Zn ferrite NPs with a shell-core structure
[135]. This material has been used as a basis for theranostic agents.

Generally, the Curie temperature (TC) of a manganese ferrite
reduces with Zn-doping. This can be exploited in the design of
self-regulation agents for hyperthermia, which have a Curie tem-
perature slightly above physiological temperature and, therefore,
lose the magnetization and their heating effect as soon as the tem-
perature rises above TC [136,137].

Reported transverse relaxivities and saturation magnetization
of Zn-doped Mn-ferrite NPS of various sizes are compiled in
Table 3.

3.4. Influence of the shape of the nanoparticles

Vuong et al. have shown by Monte Carlo simulations that the
shape of NPs also affects their magnetic properties. In the MAR,
spherical superparamagnetic NPs are more effective T2 CAs than
linear ones, whereas, in the SDR, the shape has not much effect
on the transverse relaxivity [140]. However, an experimental study
on Mn-ferrites covered with oleic acid suggests that truncated
octahedral nanostructures possess lower and plates possess higher
rs values and r2 values [141]. Replacement of the oleic surface
layer of these plates by more water-soluble FA-Gd(DTPA)-PEG-
DIB chains resulted in a decrease in rs, most likely due to a
decrease in Fe content of the particles, but the r2 value rose signif-
icantly [141]. Possibly this can be ascribed to an exchange contri-
bution to the relaxivity by the Gd3+-chelates. An investigation on
the doping of SPIO particles by ion exchange with Mn2+ and Zn2+

showed that the rS values of the resulting NPs (covered with
citrate) were strongly dependent on their shapes. For NPs with
Mn/Fe = 1/13–15, the order of the magnitudes of both rS and the
corresponding r2 values was octapods > cubes > spheres (see
Fig. 14) [142]. Surprisingly, the same authors reported, for similar
particles with an Mn/Fe molar ratio of 1/5, that the order of rS and
r2 was cubes � octapods > plates [143]. It should be noted that it is
not clear whether in the above studies the NPs have the same vol-
umes and whether canting effects can be excluded. Another study
on various shapes of MnFe2O4 showed the order: needles
(400 � 8 nm) > rods (800 � 30 nm) > wires (1000 � 35 nm) [144].

3.5. Effects of coating and attachment of targeting vectors

Coating of NPs is essential for their colloidal stability under
physiological conditions [67]. NPs prepared by ceramic methods
or by solvothermal procedures in an organic solvent are hydropho-
bic. Often oleic acid and oleylamine are applied during these pro-
cedures. Ligand exchange and/or coating with a hydrophilic
compound is required to make the NPs dispersible in an aqueous
medium. Moreover, a surface coating can be used to reduce the
toxicity by preventing leaching of metal ions, to control biodistri-
bution, to hide NPs from the immune system, and to serve as an
anchor for targeting vectors. Coating of a bare Mn-ferrite NP gener-
ally will result in a decrease of its rs. As stated above (see Eqs. (19)
and (20)), a water-impermeable coating decreases the transverse
relaxivity in the MAR but does not affect it outside this regime,
obviously provided that after the coating, the system does not
move from the SDR into the MAR. However, a different situation
arises when the surface bonding chemistry influences the spin dis-
order at the surface, for example by occupying the missing O-
atoms and thus reducing the disorder. Since then the surface
resembles more the core, the thickness of the dead layer decreases,
and usually also the paramagnetic contribution to the magnetiza-



Table 3
Diameters, saturation magnetization and relaxivities of ZnxMn1�xFe2O4 NPs.

X Coatinga dTEM
(nm)b

dDLS
(nm)c

T
(K)d

B0
(T)d

rS

(Am2kg�1)e
r2
(s�1 mM�1)f

Ref.

0 DMSA 15 4.7 125g 422 [87]
0.1 DMSA 15 4.7 140g 516 [87]
0.2 DMSA 15 4.7 154g 637 [87]
0.3 DMSA 15 4.7 166g 754 [87]
0.4 DMSA 15 17 4.7 175g 860 [87]
0.8 DMSA 15 4.7 137g 388 [87]
0.72 DMSA 10 295 1.5 30h 125 [138]
0.1 None 7.7 RT 3 95 [79]
0.4 None 7.7 RT 3 89 [79]
0.2 NDOPA-PEG200 7.7 22 RT 3 110 250 [79]
0.2 NDOPA-PEG400 7.7 25 RT 3 110 433 [79]
0.2 NDOPA-PEG600 7.7 34 RT 3 110 552 [79]
0.2 NDOPA-PEG2000 7.7 47 RT 3 110 194 [79]
0.5 Nonei 8.0 20.3 RT 1.5 42 263 [139]
0.5 Fe3O4

i 10.0 27.0 RT 1.5 49 323 [139]
0.5 Fe3O4

i 12.3 28.6 RT 1.5 53 286 [139]
Zn0.12Mn0.26Fe2.6O4 Dam-PMA 8.5 21 RT 3 93 65 [128]
Zn0.15Mn0.55Fe2.3O4 Dam-PMA 8.5 26 RT 3 82 51 [128]

a Dam-PMA = dodecylamine modified poly(isobutylene-alt-maleic anhydride) (6 kDa); DMSA = 2,3-dimercaptosuccinic acid; NDOPA-PEG = nitrodopamine-polyethylene
glycol-carboxylate.

