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A B S T R A C T

Manganese-based nanoparticles (Mn-NPs) hold great promise as MRI contrast agents and components of 
theranostic nanoplatforms, serving as a promising alternative to the more established gadolinium(III)-based 
nanosystems. This potential stems from their unique physicochemical properties and improved safety profile. 
This review introduces the fundamental principles of relaxation to highlight the key physicochemical charac
teristics of Mn-based nanosystems that influence their effectiveness. We primarily examine two oxidation states 
of manganese, Mn(II) and Mn(III), to demonstrate the efficacy of Mn-NPs as relaxation probes, with a brief 
discussion of one Mn(IV) system. Subsequently, we review recent studies on Mn-NP-based MRI contrast agents, 
focusing on the correlation between nanoparticle structure and the oxidation state of the paramagnetic centre. 
For Mn(II), the most common strategy involves utilizing stable Mn-chelates anchored to or encapsulated within 
the nanoparticles. In contrast, for the higher oxidation state, Mn(III), Mn(III)-porphyrin and phthalocyanine NPs 
are the primary non-Mn oxide nanosystems of choice. Regarding nanoplatform composition, Mn(II)-based 
platforms utilizing lipids (micelles or liposomes), polysaccharides (nanogels), dendrimers, metal-organic 
frameworks, inorganic NPs, and silicas are among the most frequently investigated. While numerous in vitro 
and in vivo animal MRI studies of Mn nanoplatforms have been reported, none have yet received clinical 
approval. We describe innovative surface modification and functionalization procedures designed to improve NP 
characteristics (e.g., size, stability, dispersibility, relaxivity, targeting, and toxicity) and impart multifunctionality 
for multimodal imaging. These strategies may provide valuable guidance for the development of Mn-NPs toward 
future clinical applications, particularly in cancer theranostics.
Statement of significance: This review provides a critical analysis of the current landscape of Mn-based nano
particles, which are increasingly being explored as MRI contrast agents and for multimodal imaging. This 
growing interest is largely driven by concerns over the potential toxicity and environmental impact of traditional 
Gd-based systems. The review introduces the key structural and dynamic parameters that determine the effec
tiveness of these nanosystems, highlighting their direct relationship with molecular design. It also examines the 
crucial stability and kinetic inertness requirements that influence their development. By critically discussing 
selected recent examples across a diverse range of nanosystems, including micelles, liposomes, silica-based 
platforms, and MOFs, this review identifies existing challenges and provides key insights to guide their future 
clinical translation.

1. Introduction

The numerous and key innovations in constructing complex 
nanometre-sized particles and in understanding their size-dependent 
chemical-physical characteristics have promptly directed the attention 
of researchers towards their applications in biomedicine. In particular, 

the development of nanoprobes for bioimaging has seen rapid 
advancement over the past two decades [1–4]. Various imaging mo
dalities are now available for preclinical applications, including mag
netic resonance imaging (MRI), optical imaging (OI), computed 
tomography (CT), positron emission tomography (PET), single photon 
emission computed tomography (SPECT), and ultrasound (US). Each of 
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these modalities has distinctive characteristics in terms of resolution, 
limit of detection, sensitivity, acquisition time and management costs 
[5]. Furthermore, each of them greatly benefits from the use of nano
particles (NPs) as contrast enhancing agents (CAs) able to improve the 
characteristics of the images and therefore their diagnostic efficacy. To 
this purpose, a wide range of nanomaterials have been designed, 
developed and utilized [6–8]. Although various properties of NPs are a 
direct consequence of their surface to volume ratio, shape and size, it is 
well known that the functionalization of their surface with suitable li
gands or chemical groups is able to modulate characteristics such as 
solubility, colloidal stability, targeting ability, the mechanism of action 
that defines their functionality (optical, magnetic, etc.), biocompati
bility and biodistribution. The surface of NPs is also relevant for the 
possibility it offers to provide them with multiple functions, e.g. to act as 
nanoprobes for combined imaging modalities or as CAs and therapeutic 
transport vehicle (theranostic) [9].

Among various imaging modalities, MRI has rapidly acquired a 
prominent role because of its many favourable characteristics. These 
include non-invasiveness, high intrinsic contrast, lack of use of ionizing 
radiation during the scan, unlimited penetration, outstanding resolution 
in the time and space (mm scale) domains and ability of application to 
any area of the body. The development of the technique and its wide
spread diffusion in clinical diagnostics have also been favoured by the 
ready availability of effective CAs [10,11]. CAs are commonly used in 
MRI to increase the image contrast, reduce the acquisition time and 
improve confidence of the diagnosis. In clinical practice, these consist of 
hydrophilic, low molecular weight paramagnetic complexes formed by 
Gd3+ ions and octadentate polyaminocarboxylic ligands, both open 
chain and macrocyclic. All these complexes share the characteristic of 
having their metal ion with a bound water molecule in the inner coor
dination sphere, which undergoes rapid chemical exchange with the 
bulk water in solution [12]. This exchange process enables the para
magnetic relaxation effect of the Gd(III) ion to be transmitted to the 
nearby solvent water molecules surrounding the complex, ultimately 
leading to shorter nuclear magnetic relaxation times T1 and T2 [13]. This 
rapid shortening of relaxation times near the CAs alters (increases) the 
T1-weighted MRI signal intensity, thereby enhancing image contrast.

CAs are also widely used in preclinical studies and MR-based mo
lecular imaging investigations. Often a key objective of these studies 
concerns the targeting of sites of biological importance present at very 
low concentrations and this raises the problem of the intrinsic low 
sensitivity of the MRI technique. To overcome this limitation, effective 
approaches to amplify the signal and contrast have been developed over 
the years. By far the most common and successful strategy aims to find 
the best compromise between two interdependent objectives: a) use a 
macromolecular or nanosized platform to attach a very large number of 
paramagnetic complexes to the same unit (103–105 metal-complexes per 
particle) [14]; b) maximize the effectiveness (relaxivity) of the indi
vidual metal complexes, used as building blocks, optimizing their 
physicochemical characteristics [15]. At typical MRI magnetic field 
strength values, the ability of a CA to increase contrast depends mainly 
on its rotational dynamics. Low molecular weight clinical CAs tumble 
rapidly, and their efficacy is rather limited. The reduction in molecular 
tumbling, measured by the rotational correlation time τR, produces a 
greater capacity of the Gd-complex to decrease the T1 and T2 values of 
the water solvent. Therefore, binding many Gd-complexes to a nano
particle (NP) entails not only confining a very high number of para
magnetic centres on a single scaffold but also, due to the very slow 
molecular tumbling of the NP (slow rotation; long τR values), the effi
cacy of each of the conjugated Gd complexes is much greater than that of 
the free complex (fast rotation; short τR values). Over the past two de
cades, a variety of paramagnetic nanosystems have been designed, 
prepared and tested both in vitro and in vivo, generally demonstrating 
enhanced effectiveness. The interest of the researchers was directed both 
to NPs in which the metal complexes were linked to (or incorporated 
into) organic materials (e.g. dendrimers, micelles, liposomes, proteins, 

polymers, nanogels, dendrimersomes, viral capsids) and to NPs based on 
inorganic/organic hybrid systems (e.g. gold NPs, quantum dots (QDs), 
metal oxides, fluorides, zeolites, mesoporous or amorphous silicas, 
metal-organic frameworks) [16–19]. While clinical MRI currently relies 
on Gd-based complexes, other paramagnetic metal ions from both the 
lanthanoid and early transition metal series have been explored for the 
development of NPs in preclinical MRI applications. In particular, those 
Mn-based have been extensively studied and many systems have been 
designed, prepared and tested [19–21].

Manganese, a first row transition metal with the electronic config
uration [Ar]3d⁵4s², can exist in multiple oxidation states within the 0 to 
+7 range. The magnetic properties of Mn ions arise from the distribution 
of unpaired electrons across the five d orbitals, with the degree of 
paramagnetism increasing with the number of unpaired electrons. In its 
high-spin divalent state, Mn(II) serves as an effective paramagnetic 
relaxation agent due the high values of its electronic spin quantum 
number value (S = 5/2) and effective magnetic moment (μeff = 5.9 μB/ 
atom), as well as favourable electronic relaxation times (relatively long, 
in the 0.1–1 ns range) and fast exchange kinetics of water molecules 
within the metal ion’s coordination sphere. These advantageous prop
erties position Mn(II)-based systems as a viable alternative to Gd(III) 
analogues for use as MRI CAs [22,23]. Mn(II) typically coordinates with 
donor atoms such as carboxylate oxygen and amino nitrogen, while the 
harder and smaller Mn³⁺ ion favours strongly electron-donating ligands 
like phenolate or catecholate groups. In fact, in the Mn(III) oxidation 
state, manganese, with its 3d⁴ electronic configuration, typically forms 
high-spin (S = 2) paramagnetic complexes. These compounds exhibit a 
reduced effective magnetic moment (μeff = 4.9 μB per atom). In fact, 
their efficiency as relaxation agents is limited by their inherently shorter 
electronic relaxation times (approximately 10 ps), despite also exhibit
ing rapid water exchange rates. Additionally, manganese readily reacts 
with oxygen forming a multiplicity of paramagnetic ions and complexes, 
such as in the MnO, Mn3O4, Mn2O3, and MnO2 Mn oxides, with +2, 
mixed +2/+3, +3, and +4 Mn oxidation states, respectively. Mn(IV) 
(3d³ electronic configuration) complexes exhibit lower paramagnetism 
(S = 3/2, μeff = 3.87 μB/atom) due to the lower number of unpaired 
electrons. Consequently, the high in vivo contrast enhancement observed 
for MnO₂-like NPs arises from the release of free Mn²⁺ ions upon particle 
dissolution, which is typically triggered by endogenous stimuli. How
ever, excess free Mn2+ ions in the body can cause severe toxicity issues, 
so it is important that they are stably and safely chelated by a poly
dentate organic ligand [24]. Manganese is a vital element found in all 
documented living organisms, serving a crucial function as a cofactor for 
enzymes and receptors. As an illustration, the enzyme involved in the 
conversion of water molecules into oxygen during photosynthesis in
corporates four manganese ions. In mammalian tissues, manganese is 
typically present at concentrations ranging from 0.3 to 2.9 mg per gram 
of wet tissue. The highest levels are found in bones, with progressively 
lower amounts in the brain, pancreas, kidneys, liver, muscles, and 
pigment-rich tissues like the retina. Within these tissues, manganese 
primarily exists in its Mn(II) oxidation state. The average human body 
comprises around 12 mg of manganese, with a daily intake of approxi
mately 4 mg from various food sources like nuts, bran, whole-grain 
cereals, tea, and parsley. Proper manganese assimilation is essential 
for normal growth, function, development, and cellular homeostasis 
[25]. However, excessive exposure to manganese can result in adverse 
health effects, including disruptions in redox balance and changes in 
central nervous system activity. Elevated manganese levels, especially in 
the brain, can have neurotoxic effects. Its excessive accumulation has 
been linked to the development of manganism, a neurological disorder 
that mimics the symptoms of Parkinson’s disease [26].

This article reviews recent research on nanosized, Mn-based MRI 
CAs, with a specific emphasis on the relationship between the structural 
characteristics of the paramagnetic centres and the properties of the NPs 
in terms of their effectiveness as relaxation probes. Cutting-edge in
vestigations also encompass approaches involving the surface 
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modification or functionalization of nanoparticles, aiming to enhance 
their properties (such as good dispersibility, targeting capabilities, and 
low toxicity) and achieve multifunctionality. Our focus is primarily 
directed towards manganese complexes that are either covalently linked 
to or physically incorporated within organic nanomaterials, as well as 
nanoparticles constructed from inorganic/organic hybrid systems. 
Consequently, this review deliberately excludes a detailed discussion of 
manganese oxides, a class of materials that has been the subject of 
comprehensive reviews by other researchers over the past decade 
[27–31]. Furthermore, we have intentionally refrained from extensively 
analyzing studies that utilize free Mn²⁺ ions as a direct source of MRI 
signal enhancement. Therefore, our discussion centers on more sophis
ticated and biocompatible manganese-based contrast agents.

2. General properties of manganese ions used as MRI contrast 
agents

2.1. Background and theory

2.1.1. Basic principles of paramagnetic relaxation
Relaxivity (ri, where i = 1 or 2) provides a straightforward way to 

determine how effectively a paramagnetic agent functions as an MRI 
probe. This parameter quantifies the increase in longitudinal or trans
verse relaxation rates (Ri, where i = 1 or 2) of water protons, adjusted to 
a standard concentration of 1 mM of the metal ion [11–12]. The 
observed longitudinal proton relaxation rate (R1

◦bs) consists of a 
diamagnetic component corresponding to the contribution of the water 
solvent (R1

w), and a paramagnetic component, which is directly pro
portional to the concentration of the paramagnetic ion: 

Robs
1 = Rp

1 + Rd
1 = r1[Mn] + Rd

1 (1) 

Relaxivity (expressed in mM-1 s-1 units) is typically factorized into 
two contributions, the so-called inner- (r1

is) and outer-sphere (r1
◦s) 

terms: 

r1 = ris
1 + ros

1 (2) 

The outer-sphere term, typically interpreted according to Freed’s 
model, describes the long-range interactions between a paramagnetic 
metal ion and water molecules diffusing in its vicinity and its contri
bution to r1 of Mn-based nanosystems is in most cases negligible, espe
cially at typical MRI fields [13]. The inner-sphere term accounts for the 
contribution of the q water molecules (where q is one or more) that 
reside in the metal ion’s inner coordination sphere for an average 
duration of τM, commonly in the 10− 9 to 10− 6 s range [23,32]. These 
water molecules exchange with those in the bulk solvent with a rate kex 
= 1/τM and this process effectively propagates the nucleus-electron 
interaction (water protons-Mn ion) to the rest of the solvent.