b Diameter of the core as determined by TEM.
c Hydrodynamic diameter as determined by DLS.
d Magnetic field strength or temperature at which the relaxivities were measured.
e Expressed per mass bare ZnxMn1�xFe2O4 unless stated otherwise.
f Expressed per mM of Mn + Fe.
g Expressed per mass Fe + O atoms.
h The best-fit value obtained by fitting of reported r-H curve after rescaling of the r-scale by a factor of 10.
i Acid peptized

Fig. 14. The effect of the shape on rS and r2 of Mn-doped USPIO particles. Mn/Fe
ratios: spheres 1/12, cubes 1/13, octapods 1/15 with diameters of 17, 23, 32 nm as
measured by TEM, respectively. Temperature 310 K. The r2 values were measured at
7 T. Data from ref. [142].
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tion [60,78,145]. In that case rS and r2 may increase. Moreover,
surface coating with ligands having exchangeable protons may
give rise to a significant exchange contribution to both the longitu-
dinal and transverse relaxivity. Surface coatings that require basic
reaction conditions may promote oxidation of the Mn2+ in the core
and thus lower the rS [146].

The effect of the coating of MnFe2O4 NPs (6 and 12 nm diame-
ter) with a series of amphiphilic dodecanoic-PEG block polymers of
molecular weights between 1 and 20 K has been investigated sys-
tematically (see Table 1) [80]. For both particle sizes, r2 as a func-
tion of the molecular weight of the coating polymer started to
decrease steeply above 2 K. Possibly this is due to a reduction of
the permeability of the coating for water at high MWs, due to a
changeover of the conformation of the dodecanoic-PEG chains
from the mushroom regime with folded chains in a relatively thin
layer to the brush regime with unfolded chains in a thick and less
water-permeable layer. A similar effect has been observed recently
with PEGylated zeolite NPs [147]. Likewise, Zn0.2Mn0.8Fe2O4 NPs
having a core diameter of 8 nm and coated with NDOPA-PEGn of
various PEG chain lengths showed a maximum in r2 for
n = 600 Da (r2 = 552 s�1 mM�1 at 3 T and room temperature, see
Table 3) [79].

Encapsulation of polycrystalline MnFe2O4 NPs (100–150 nm
diameter) in a mesoporous silica layer of 20–25 nm thickness fol-
lowed by attachment of folic acid through an aminopropyl-silica
linker afforded a targeting T2 CA [148]. The rs value decreased with
the two consecutive coating steps from 95 to 99 A m2 kg�1 to suc-
cessively 73–75 and 60–63 A m2 kg�1. The mesoporous silica layer
can be exploited as a drug carrier, as was demonstrated for the
anti-cancer drug doxorubicin. Other theranostic NP-systems were
prepared by first coating MnFe2O4 NPs with meso-2,3-
dimercaptosuccinic acid (DMSA) [115]. In the next step, chitosan
was attached covalently to the DMSA of such NPs. The free ammo-
nium groups of chitosan were then available for transport of neg-
atively charged drugs. In this way, multimodal theranostics
(MRI/drug delivery/hyperthermia therapy) were obtained [149].
The rs value (normalized by the total sample weight) decreased
with increasing thickness of the coating, which was ascribed to
spin canting effects due to the coating of the surface.

Covering Mn-ferrite NPs with a layer of Fe3O4 has advantages
for application in hyperthermia therapy. The core–shell interaction
between the two magnetic phases has a beneficial effect on the
heating efficiency of this type of NPs [150]. Superparamagnetic
core–shell NPs MnFe2O4@Fe3O4 with a diameter of 12.5 nm after
coating with chitosan have been reported to display much higher
r2 values (184.1 s�1 mM�1 Fe at 9.4 T and 298 K) than monophasic
NPs of comparable size (96.6 and 83.2 s�1 mM�1 Fe for Fe3O4 a
MnFe2O4, respectively), although the saturation magnetization of
all these NPs was about the same (62–69 A m2 kg�1 at 298 K) [83].
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Covering of Zn0.5Mn0.5Fe2O4 NPs with a shell of Fe3O4 resulted
in a decrease of rS at 10 K but the value of rS of the core–shell sys-
tem at 300 K was up to 25% higher than that of the core alone (see
Table 2) [139]. This effect was ascribed to exchange coupling
between the core and the shell, which was assumed to be ferrimag-
netic at 10 K and ferromagnetic at 300 K. As expected, the higher rS

values for the Zn0.5Mn0.5Fe2O4@ Fe3O4 systems at 300 K resulted
also in higher r2 values. A significant increase of rs was also
achieved by applying MnFe2O4 as a shell on a core of single-
domain ferromagnetic elemental Fe [151]. The resulting
Fe@MnFe2O4 NPs (core diameter 12 nm, total diameter 16 nm) dis-
played an unusual r-H curve with a negligible coercivity while the
core alone had a significant coercivity, probably due to the domi-
nance of the superparamagnetic contribution over the slow mag-
netization of the ferromagnetic core. At higher external magnetic
field strengths, the core contribution became dominant resulting
in an overall rs which is the volume average of the contributions
of the core and the shell (149 A m2 kg�1 at 300 K). This value is
higher than those of Fe3O4 and MnFe2O4 NPs with the same parti-
cle size, which exhibited rs values of 95 and 101 Am2 kg�1, respec-
tively. Accordingly, these Fe@MnFe2O4 NPs after making them
aqueous dispersible by an additional coating with DMSA had a high
transverse relaxivity (r2 = 356 s�1 mM�1 at 300 K). The latter coat-
ing allowed attachment of targeting vectors.