The inner sphere relaxivity is given by: 

rIS
1 =

pM

T1M + τM
(3) 

where pM denotes the molar fraction of water molecules belonging to the 
inner coordination sphere of the Mn ion (pM = q [M]/55.6), which 
exhibit a longitudinal nuclear magnetic relaxation time of T1M. This has 
a pronounced dependence on the Larmor frequency of observation and 
therefore also the relaxivity is frequency dependent [33]. When 
considering magnetic fields typically used in MRI (i.e., above 10 MHz), 
the 1H longitudinal relaxation rate of the water molecule(s) bound to a 
metal ion can be conveniently calculated using the following equation: 

1
T1M

=
C
r6
H

[
3τC1

1 + ω2
Hτ2

C1

]

(4) 

1
τC1

=
1
τR

+
1
τM

+
1

T1e
(5) 

where C groups together a series of constants and, in the case of the Mn 
(II) ion, corresponds to the value of 2.88×10− 31 (in CGS units), rH rep
resents the distance between the manganese ion and the protons of the 
coordinated water molecule(s), while ωH denotes the proton Larmor 
frequency. The overall correlation time τC1 (Eqs. (4) and (5)) encom
passes the three mechanisms that contribute to the time-dependent 
nucleus-electron coupling. These mechanisms are the molecular reor
ientation (τR), water exchange (kex = 1/τM) and electron relaxation (T1e) 
which is in turn frequency dependent. Due to the dependence of r1 on 
the applied magnetic field, the most convenient approach to analyse and 
evaluate the efficacy of a paramagnetic probe as a potential MRI CA is 
the measurement of relaxivity as a function of the Larmor frequency 
over a sufficiently broad range of values. The values of r1 plotted as a 
function of ωH are called NMRD profiles (Nuclear Magnetic Relaxation 
Dispersion) and are measured using a commercially available instru
mentation, the Field Cycling Relaxometer [34,12,13]. The analysis of 
the NMRD profiles through Eqs. (1)–(5) allows to obtain the molecular 
parameters that associate the relaxivity with the structural properties 
and the dynamics of the paramagnetic centres. While in small rapidly 
rotating complexes τR (ca. 50–100 ps at 298 K) generally dominates τC, 
in slowly tumbling systems it becomes comparable or even longer than 
τM and/or T1e. This has a profound influence on the shape and amplitude 
of the 1H NMRD profiles, as can be clearly seen in the simulations below 
(Fig. 1) relating to a monohydrate Mn(II) complex (q = 1) characterized 
by increasing τR values, from 0.05 to 10 ns.

It is of great importance to note that the variation of r1 with the 
decrease of the molecular tumbling has a strong dependence on the 
frequency of observation. As τR increases, the relaxivity maximum 
gradually increases, becomes narrower and moves towards lower fre
quencies. From these simulations, we can deduce that the Mn(II)-based 
nanosized systems become less and less effective as T1 CAs as the fre
quency increases. Therefore, it makes little sense to draw conclusions 
about the efficacy of an MRI nanoprobe based on data obtained only at 
high field, e.g. at 3 or 7 Tesla. Furthermore, in low molecular weight 
complexes T1M (~ 3–7 μs) is very often much greater than τM and 
therefore the water exchange rate is not a factor that limits the 
achievable r1. This condition (τM << T1M) is known as the fast exchange 
regime. However, in the case of nanosystems T1M becomes much shorter 
(due to the lengthening of τR) and therefore it could be comparable 
(intermediate exchange regime) or even longer than τM (slow exchange 
regime) [15]. In these cases, the relaxation enhancement is limited by 
the water exchange (Eq. (3)), as shown in Fig. 1B. If the system is in the 
fast exchange regime, then its relaxivity shows a clear increase with 
decreasing temperature.

Another relevant aspect that can limit the expected relaxation 
enhancement is the presence of a large component of local rotational 
motion involving the Mn-chelate linked to a nanosized structure. Weak 
correlation between global and local motions counteracts the effects 
associated with increasing molecular size and allows for limited in
creases in r1, often only a fraction of those predicted by theory. When 
this situation occurs, the NMRD profiles can be analysed using the 
model-free Lipari-Szabo approach to account for rotational dynamics 
[15]. This model considers the presence of a slow motion (overall 
rotation of the nanoparticle; τRG) and a fast motion (local reorientation; 
τRL) whose degree of correlation is described by the parameter S2 (Eqs. 
(6) and (7)). S2 assumes values between zero (motions fully indepen
dent) and one (strongly correlated motions). 

1
T1M

=
K
r6
H

[
3S2τCG

1 + ω2
Hτ2

CG
+

3
(
1 − S2

)
τCL

1 + ω2
Hτ2

CL

]

(6) 

1
τCG

=
1

τRG
+

1
τM

+
1

T1e
;

1
τCL

=
1

τCG
+

1
τRL

(7) 

The effects of an increasing difference between global and local 
motions are shown in Fig. 2, which reports the variation of simulated 
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NMRD profiles as a function of τRL in the high-frequency Larmor region.
In conclusion, the goal of relaxivity enhancement of MRI nanoprobes 

must consider the need for fine control of several parameters: i) a high 
number of paramagnetic centres per nanoparticle; ii) an optimal water 
exchange rate in the metal ion’s inner sphere; iii) a good degree of 
correlation between the local rotational flexibility of the complex and 
the global tumbling of the nanoparticle.

Finally, the following recommendations should be followed to 
ensure correct interpretation of the results: 

a) Measure R1 at two or more Larmor frequency values, one in the range 
20–80 MHz;

b) Measure R1 at three or more different temperature values (about 
15–45 ◦C) and identify the exchange regime: slow, intermediate or 
fast;

c) Determine the concentration of the paramagnetic ion very accu
rately, preferably using two different procedures.