Coating of MnFe2O4 NPs (12 nm) with an aminated non-
ionogenic surfactant polysorbitol 80 afforded a polycationic CA
under physiologic conditions (see Table 1), which was taken up
by cells probably through electrostatic interaction with the nega-
tively charged cell membranes [74].

To increase stability and reduce toxicity, MnFe2O4 NPs have also
been coated with Au (see Table 1) [116].

3.6. Clustering of manganese ferrite nanoparticles

Synthetic methods to prepare Mn-ferrite NPs, such as
solvothermal decomposition of metal complexes and co-
precipitation can be used to prepare NPs with sizes up to about
20 nm. Since the diameter of the NPs is one of the principal param-
eters that govern the transverse relaxivity, the clustering of these
small NPs may be an attractive way to attempt to increase r2. Sev-
eral ways of clustering Mn-ferrite NPs have been explored, includ-
ing encapsulating dense clusters of single crystals in an
impermeable coating (core–shell systems), embedding in micelles
or liposomes, and attachment to solid supports. The resulting clus-
ters all contain substantial amounts of diamagnetic material. Anal-
ysis of the literature data on the magnetic properties of such
systems is complicated by the non-uniform way in which values
of rS and r2 are expressed in the literature. The magnetizations
are expressed either for the whole cluster or for the composing
small NPs. In both methods, the mass may be related either to
(1) the whole particles (Mn-ferrite + all diamagnetic material),
(2) Mn + Fe (+Zn), or (3) Fe. Often mass densities and the Mn-
ferrites loading (wt %) of the clusters are not known, which makes
interconversion between these unit systems impossible. In addi-
tion, the lack of knowledge on the water permeability of the
nanoparticles makes it difficult to accurately determine their effec-
tive diameters. Relaxivities are expressed in s�1 mM�1 (Mn + Fe)
but sometimes as s�1 mM�1 (Fe). Moreover, the magnetization
may be affected by the clustering, for example by altering the
thickness of the dead layer in the constituting single NPs or by oxi-
dation of Mn2+ to Mn3+ during the cluster preparation.

Monte Carlo simulations have shown that compact clusters
induce relaxation enhancements equivalent to similarly-sized
single-crystal particles [152]. Therefore, for NPs that are in the
MAR, the transverse relaxivity can also be increased by assembly
to larger clusters, such as micelles, liposomes, or by embedding
them in gels. The cluster can be considered as a particle with a total
magnetic moment as determined by Langevin’s law (Eq. (22)). Con-
sequently, the rS-values of the constituting small NPs effectively
do not add up but the overall magnetization per weight bare ferrite
remains the same, provided that magnetic interactions between
the constituent NPs of the cluster are negligible. However, an
increase in the number of NPs in a cluster (the loading density)
determines the volume fraction f, which leads to an increase in r2
[30]. Moreover, the diameter and thus sD increases upon cluster-
ing, which also contributes to an increase in r2. It should be noted
the relaxivity increase would look less impressive if it were
expressed per unit of mass rather than per mM [153].

At constant rS, r2 will rise with d in the MAR, but after passing
the border of the SDR, no further increase in r2 or r2* will take
place, and when, at even larger d, the PRR is reached r2 will
decrease, whereas r2* remains unchanged. (see Fig. 2). Besides
the beneficial effect on the relaxivity, clustering will allow a high
payload of paramagnetic ions and/or therapeutic drugs to be deliv-
ered to the site of interest, which will lead to an increased local
concentration of these ions and therefore a high sensitivity.
Another advantage of such an architecture may be the possibility
of disintegration by bio-degradation, which may be less harmful
to the body [77].

In Table 4, sizes, rS, and r2-values of clustered systems are com-
piled. From these values, it can be estimated that for the majority
of these large particles sDDx � 1, which implies that they are in
the MAR approaching the border with the SDR or in the SDR and,
therefore, relatively high r2-valuesmay be expected (see also Figs. 2
and 9). Nevertheless, only a few systems have r2 values higher than
400 s�1 mM�1 (Mn + Fe). This can be explained by a low loading
density or by the fact that the systems are under the PRR and
not under the SDR. An easy but seldom performed check to dis-
criminate between SDR and PRR is a comparison of r2 and r2*. In
the SDR these relaxivities are about equal, whereas in the PRR,
r2* > r2 with a gap between them that is dependent on sCP. This
is nicely illustrated by Tromsdorf et al. for 6 nm Mn-doped ferrites
(Mn/Fe = 0.12–0.32) embedded in micelles formed by a lipid
(250 nm), which have r2 = 122 and r2* = 825 s�1 mM�1 (Fe)
[113]. Here, it is evident that the PRR is operative. By contrast,
encapsulating the same NPs into an amphiphilic polymer shell
with a diameter of about 15 nm afforded r2 = 53 and r2* = 62 s�1-
mM�1 (Fe).