2.1.2. MRI contrast agents
The clinical success of MRI is associated with the fact that the 

relaxation rates R1 (R1 = 1/T1) and R2 (R2 = 1/T2) of mobile tissue water 

protons vary from tissue to tissue and from pathological to normal tissue 
[35]. To increase the image contrast between pathological tissue and 
normal tissue, relaxation-enhancing agents (contrast agents; CAs) are 
often introduced that selectively influence the T1 and T2 relaxation times 
in these tissues [11]. The mechanism of action of MRI CAs involves the 
reduction of T1 and T2 relaxation times of nuclei (predominantly water) 
within the target tissue, resulting in their classification as either T1 or T2 
agents. Paramagnetic Gd(III) and Mn(II) complexes are typical MRI CAs 
as well as superparamagnetic magnetite particles [13]. By reducing 
water proton T1 and/or T2 relaxation times, these probes enhance 
contrast in MRI. This manifests as increased signal intensity (bright
ening) on T1-weighted images and decreased signal intensity (dark
ening) on T2-weighted images. The most used contrast media are 
paramagnetic positive agents that primarily accelerate the 1/T1 longi
tudinal relaxation rate in the regions where they distribute, allowing 
brighter T1-weighted images [36]. Complexes of Dy(III) or Tm(III), 
superparamagnetic or ferromagnetic nanoparticles behave as negative 
CAs. In these cases, the predominant effect is the shortening of T2, 
resulting in darker appearances of the “enhanced” regions in 
T2-weighted images [36].

In addition to r1 and r2, the r2/r1 ratio (which is always > 1) is a key 
parameter in identifying MRI contrast agent type. Optimal T1 agents (for 
positive contrast) have a ratio near one, whereas T2 agents have a large 
ratio (originating negative contrast). At 37 ◦C and 1 T, this ratio is 1.1 
and 1.3 for the clinical CAs [Gd(DTPA)]2− and GdHPDO3A (HPDO3A=
(10-(2-Hydroxypropyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triace
tate), respectively. Instead, it increases to 1.4 for GdDTPA-17 [37], a 
dendritic gadolinium chelate carrying 24 ions, and to 2.3 for ultrasmall 
superparamagnetic iron oxide nanoparticles (AMI-227) [38]. However, 
r2 can exhibit a pronounced increase with the applied field and indeed 
the r2/r1 ratio for AMI-227 becomes equal to 42.1 at 4.7 T It follows that 
the identification of a probe as a T1 or T2 agent may depend not only on 
the nature (magnetic properties) of the metal ion, but also on the mo
lecular dimensions and the Larmor frequency of observation.

The different frequency-dependence of r1 and r2 for a slowly tum
bling system is shown in the following figure (Fig. 3).

2.1.3. Basic properties of manganese ions
The manganese-based compounds of interest for the design and 

development of magnetic probes for MRI applications refer to oxidation 
states II, III and IV of the element, strictly in order of relevance and 
diffusion.

Mn(II). The Mn(II) ion is by far the most widely used in the design of 
macromolecular or nanoparticle systems. Mn(II) chelates offer a 
compelling combination of characteristics for effective MRI probe 
design. Their high chemical stability across a broad pH range 

Fig. 1. 1H NMRD profiles calculated for a Mn(II) chelate (q = 1) as the rotational correlation time (τR) was progressively increased. Other parameters are: Δ2 = 6.9 ×
1019 s− 2, τV = 28 ps, r = 2.83 Å, a = 3.6 Å, D = 2.3 × 10− 5 cm2 s− 1. A: exchange lifetime τM = 10 ns; B: exchange lifetime τM = 200 ns.

Fig. 2. 1H NMRD profiles for a Mn(II) chelate with q = 1 calculated for 
different values of the local rotational correlation time τRL. Other parameters 
are: Δ2 

= 6.9 × 1019 s− 2, τV = 28 ps, r = 2.83 Å, a = 3.6 Å, D = 2.3 × 10− 5 

cm2 s− 1.
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encompassing physiological values is complemented by a high effective 
magnetic moment (characteristic of the d5 high spin configuration), long 
electron relaxation times, and relatively fast inner-sphere water ex
change rates (Table 1). It is worth noting that in Mn(II) complexes the rH 
distance (Eq. (6)) is shorter (ca. 2.8 Å) compared to the value assumed 
by Gd(III) complexes (3.1 ± 0.1 Å). Due to the inverse sixth-power 
dependence of the dipolar contribution to the relaxation rate on the 
internuclear distance (Eq. (6)), the shorter separation between nuclear 
and electron spins helps partially offset the weaker magnetic moment of 
Mn(II). It is noteworthy that, despite these beneficial characteristics, 
only a single Mn(II)-based contrast agent has received clinical approval 
(mangafodipir trisodium, [Na3[Mn(H3DPDP)] (DPDP = dipyridoxyl 
diphosphate), TESLASCAN®) [39]. However, this Mn agent was with
drawn from the US market in 2003 and from the European market in 
2012. It is hypothesized that the diminished charge and absence of 
crystal field stabilization energy in high-spin Mn(II) ions contribute to 
the challenges encountered in achieving the necessary high thermody
namic stability and kinetic inertness. However, the Mn-PyC3A (PyC3A =
N-picolyl-N,N’,N’-trans-1,2-cyclohexenediaminetriacetate) complex has 
passed the rigorous tests required for human studies and has successfully 
completed the Phase I clinical trial [40]. In addition, the Mn(II) com
plexes of 2,4-pyridyl-disubstituted bispidine ligands have been shown to 
be characterized not only by relaxivities comparable to those of the 
corresponding Gd(III) complexes but also by a very high kinetic inert
ness, unprecedented for Mn(II) chelates [41].

Mn(III). The high-spin 3d4 cation Mn(III) has S = 2. Its electron 
relaxation time assumes the value of ca. ≤ 10 ps for the hexaaqua 
complex and about 100 ps when chelated to porphyrins [42]. Given the 
inherent instability of the Mn(III) ion in aqueous media, coordination 
with appropriate multidentate ligands is requisite for its stabilization. In 
particular, porphyrins and phthalocyanines show a particularly high 

affinity for Mn(III) and the resulting complexes have received consid
erable attention. For example, a recent study showed that Mn 
(III)-TPPS3NH2 (TPPS3NH2 = 5-(4-aminophenyl)-10,15,20-(tri-4-sulfo
natophenyl)porphyrin) is endowed with high thermodynamic stability 
and kinetic inertness against transmetalation by Zn2+ in neutral and 
acidic conditions, over two orders of magnitude higher than Gd(DOTA) 
[43]. In these complexes the Mn(III) ion has an octahedral coordination 
geometry, characterized by a plane comprised of four nitrogen atoms 
and the metal ion, with two axially positioned water molecules exhib
iting weaker binding. These low-molecular-weight complexes have q =
2 and exhibit relaxivity values that are typically between 5–15 mM− 1 s− 1 

in the frequency range 20–60 MHz and at 298 K. Even higher values can 
be obtained by restricting the molecular dynamics or by confinement in 
slowly tumbling systems. A recent review has fully and comprehensively 
described these compounds [44].

Mn(IV). Manganese has an accessible 4+ oxidation state, but there is 
no role for such a species in the preparation of metal complexes either 
discrete or anchored to macromolecular substrates. The investigated 
systems essentially concern MnO2-based nanoparticles. The 3d³ elec
tronic configuration of Mn(IV) leads to lower paramagnetism (S = 3/2, 
μeff = 3.87 μB/atom; Table 1) due to the presence of only three unpaired 
electrons. Therefore, the contrast enhancement in MnO2-based NPs is 
given by free Mn2+ release after dissolution of the particle prompted by 
endogenous stimuli. However, excess free Mn2+ ions in the body can 
cause severe toxicity issues, so it is important that they are stably and 
safely chelated by a polydentate organic ligand.

3. MRI contrast agents based on manganese nanosystems

3.1. Mn(II) systems

Mn(II)-based nanosystems can be divided in two main classes: 1) 
various types of inorganic nanoparticles (i.e. Mn(II) silicates, phos
phates, etc.) and T1-based Mn-oxide (MnO) and 2) Mn(II)-chelates or Mn 
(II)-clusters attached on or enclosed into soft and/or hard nano
structures. The topics of MnO NPs’ preparation, characterization, MR- 
imaging, and toxicological properties have been covered by many re
views [27–31], in addition to delving into the chemistry and magnetic 
resonance capabilities of responsive MnO-based CAs [45]. Therefore, in 
this review the focus will be mainly on NPs functionalized with stable 
Mn(II)-chelates and on Mn(II)-containing inorganic NPs which have not 
yet been comprehensively examined [20,21].

It should be emphasized that certain Mn-containing NPs can release 
Mn2+ over extended periods, resulting in tissue accumulation and severe 
toxicity problems as demonstrated by various toxicological studies 
[46–49]. Thus, the use of polydentate polyaminocarboxylate ligands 
that form stable and inert complexes with Mn2+ is crucial to avoid any 
release of free Mn2+ in the body [23,50]. Different types of NPs, from 
silica to lipid-based systems, can be functionalized with these para
magnetic chelates to form nanosized MRI agents. For safe in vivo use, the 
Mn-chelate used in NP preparation must be thoroughly evaluated for 
thermodynamic stability and kinetic inertness [50]. Besides its stability, 
the Mn(II) complex is chosen depending on the functional groups pre
sent on the bifunctional chelating agent (BFCA) that should be com
plementary to those on the nanosystem [51]. The BFCA ligand is 

Fig. 3. Proton 1/T1 and 1/T2 NMRD profiles calculated for a macromolecular q 
= 1 Mn(II) system characterized by a rotational correlation time τR of 10 ns and 
by an exchange lifetime τM of 30 ns. Other parameters are: Δ2 = 6.9 × 1019 s− 2, 
τV = 28 ps, r = 2.83 Å, a = 3.6 Å, D = 2.3 × 10− 5 cm2 s− 1.

Table 1 
Key chemical and physical properties of metal ions utilized as MRI contrast agents.

Metal 
ion

Free ion ground state/ 
configuration

Spin-only magnetic moment 
(μB)

Ionic radius 
(Å)

Coordination 
number

Electronic relaxation times 
(s)

Mn-Hw distance 
(Å)

Mn(II) 6S5/2 (d5) 5.9 0.83/0.90 6/7 (high spin) 10–10 - 10–8 ~2.8
Mn(III) 5D0 (d4) 4.9 0.645 6 (high spin) 10–11 - 10–9 2.6 - 2.8
Mn(IV) 4F3/2 (d3) 3.9 0.39/0.53 4/6 n.a. n.a.
Fe(III) 6S5/2 (d5) 5.9 0.64 6–7 10–11 - 10–9 2.6 - 2.7
Gd(III) 8S7/2 (f7) 7.9 1.05/1.11 8/9 10–10 - 10–8 ~3.0
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Table 2 
Overview of fundamental characteristics of some Mn(II)-based NPs as MRI (and multimodal) CAs described in this section.c.

NPs components Mn(II)-chelate Relaxivity (mM− 1 s− 1), 
298 Ka, Bo (T) b

Imaging/ therapeutic 
modalities

Cell/Animal Model Reference

a) Mn(II)-based micelles or liposomes
Dextran-based Mn(Pyridine-bis-pipecolinate) r1 = 13.3 (1.5 T) MRA Sprague-Dawley (SD) 

rats
[58]

Functionalized-texaphyrin Mn-Texaphyrin r1 = 0.99; r2 = 13.59 
r2/r1 = 13.73 (7 T) b

T2 MRI VX-2 cancer cells on 
rabbits

[59]

MnL-micelles Mn(HCDTA) Mn(DD-DO2A) 
Mn(DH-DO2A)

Mn(HCDTA) NPs r1 = 18.4; Mn(DD- 
DO2A) NPs r1 = 12.6 (0.5 T)

MRI — [60]

MnL-liposomes Mn(HCDTA) 
Mn(DD-DO2A)

Mn(HCDTA) NPs r1 = 17.3; Mn(DD- 
DO2A) NPs 
r1 = 16.3 (0.5 T)

MRI — [63]

P2MVP41-b-PEO205 Mn(tris-dipicolinate) r1 = 10.8 (0.5 T) MRI * in vivo model not 
indicated

[64]

mPEG-p(MnL-a-HDMI)-mPEG Mn-pyridine-bis-hydroxyproline r1 = 23.2 (0.5 T) 
r1 = 9.7 (3 T)

MRA Sprague-Dawley (SD) 
rats

[65]

MnL/DSPE-PEG2000 (1:19) 
micelles

MnL r1 = 24.9 (1.5 T) b MRI 4T1 tumour bearing 
BALB/c mice

[66]

Mn(C18-PhDTA)/ PEG (1:10) 
micelles

Mn(C18-PhDTA r1 = 13.3 r2 = 23.8; 
r2/r1 = 1.8 (1.5 T) b

T1 MRI 4T1 tumour bearing 
BALB/c mice

[67]

b) Mn(II) chelates on dendrimeric systems
Lysine G3 Dendrimers MnDOTAMA 

MnNOTA-MA
r1 = 3.13; r2 = 8.74 
r2/r1 = 2.79 (3 T) 
r1 = 3.80; r2 = 24.5 
r2/r1 = 6.45 (3 T)

T1-T2 MRI MDA-MB-231 human 
breast carcinoma

[71]

CLT1 peptide on MnL 
G3 dendrimer

MnDOTAMA r1 = 3.13; r2 = 8.74 
r2/r1 = 2.79 (3 T)

T1-T2 MRI MDA-MB-231 human 
breast carcinoma

[72]