The dramatic transverse relaxation enhancing effect by the
increase in diameter due to clustering is demonstrated in an early
example by Lee et al., who clustered spherical 12 nm MnFe2O4 NPs
(rS = 79 A m2 kg�1; r2 = 358 s�1 mM�1) to spherical kernels with a
diameter of 47.3 nm that were covered with a layer of SiO2 and
subsequently a layer of Au [154]. Due to these coating layers, the
resulting NPs had diameters of 120 nm with an rS-value of only
about 2 A m2 kg�1, which should be expected because rS reduces
with the third power of the diameter increase (see Eq. (25). After
PEGylation, the NPs had an r2 of 465 s�1 mM�1 at 1.5 T. Based on
these NPs a multifunctional targeting theranostic has been devel-
oped [154].

Mn0.61Zn0.42Fe1.97O4 NPs (10 nm diameter) have been encapsu-
lated in silica. The resulting NPs consisted of a 26 nm diameter core
of clustered ferrite, surrounded by a 19 nm thick silica coating
[131,155]. The final system had a hydrodynamic diameter of
87 nm and r2 = 122 s�1 mM�1 Mn + Fe at 0.5 T and 310 K). Because
the rS of these NPs showed a linear dependence on the tempera-
ture, whereas a quadratic decrease of the transverse relaxivity
was observed in the range 70–5 �C, it was concluded that the sys-
tem is in the MAR. Single particles coated with a monolayer of
citrate showed a similar temperature dependency, whereas larger
clusters covered with TiO2 (hydrodynamic diameter 157 nm)
showed an almost linear trend with the temperature, suggesting



Table 4
Diameters, saturation magnetization, and transverse relaxivities of clustered Mn-ferrite NPs.

Composing NPs Clustered NPs Ref.

Mn/Fe dTEM
a Typeb Carrier/coatingc dTEM

a dDLS
d rS

e B0 r2
f

(nm) (nm) (nm) (A m2 kg�1) (T) (s�1 mM�1)

0.32 4.5 C PMA-TD ~15 3 32g [113]
0.12 7.5 C PMA-TD ~15 3 77g [113]
0.32 4.5 M Liposomesh ~250 3 94g [113]
0.12 7.5 M Liposomesh ~250 3 196g [113]
0.5 12 C SiO2@Au(@PEG-COOH6000) 47.3 120 2 1.5 465 [154]
0.5 7.8 M mPEG5000-b-PCL 80 65i 1.5 270 [75]
0.5 8 NG PGA/PLL 222 4.7 437 [156]
0.5 18.4 M PBMA-g-C12 (5.6 wt%) 175 2.6 9.4 192g [161]
0.5 18.4 M PBMA-g-C12 (12.5 wt%) 146 4.8 9.4 226g [161]
0.5 18.4 M PBMA-g-C12 (25 wt%) 139 18.8 9.4 472g [161]
0.5 18.4 M PBMA-g-C12 (42.1 wt%) 132 32.5 9.4 633g [161]
0.5 16.1 C Thermolabile nanocapsulesj 166 201 62k 1.5 96–120l [45]
0.5 9 M C16H33-PMAA (pH = 4.5) 160 63k 11.7 76 [77]
0.5 9 M C16H33-PMAA (pH = 7) 140 63k 11.7 50 [77]
0.5 9 M P(MANa-co-DMA) 90–100 180 63k 11.7 153 [77]
0.5 9 M P(ANa-co-DAAm) 45–65 130 63k 11.7 129 [77]
0.5 11.3 C RITC@SiO2 60–80 80 62m 9.4 596 [73]
0.5 9 M P(MANa-co-DMA-co-SDPQ)-g-PNIPAM 58 97 64 1.5 76 [71]
0.5 8.2 C SDS 75 105 93 1.5 47 [84]
Mn0.6Zn0.4Fe2O4 8 M Star-block copolymern 92 122 8.6 3 138g [157]
Mno.4Zn0.6Fe2O4 10 C SiO2 65o 0.5 0.5 300 [155]
0.5 <15 C SiO2 40 40 7.5 4.7 61 [162]
0.15 5.78 S GO-g-OAm 5.8 81 9.1 9.4 106g [158]
0.17 10.94 S GO-g-OAm 10.9 90 13.1 9.4 228g [158]
0.10 13.93 S GO-g-OAm 13.9 82 15.7 9.4 256g [158]
0.5 6 S GO sheets Sheetp 19 0.5 122g [159]

a Diameter as determined by TEM.
b C = capsules or core–shell; M = micelles; NG = nanogel; S = NPs on support.
c GO-g-OAm = graphene oxide grafted with oleylamine; mPEG = methoxy-PEG; P(ANa-co-DAAm) = copolymer of poly(sodium acrylate) and dodecyl acrylamide; PBMA-g-