MnDOTA-PAMAM- hyaluronate- 
FITC-Au NPs

MnDOTAMA r1 = 5.4 (0.5 T) CT/MRI orthotopic HCCLM3 
tumour model

[73]

MnDOTA core-dendrimer MnDOTA-amides (mixed) r1 = 3.1 (1.5 T) MRI Healthy mice [74]

c) Polysaccharides NPs functionalized with Mn(II) chelates
MnL on cellulose NCs Mn-polydopamine r1 = 38.0 (3 T) for (Mn-PDA)4@CNCs MRI/ PTT — [75]
MnL on cellulose NCs MnDTPA-amide r1 = 57 (3 T) for MnDTPA@DCNC-8 MRI/PTT RAW 264.7 and HUVEC 

cell lines
[76]

Chitosan-(Mn-DTPA)n MnDTPA-amide r1 = 15.42 (3 T) MRI Sprague-Dawley (SD) 
rats

[77]

Alginate-PDA Ca/Mn NGs Mn-alginate-PDA r1 = 12.54; r2 = 141.38 
r2/r1 = 11.27(7 T) b

T2 MRI BALB/c mice [78]

Cross-linked chitosan NGs Mn-t-CDTA-amide r1 = 30.5 (0.5 T) MRI Breast tumours [79]
d) Mn(II) chelates anchored on silica, carbon or iron oxide NPs
MSNs-MnDTPA MnDTPA-amide r1 =7.18 (1 T) b MRI C57BL/6j mice [81]
SNPs-MnCDTA MnCDTA r1 = 18.6 (0.5 T) MRI C57BL/6j mice [82]
Porous silica NPs Mn(pyridine-bis-picolinate) r1 = 8.46; r2 = 33.15 

r2/r1 = 3.92 (1.41 T)
T1-T2 MRI In vitro HeLa cells [83]

Nanodiamonds-MnEDTA (or 
MnDOTA)

MnEDTA-monoamide or 
MnDOTA

MnEDTA: r1 = 8.1; 
r2 = 72.7; r2/r1 = 8.98 (7 T) 
MnDOTA: r1 = 9.4; 
r2 = 211.7; r2/r1 = 22.5 (7 T)

T1/T2 MRI Murine hepatic tumours [84]

Mn@CC carbon NPs Mn-gluconate and aspartic acid r1 = 42.9 (1.5 T)b MRI and 
bioluminescence

orthotopic brain tumours [85]

Mn@CD carbon NPs Mn-gluconate and aspartic acid r1 = 10.8 (3.0 T)b CE-MRI Acute Kidney Injury [86]
SPIO NPs core-shell with Mn 

(Dopa-EDTA)
Mn(Dopa-EDTA) 
(d = 4 and 7 nm)

(d = 4 nm): r1 = 8.4: 
r2 = 14.7; r2/r1 = 7.8 (0.5 T) 
r1 = 5.4; r2 = 28.4; r2/r1 = 5.26 (3.0 
T) 
(d = 7 nm): r1 = 10.0; r2 = 150.0; r2/ 
r1 = 15.0(3.0 T)

MRA and T1/T2 MRI Sprague-Dawley (SD) 
rats and BALB/c mice

[87]

e) Other types of Mn(II) chelate-containing nanoassemblies
Mn-DTPA cystamine copolymer 

Mn-EDTA cystamine 
copolymer

Mn-DTPA 
Mn-EDTA

r1 = 4.74 r2 = 10.38 
r2/r1 = 2.19 (3 T) b

r1 =6.41; r2 = 9.72 
r2/r1 = 1.52 (3 T) b

T1 MRI MDA-MB-231 breast 
cancer mice

[88]

P(MnL-PEG200)-3 copolymer MnL r1 = 23.9 (1.5 T) b MRI H22 liver tumour BALB/ 
c mice

[89]

MnL-BODIPY-BSA-PEG-FA Mn(bis-2-pyridil methyl) amine r1 = 40 (3 T) b MRI/PTT HEPG2 tumour in IPC 
mice

[90]

NaScF4-PAA-Mn-porphyrin- 
HSA-RGD

Mn-porphyrin r1 = 21.5 (7 T) b PDT/MRI/OI Glioma tumour U87 cells [91]

Mn2+ on surface of Ti carbide 
(Ti3C2) nanosheet

Mn-surface of Ti3C2 r1 = 1.05 (3 T) b MRI/PTT/CDT 4T1 tumour-bearing 
mice

[92]

Ag-In-Ga-Zn-S QDs/ Mn-stearate Mn-stearate r1 = 0.28; r2 = 0.75; r2/r1 = 2.68 
(1.41 T) b

r1 = 0.15; r2 = 0.57; r2/r1 = 3.8 (2.34 
T) b

T1/T2 MRI/OI —- [93]

(continued on next page)
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characterized by its strong affinity for the Mn2+ ion and the presence of a 
functional group that facilitates stable covalent conjugation to a vector 
via a variety of chemical linkages. A detailed discussion of polydentate 
ligands employed in Mn(II) complexation, as well as the relaxometric 
and stability properties of the resulting Mn(II)-chelates, is not included 
here, as these topics have been addressed in recent review articles [23,
51].

Mn(II)-based NPs containing Mn(II)-chelates and used for MRI, 
multimodal and theranostic applications are the main focus of this 
section. Six main categories of Mn(II)-based NPs can be identified in the 
literature: 1) lipid-based NPs formed from self-assembling amphiphilic 
paramagnetic units; 2) nanoglobular dendrimeric systems containing 
Mn(II)-chelates; 3) polysaccharide NPs or nanogels (NGs) functionalized 
with Mn(II)-complexes; 4) silica, carbon or iron oxide NPs with Mn(II)- 
chelates bound at the surface or held in porous structures; and 5) more 
complicated nanoassemblies, including polymeric systems, containing 
different types of Mn(II)-chelates in interaction with other parts of the 
nanosystem. This section will be concluded with an overview of the 
different types of Mn(II)-based NPs including Mn-containing metal 
organic frameworks (MOFs), Mn(II)-containing clusters, Mn(II) inor
ganic NPs employed as T1 MRI CAs. The main properties as MRI or 
multimodal CAs of the examples reported are summarized in Table 2.

3.1.1. Mn(II)-based micelles or liposomes
The use of paramagnetic complexes linked to a hydrophobic moiety 

that allows the spontaneous self-aggregation into micelles or liposomes 
in aqueous solution have been largely employed as a strategy for 
developing high-relaxivity Gd-based systems [52–54]. Other types of 
self-assembled nanosystems have also been proposed, which contain 
block-copolymers, such as polymersomes [55], or dendritic molecules 
such as dendrimersomes [56]. In general, whereas the defining feature 
of micelles is their core-shell structure, with diameters typically between 
5 and 50 nm, liposomes are nanovesicles made up by a phospholipid 
bilayer and an aqueous core with diameter in the range 50 to 1000 nm. 
The structural properties of these lipidic nanosystems are amenable to 
control, thereby enabling the modulation of size, surface charge, and 

membrane composition, as well as the conjugation of targeting vectors 
for applications in molecular imaging [57].