C12 = poly(isobutylene-alt-maleic anhydride) grafted with dodecylamine; PCL = poly(e-caprolactone); PEG = polyethylene glycol; PGA = poly(c-glutamic acid); PLL = poly(L-
lysine); PMAA = poly(methacrylic acid); P(MANa-co-DMA) = copolymer of poly(sodium methacrylate) and dodecyl methacrylate; P(MANa-co-DMA-co-SDPQ)-g-
PNIPAM = poly(sodium methacrylate-co-dodecyl methacrylate-co-2,4-diphenyl-6-(4-vinylphenyl)quinoline) grafted with poly(N-isopropylacrylamide); PMA-TD = poly(-
maleic anhydride-alt-1-tetradecene) crosslinked by bis(6-aminohexyl)amine; RITC = rhodamine-B isothiocyanate; SDS = sodium dodecyl sulfate

d Hydrodynamic diameter as determined by DLS.
e Expressed per kg material, unless stated otherwise.
f Expressed per mM (Fe + Mn) unless stated otherwise. Measured at 298–310 K.
g Per mM Fe.
h Liposome membrane: 78.4% 1,2,3-tri-(cis,cis-9,12-octadecadienoyl)glycerol, 19.6% 1,2-diacyl-sn-glycero-3-phosphocholine and 2% 1-acyl-sn-glycero-3-phosphocholine.
i Per kg MnFe2O4.
j Thermolabile nanocapsules prepared from hexadecanediol, toluene-2,4-diisocyanate, and 2,20-Azobis[2-[1-(2-hydroxyethyl)-2-imidazolin-2-yl]propane]

dihydrochloride.
k Measured on composing single NPs.
l Depending to the number of composing NPs in the cluster.

m Per kg (Fe + Mn).
n Amphiphilic star-block polymer. For structure see Ref. [157], supporting information.
o Diameter of resulting silica embedded ferrite clusters with cluster diameter of 26 nm.
p Sheets: (70–110) � (0.8–1.1) nm.
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that these particles were close to the SDR regime, which was sup-
ported by the relatively high r2 (329 s�1 mM�1 Mn + Fe at 0.5 T and
310 K).

MnFe2O4 NPs (8 nm diameter) have been embedded into a gel
matrix by coating them with poly-(c-glutamic acid) followed by
gelation with poly(L-lysine) [156]. The resulting NPs had a diame-
ter of 222 nm with r2 = 436.8 s�1 mM�1 at 4.7 T and room temper-
ature, which is most likely in the PRR. By attachment of negatively
charged quantum dots to these positively charged NPs, a bimodal
MRI/NIR probe was constructed. Another example is the encapsu-
lation of spinel NPs of Mn0.6Zn0.4Fe2O4 with a diameter of 8 nm
(rS = 60 A m2 kg�1) in micelles of a spherical amphiphilic star-
shaped copolymer with a diameter of 92 nm. The resulting system
had rS = 8.6 A m2 kg�1 and r2 = 138 s�1 mM�1 (Fe) at 1.5 T [157].

Various systems of clustered Mn- and Mn/Zn doped ferrite NPs
have been embedded into micelles of amphiphilic compounds,
often diblock copolymers [75,77,113,156]. Comparison of the
reported rs and d data (Table 4. Fig. 9) suggests that the resulting
micelles are often in the SDR or the PRR. Polymeric micelles formed
by self-assembly of MnFe2O4 NPs (7.8 nm diameter) by an amphi-
philic diblock polymer with a hydrodynamic diameter of 79.6 nm
had a rS value of 65 A m2 kg�1, which is somewhat lower than
of a comparable monomeric system (74 A m2 kg�1) [75]. Thanks
to the larger diameter, the r2 measured with the polymeric system
(270 s�1 mM�1) was much higher than a comparable monomeric
system (66 s�1 mM�1). Menelaou et al. constructed magnetic col-
loids superparticles by assembly of 14–20 oleylamine-coated
MnFe2O4 NPs (diameter 9 nm) into micelles of amphiphilic poly-
mers to give micellar particles with hydrodynamic diameters of
130–180 nm [77]. They concluded that the relaxivity of these par-
ticles was in the SDR but from Fig. 9 and the relatively low
r2-values (50–153 s�1 mM�1 at 11.7 T) suggest that here the PRR
might be operative. The value of r2 was dependent on the shape
of the copolymer applied for the encapsulation; comb-shaped
copolymers gave rise to higher r2 values than a linear one.

Spherical MnFe2O4 NPs with a diameter of 11.3 nm have been
assembled to a system with a core of about 50 nm, which was sub-
sequently surrounded by two highly permeable mesoporous silica
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shells: a fluorescent silica shell doped with rhodamine-B-
isothiocyanate and a silica shell, without dye, to prevent photo-
bleaching and to enhance the photo-stability. The resulting NPs
have diameters of 60–80 nm with rs = 62.45 A m2 kg�1, which
likely is in the SDR (see Fig. 9) and therefore, has a rather high r2
(598 s�1 mMs�1 mM�1). This material has potential as dual T2/op-
tical imaging CA and also has good hyperthermia capabilities [73].

A spinel Mn-ferrite (with Fe/Mn ratio 10, diameter 14 nm) has
been deposited on graphene oxide sheets (GO) which were grafted
with oleylamine. After covalent attachment of mPEG5000-NH2, the
NPs with a hydrodynamic size of 82 nm had an r2 value as high
as 256 s� 1 mM�1 (Fe at room temperature) [158]. A hybrid of
GO (width: 50–500 nm, thickness: 0.8–1.1 nm) and MnFe2O4 spi-
nels with a Fe/Mn ratio of about 2 showed a saturation magnetiza-
tion (rs) close to 19.0 emu g�1 and r1 = 8.4 and r2 = 81.3 s�1 mM�1

(Fe + Mn, 0.5 T, 36 �C). Thanks to the graphene oxide support this
material also has strong optical absorbance in the near-infrared
(NIR) region and good photothermal stability, which can be
exploited for photothermal ablation of cancer cells. Furthermore,
GO@MnFe2O4 nanohybrids loaded with doxorubicin have potential
as theranostic in chemotherapy [159].

A tumor-targeting T2 CA has been prepared by encapsulating
11.7 nm MnFe2O4 NPs into L-a-phosphatidylethanolamine-hyper
branched polyglycidol (PE–HBPG) bioconjugates covalently func-
tionalized with folic acid (FA). The NPs had a rS of 59 A m2 kg�1

and after the clustering they had an r2 value of 141 s�1 mM�1 [68].
Fig. 15. Longitudinal and transverse 1H NMRD profiles of Mn1.1Fe1.9O4 NPs and the
commercial superparamagnetic iron oxide CA ‘‘Endorem” at room temperature.
Copied from Ref. [125] with permission. Copyright 2008, IOP Publishing Ltd.
Attachment of 12 nm MnFe2O4 NPs to adenovirus resulted in
hybrid systems, which are promising for in vivo MR tracking of tar-
geted viral gene delivery therapies [56]. Fluorescent polyethylenei-
minium cation-coated MnFe2O4 NPs (74 nm diameter) have been
suggested for dual-mode human mesenchymal stem cell tracking
[160]. The positively charged coated NPs are supposed to interact
with the negatively charged cell surface and, in this way, to pro-
mote uptake of the NPs.

A different approach to contrast enhancement was taken by
Choo et al., who encapsulated uniform octahedral MnFe2O4 NPs
(diameter 18.4 nm) in polymeric nanospheres [161]. The super-
paramagnetic gel particles (hydrodynamic diameters 132–
175 nm) showed separate 1H resonances of the bulk water and
water inside the gel particles with an induced shift difference that
was 3.2 ppm irrespective of the amount of MnFe2O4 NPs inside the
gel particles. This shift difference could be exploited for MRI at an
offset frequency from the main water peak. In this way, the back-
ground interference by water was effectively eliminated and
hence, the regions affected by the nanospheres would be exclu-
sively detectable. The gel particles had also impressive r2 values
(191.9–632.6 s�1 mM�1 at 9.4 T, 298 K, depending on the hydrody-
namic diameter and the loading with MnFe2O4).

Vamvakidis et al. constructed bi-magnetic clusters of the soft
magnetic MnFe2O4 NPs (9 nm, rs = 66 emu g�1 and HC = 150 Oe
at 300 K) and the hard CoFe2O4 NPs (9 nm, rs = 85 emu g�1 and
HC = 250 Oe at 300 K), covered by sodium dodecyl sulfate [84]. A
synergetic magnetic interaction of these species leads to clusters
with a hydrodynamic diameter of 105 nm with both a high rs

and HC (90 emu g�1 and 250 Oe at 300 K, respectively). This makes
these clusters promising for application as MRI CAs (r2 = 81.8 s�1-
mM�1 at 1.5 T) and magnetic hyperthermic therapy. More recently,
the same group encapsulated solvothermally prepared 9 nm
MnFe2O4 NPs in grafted co-polymers endowed with multifunc-
tional and responsive characteristics, such as thermo-responsive
shrinking upon heating just above body temperature which has
potential for drug delivery initiated by magnetic heating [71].

3.7. Manganese ferrites as T1 MRI contrast agent

The longitudinal 1H NMRD profiles reported for Mn1.1Fe1.9O4

(d = 3–6 nm, see Fig. 15) exhibit a shape as predicted for a low ani-
sotropy model (see Fig. 1) [125]. Only Mn-ferrite NPs with a high
r1/r2 value are suitable for application as T1 MRI CA. From Fig. 1
it can be concluded that for magnetic field strengths at which
the currently most used clinical MRI scanners operate (0.5–
1.5 T), a high rS and a small d (<10 nm) are favorable to reach high
r1 values. This combination of requirements makes it necessary to
avoid a large dead layer of the favorable ultra-small NPs by using a
careful synthetic protocol. At the same time, the value of r2 should
be minimized, which also requires very small NPs but now with
large dead and/or paramagnetic layers. Usually, the outer sphere
mechanism is dominant, which implies that r1 is proportional to
rS (see Eq. (1)). It should be noted that the relative contribution
of the inner sphere mechanism increases with a decrease in the
diameter of NPs because of the increase of the number of paramag-
netic atoms at the surface that are in direct contact with water pro-
tons relative to the inaccessible core atoms. Furthermore, coating
with a compound rich in exchangeable protons may give rise to
an additional large second sphere contribution.