In the case of Mn-based micellar systems, there are fewer examples 
than those reported for Gd-systems, although the results are somehow 
intriguing. Ai et al. reported the first example of Mn-based micelles, 
which were built by conjugating a dextran amphiphilic polymer to a 
pyridine-based constrained Mn(II)-complex through an azide-alkyne 
1,3-dipolar cycloaddition reaction (Fig. 4) [58]. At 1.5 T and 298 K, 
the ~85 nm lipidic aggregates showed a relaxivity of 13.3 mM⁻¹ s⁻¹, 
almost triple that of the mononuclear complex. A 3T magnetic resonance 
angiography (MRA) investigation in rats demonstrated large signal 
enhancement within the vasculature, affording a 50-minute imaging 
window with the use of a rather low dose of 0.1 Mn mmol/kg body 
weight.

A second notable example was reported by Zheng et al. using Mn- 
texaphyrin-phospholipidic nanoparticles to visualize by MRI the 
lymphatic drainage from the tumour region to neighbouring lymph 
nodes (Fig. 5) [59]. In this example, the pentaaza Schiff base macrocycle 
of texaphyrins bears a phospholipidic moiety and can self-assemble in a 
nanostructure after Mn-complexation and in the presence of cholesterol 
and a pegylated phospholipid as coadjuvant. The Mn-nanotexaphyrins 
exhibit a size of 100 nm and a r1 at 7 T of 0.81 mM− 1s− 1. The relax
ivity value is even lower than that of the Mn-texaphyrin-phospholipid 
complex (0.99 mM− 1s− 1) probably due to the formation of a nano
vesicle with an aqueous core: the Mn-complexes are distributed between 
the inner and the outer compartments and generate two different con
tributions depending on the water permeability through the lipid 
bilayer. We can presume that, in this example, the permeability is low 
and the Mn-complexes pointing inwards do not contribute to the overall 
relaxivity. It should also be noted that paramagnetic nanosized systems 
exhibit a T1 relaxivity that peaks at magnetic fields around 0.4 to 1 Tesla, 
reaching its maximum values. At B0 values ≥ 3 T, it is established that 
nanosized systems are not efficient as T1 agents [15]. Nevertheless, 
Mn-nanotexaphyrins were studied in vitro to determine their stability in 
serum and in vivo on rabbits to show a strong contrast enhancement in 
the lymph nodes after subcutaneous injection in the tumour area [59].

Table 2 (continued )

NPs components Mn(II)-chelate Relaxivity (mM− 1 s− 1), 
298 Ka, Bo (T) b

Imaging/ therapeutic 
modalities 

Cell/Animal Model Reference

f) Mn-containing metal organic frameworks (MOFs)
Mn(BDC)(H2O)2 and 

Mn3(BTC)2(H2O)6 MOFs
Terephthalic (BDC) and trimesic 
(BTC) acid bridging ligands

r1= 5.5; r2 = 80.0; r2/r1 =14.5 (BDC) 
(3.0 T) 
r1= 7.8; r2 = 70.8; r2/r1 = 9.1(BTC) 
(3.0 T)

T2 MRI/OI HT-29 cells incubated 
with 
c(RGDfK)-targeted and 
nontargeted MOFs

[97]

[Mn2(Cmdcp)2(H2O)2 MOFs N-(4-carboxybenzyl)-(3,5- 
dicarboxyl) pyridinium bromide

r1 = 17.5 (0.5 T, 303 K) MRA Healthy mice [98]

PEG-Mn-MOF-74 2,5-dihydroxy terephthalic acid r1 = 13.5; r2 = 46.8; 
r2/r1 = 0.29 (1T)

T1 MRI BALB/c nude mice [99]

MTX-Mn@PEG Mn-methotrexate (Methotrexate) 
and DSPE-PEG

r1 = 7.8 (0.5 T) MRI/ChT BALB/c nude mice 
bearing HeLa tumours

[100]

DOX@Mn(II)-PBC MOF Mn(II)-PBC r1 = 3.73 (0.5 T) MRI/ChT In vitro HeLa cells [101]
GMTF NSs Mn(II)-TCPP-Gd3+-F-127 r1 =4.40 (3T) MRI/CDT/SDT CT26 tumor-bearing 

mice
[103]

g) Paramagnetic Mn(II) clusters and other inorganic NPs
Mn3(O2CCH3)6(Bpy)2 cluster 

Mn3Bpy-Pam nanobeads
Bipyridine and acetate r1 = 6.9; r2 = 124.7; 

r2/r1 = 18.07(Cluster) (9.4T) 
r1 = 54.4; r2 = 144; 
r2/r1 = 2.65 (NPs) (9.4 T)

T1/T2 MRI healthy mice and with 
xenograft tumours

[104]

K4–2xMnxRe6Se8 NPs hexarhenium clusters r1 = 8.9; r2 = 10.9; 
r2/r1 = 1.22 (0.47 T, 310 K)

T1/T2 MRI ——- [105]

HA-MnWO4 NPs Hyaluronic acid and MnWO4 r1 = 0.78; r2 = 6.76; 
r2/r1 = 8.67 (1.2 T)b

T1/T2 MRI/CT Kunming or 
MDA-MB-231 tumour- 
bearing mice

[106]

PEG-coated KMnF3 NPs KMnF3 r1 = 23.15; r2 = 74.1; 
r2/r1 = 3.2 (3.0 T)