The synthesis of small particles requires control of their com-
position and size. Using a co-precipitation procedure, this can be
achieved by burst precipitation in the presence of multidentate
polymeric ligands to avoid crystal growth. For example, Li
et al. have prepared ultrasmall MnFe2O4 NPs by co-
precipitation in the presence of poly(methacrylic acid) pentaery-
thritol tetrakis (3-mercapto propionate) [163]. The obtained NPs
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in a range decreasing from 4.9 to 2.2 nm showed a decrease in
rS from 11.6 to 0.22 A m2 kg�1 at 300 K. The smallest NPs
had an almost linear r-H curve, which suggests a very disor-
dered structure that was almost exclusively paramagnetic of nat-
ure. XPS spectra indicated that Mn2+ was partially oxidized to
Mn3+, which may have further reduced rS. All in all, it made this
material a good r1 CA (r1 = 6.61 s�1 mM�1, r2 = 35.92 s�1 mM�1

at 4.7 T and 300 K).
Thermal decomposition of metal complexes may be the prepa-

ration of choice. It is then important that the metal complexes
exhibit simultaneous decomposition dynamics, which guarantees
an initial burst of seeds with the correct stoichiometry. Zhang
et al. have designed a procedure with a combination of Fe-
erucidate (decomposition temperature 584 K) and Mn-oleate (de-
composition temperature 599 K) that allowed the controlled syn-
thesis of ultrasmall Mn-ferrite NPs with diameters of less than
4 nm [86]. With this procedure, MnFe2O4 NPs were prepared with
diameters between 2 and 3.9 nm, which showed, after coating with
phosphorylated mPEG2000, r1 values between 8.43 and 6.98 at 3 T
with r2/r1 ratios below 3.

Miao et al. have optimized 3 nm MnxFe3�xO4 NPs prepared by a
solvothermal procedure [119]. The highest rS-values were
obtained for NPs with a mPEG1000 coating for x = 0.4–0.8, and the
optimal r1 (10.35 s�1 mM�1 at 3 T; r2/r1 = 2.29) and ratio r2/r1 for
x = 0.75. A series of samples of MnxFe3�xO4 NPs with different
shapes (cubes, octapods, and plates) that were coated with citrate
showed an increase in r1 with an increase in x from 0 to 0.5. The rS-
values for NPs with x = 0.5 having these shapes were 67.3, 64.8, and
40.5 A m2 kg�1, respectively [143]. The r1 values of these NPs
showed a similar trend (57.8, 62.1, and 22.4 s�1 mM�1, respectively
at 0.5 T).

Ultrasmall MnFe2O4 NPs (diameter 3.9 nm) were coated with
dihydrocycinnamic acid and subsequently with the tumor-
targeting peptide CREKA (cys-arg-glu-lys-ala) [118]. The resulting
system had an r1 value of 6.79 s�1 mM�1 at 7 T and 313 K. These
NPs exhibited an enzyme-like response to the acidic and redox
conditions in tumors by releasing Mn2+, which resulted in amplifi-
cation of the contrast enhancement. In this way, a metastasis with
a diameter of only 0.39 mm was detected.

3.8. Manganese ferrites as dual T1-T2 MRI contrast agent

Quenching of longitudinal relaxation due to the high magneti-
zation of Mn-ferrite NPs is a common problem. Choi et al. have
tackled this by constructing core–shell particles separated by a sil-
ica layer [164]. The 15 nm core consisted of MnFe2O4 prepared by
solvothermal decomposition of metal acetylacetonates, which
served as a T2 CA, whereas a thin outer layer (1.5 nm) of Gd3+-
carbonate was used as a T1 CA. Direct contact between water and
the Gd3+ ions at the surface provided optimal longitudinal relax-
ation enhancement. The quenching of the r1 by the magnetization
of the core was minimized by tuning the thickness of the interme-
diate silica layer. Optimum values were obtained for MnFe2O4@-
SiO2@Gd2O(CO3)2 NPs having a 16 nm thick SiO2 layer, which
were coated with poly(ethylene glycol) methyl ether methacrylate
(r1 = 33.1 s�1 mM�1, r2 = 274 s�1 mM�1 at 4.7 T).

Another separation of the T1 and T2 enhancing functionalities
was achieved with acorn like shaped Janus NPs MnFe2O4@MnO
that were stabilized with PEG4000 [165]. The MnO side of these
NPs has a relatively large amount of Mn2+ ions on its surface that
boost the T1 relaxation, whereas the MnFe2O side provides a mag-
netization (rS = 2.25 A m2 kg�1 at room temperature) for enhance-
ment of the T2 relaxation. The ratio r2/r1 for these NPs was 10 at
1.41 T and room temperature.

The rs values of manganese ferrite NPs coated with gallol-PEG
(MW = 3 kDa) have been shown to increase with the particle diam-
eter [81]. The longitudinal relaxivities appear to be almost inde-
pendent of the size, whereas the transversal relaxivities strongly
increased with the particle size. This allowed tuning these NPs
through their size for application as dual T1-T2 CA. Thanks to the
PEG coating, these particles showed prolonged circulation times
in vivo.
4. Conclusions

During the last two decades, much progress has been made in
the understanding of the magnetic properties of Mn-ferrites. This
allows the design of NPs with relaxivities tuned for optimal perfor-
mance as MRI CAs. The Mn-ferrites are particularly efficient in
enhancing the transverse relaxivities. The highest r2 values can
be obtained with Mn0.6Zn0.4Fe2O4 and Mn0.4Fe2.6O4 NPs with diam-
eters of about 20 nm. A minimal magnetically dead layer is neces-
sary to reach maximal relaxivities, which seems to be achievable
by a carefully performed solvothermal synthesis eventually fol-
lowed by a seed growth procedure. The as-synthesized NPs are
hydrophobic and consequently, they need to be made water-
dispersible by covering with a hydrophilic coating for application
as MRI CAs. Minimal thickness of the coating generally is favorable
to achieve high relaxivities. NPs of less than 20 nm are generally in
the MAR. The highest r2 values are obtained near the border with
the SDR. In principle, higher r2-values would be possible by cluster-
ing to NPs with larger diameters but then passing the border of
SDR and PRR should be avoided if T2 CAs are needed because then
r2-values decrease with increasing diameter in the PRR, whereas
r2* remains constant. The magnetization of these systems generally
are saturated at magnetic field strengths higher than about 0.5 T,
and consequently, the r2 values are then independent of the mag-
netic field strength r2. Values up to about 600–800 s�1 mM�1 at
room temperature can be reached. The r2 values are higher than
those reported for commercial iron oxide NPs, which exhibit r2-
< 120 s�1 mM�1 [18].

The transverse relaxation of Mn-ferrites is generally much fas-
ter than the longitudinal relaxation, which may lead to signal loss
in T1-weighted MRI. This effect becomes more serious upon an
increase of the magnetic field strength because the longitudinal
relaxation rates decrease significantly upon an increase of the mag-
netic field strength, whereas the transverse relaxation rates are
about constant above 0.5–1 T. Sufficiently low ratios r2/r1 for appli-
cation as MRI T1 CAs are only possible with ultrasmall NPs
(<10 nm). With those systems, r1 values up to about 60 have been
reported.

Many factors other than relaxivity determine whether a partic-
ular nanoparticulate material is suitable as an MRI CA, including
its biodistribution and toxicity [166], which are both dependent
on the size of the NPs and the nature of the coatings. Many pub-
lications in this field report on pre-clinical tests, such as cytotox-
icity tests and studies on various cell lines. Many in vivo studies
have been reported mainly on mice, sometimes with implanted
tumors These are not discussed in detail as this review focuses
on the relaxivity characteristics of these agents. To the best of
my knowledge, no clinical studies on humans have been per-
formed with these agents. At present, the extremely high costs
of clinical trials of MRI CAs are a major obstacle to the introduc-
tion of new agents, especially as the expected market of these
agents is small compared to that of more profitable blockbuster
pharmaceuticals applied for wide-spread chronic diseases [6].
However, due to the trend toward personalized medicine, there
is an increasing interest in new theranostics. The manganese fer-
rites are very promising in this regard, because they can act as
efficient agents for magnetic hyperthermic therapy as well as
diagnostic agents.
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[131] O. Kaman, J. Kuličková, V. Herynek, J. Koktan, M. Maryško, T. Dědourková, K.
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CA: Contrast agent
CPMG: Carr-Purcell-Meiboom-Gill (pulse sequence)
DOTA: 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate
DLS: dynamic light scattering
DTPA: Diethylenetriamine-N,N,N0 ,N00 ,N00-pentaacetate
EELS: electron energy loss spectroscopy
ICP-OES: Inductively coupled plasma – optical emission spectroscopy
MAR: motional averaging regime
MRI: magnetic resonance imaging
NMR: nuclear magnetic resonance
NP: nanoparticle
NPD: neutron powder diffraction
PRR: partial refocusing regime
SDR: static dephasing regime
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TEM: transmission electron microscopy
XAFS: X-ray absorption fine structure
XANES: X-ray absorption near edge structure
XPS: X-ray photoelectron spectroscopy
XRD: X-ray powder diffraction
CNP: number of NPs per m3

d: diameter
DL: thickness of dead layer
H: magnetic field strength
f: volume fraction of NPs
i: degree of inversion
JA: Ayant spectral density
JF: Freed spectral density
K: anisotropy constant
kB: Boltzmann constant
L(x): Langevin function; L(x) = coth x – x�1 with x = mNPH/kBT
LF: Larmor Frequency
mNP: magnetization of a nanoparticle
M: magnetization per volume unit
N: number of NPs per kg
n: number of formula units per NP
R1: longitudinal relaxation rate
R2: transverse relaxation rate
R2*: observed rate constant of the free induction NMR signal
T: absolute temperature
TB: blocking temperature
TC: Curie temperature
T1: longitudinal relaxation time
T2: transverse relaxation time
T2*: observed time constant of the free induction NMR signal
V: volume
cH: gyromagnetic ratio of the 1H nucleus
Dx: the Larmor frequency of water protons at the particle’s surface as compared to

those at Infinity
l: spin only magnetic moment
lB: Bohr magneton
l0: the permeability of a vacuum
lmol: magnetic moment per formula unit
g: dynamic viscosity
q: density
r: magnetization per mass unit
sB: correlation time of the Brownian rotation
sCP: half the time interval between successive 180� pulses in a Carr-Purcell-

Meiboom-Gill pulse sequence
sD: diffusion correlation time
sL: correlation time defining the border between SDR and PRR
sN: Néel correlation time
xH: angular precession frequency of proton
xS: angular precession frequency of an electron
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