T1/T2 MRI Kunming naked mice [109]

a Unless otherwise stated
b Temperature not indicated
c r2 not shown when not calculated.
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Furthermore, amphiphilic Mn(II) chelates based on EDTA (ethyl
enediaminetetraacetate) and 1,4-DO2A (1,4,7,10-tetraazacyclodode
cane-1,4-diacetate) bearing one or two carbon chains on the ligand 
structure were shown to form micelles in water or by combining them 
with specific phospholipids (Fig. 6A) [60] [Mn(EDTA)]2− is a 
mono-aquo complex with a sufficient thermodynamic stability (logKML 
= 12.95) and a good relaxivity (3.3 mM− 1 s− 1), although its kinetic 
inertness is insufficient for in vivo applications (t1/2 at pH 7.4 = 4.56 
min). On the other hand, Mn(1,4-DO2A) is a neutral complex that exists 
in equilibrium between two forms: a monohydrate (q = 1) hepta
coordinated species and a hexacoordinated species lacking a bound 
water molecule. The approximate ratio of these species is 87:13 [61]. Its 
relaxivity is lower than for [Mn(EDTA)]2− (2.1 mM− 1 s− 1), but it largely 
exceeds in terms of stability and kinetic inertness in physiological con
ditions (log KMnL = 15.68; t1/2 at pH 7.4 = 57 h) [62]. Good relaxivity 
values and sizes in the range 13–84 nm were displayed by the micelles 
based on amphiphilic MnEDTA-like or Mn(1,4-DO2A)-like complexes 
carrying one (or two) C12 or C16 aliphatic chain(s). In particular, the 
chelates with two aliphatic chains show a partially blocked local rota
tion once they are incorporated into the lipidic nanoparticle resulting in 
high relaxivity values (Fig. 6B: r1 = 18.4 mM− 1s− 1 for [Mn(HCDTA)]2−

and 12.6 mM− 1 s− 1 for MnDD-DO2A, at 298 K, 0.5 T) (HCDTA = 13, 
14-hexacosanediamine-N,N,N′,N′-tetraacetic acid, DD-DO2A = 1,4,7, 
10-tetraazacyclododecane-7,10-didodecyl-1,4-diacetate) [60]. The 
same EDTA and DO2A-like Mn-chelates were also embedded in the 
phospholipid bilayer of liposomes, and the study revealed that the for
mation of liposomes (~110 nm size), non-vesicular bicelles (~14 nm 
size), or a combination of both, as well as the size and morphology of the 
nanoaggregates, are influenced by the length and position of the 
aliphatic chains, as shown in Fig. 6C for the diamagnetic Zn2+ analogues 
[63]. The relaxivities of the nanosystems were similar to those found for 
the previously reported micelles, i.e.: with 20 % of Mn-chelate in the 
formulation DPPC 75 % and DSPE-PEG2000 5 % (DPPC = dipalmi
toylphosphatidylcholine, DSPE =1,2-distearoyl-sn‑glycero-3-phosphoe 
thanolamine) the relaxivity values at 298 K and 0.5 T were 17.3 
mM− 1s− 1 for [Mn(HCDTA)]2− (bicelles) and 16.3 mM− 1 s− 1 for Mn 
(DD-DO2A) (liposomes). No in vivo studies have been reported on 
these lipidic nanoparticles yet. However, they hold great promise as MRI 
agents and as theranostic platforms for targeted drug delivery and 
controlled release to pathological sites [63].

Another example of micellar aggregates containing Mn-chelates was 
reported by Cohen Stuart et al. and consists of the assembly of three 
components (a polycationic diblock co-polymer, Mn2+ ions and tri- or 
dimeric ligands) held together mainly by electrostatic interactions 
(Fig. 7) [64]. These nanoparticles have the peculiarity of being stable at 
high concentrations of salts (i.e. buffers) owing to the presence of 
tris-dipicolinic acid (DPA) ligands that stabilise the nanoconstructs. The 
micelles containing the tris-DPA ligand exhibit a r1 of 10.8 mM− 1 s− 1 

(0.47 T, 298 K). They were also tested in vivo at 0.5 T and at a dose of 30 
μmol kg− 1 showing a good signal enhancement at 2 h post injection.

Recently, a two-step polycondensation reaction involving the 
chelator pyridine-bis-hydroxyproline, hexamethylene diisocyanate 
(HMDI), and polyethylene glycol of varying molecular weights (mPEG-P 
(L-a-HMDI)-mPEG) was developed to obtain a series of polyurethane- 
based amphiphilic polymers [65]. The resulting Mn(II)-chelates 
(mPEG-P(MnL-a-HMDI)-mPEG) aggregate in 48 nm size micelles hav
ing a low critical micelle concentration (CMC) of 4.7 mg L⁻¹, and high 
relaxivity (in case of the mPEG2k system, r1 = 23.2, 14.4 and 9.7 mM− 1 

s− 1 at 0.5 T, 1.5 T and 3.0 T, respectively). This aggregated system was 
selected to carry out an in vivo MRA study, and demonstrated 
outstanding performance in T1 contrast enhancement, showcasing good 
vascular imaging and effective stenosis detection, all without Mn(II) 
brain accumulation. The same Mn-chelate functionalized with two C12 
aliphatic pendant arms was used in the preparation of mixed micelles 
with DSPE-PEG2000 phospholipid. Different ratios of the Mn-chelate 
versus DSPE-PEG2000 formed micelles with different sizes and 

relaxivities, with lower manganese doping density exhibiting increased 
q and enhanced relaxivity (r1 of the micelle with DSPE-PEG2000/MnL 
mass ratio: 19:1 is 24.9 Mn mM− 1 s− 1 at 1.5 T). In vivo sentinel lymph 
node (SLN) imaging was performed showing that DSPE-PEG/MnL mixed 
micelles could differentiate metastatic SLN from inflammatory lymph 
nodes [66].

Finally, aiming to obtain MR images of SLNs, Chen et al. used a 
similar approach to construct hybrid micelles by replacing the Mn 
chelate with an amphiphilic Mn(PhDTA) (PhDTA = o-phenylenedi
amine-N,N,N′,N′-tetraacetic acid) complex and the DSPE-PEG2000 with 
a C18-PEG polymer. In this case the maximum relaxivity at 1.5 T was 
reached with the 1:10 MnL-PEG-C18 mass ratio, being 13 mM− 1 s− 1. The 
injection of these lipidic NPs at 125 μg Mn/Kg allowed to obtain bright 
images of lymph nodes at 2 h p.i. without signal intensity alteration in 
non-lymphoid regions [67].

3.1.2. Mn(II) chelates on dendrimeric systems
The use of dendrimers, in particular polyamidoamine (PAMAM) 

dendrimers, for the conjugation of a growing number of Gd-chelates at 
the outer edge and for increasing the relaxivity has been largely inves
tigated since 1994 [68–70]. In fact, dendrimeric scaffolds offer several 
favourable properties such as well-defined size and shape, low poly
dispersity, safety and ease of chemical functionalization. In the case of 
Mn(II) systems, the first examples were reported by Tan et al. who 
functionalized a generation 3 (G3) lysine dendrimer with silsesquioxane 
core functionalized with MnDOTA-monoamide (DOTA = 1,4,7,10-tet
raazacyclododecane-1,4,7,10-tetraacetate) chelates and a peptide that 
binds the fibrin-fibronectin complexes or oncofetal fibronectin in 
tumour stroma (CLT1) (Fig. 8) [71]]. The nanoglobular agent had a 
well-defined size of 5.2 nm comprising two peptide units and 42 
MnDOTAMA (DOTAMA = DOTA-monoamide) chelates on the surface of 
the dendrimer, with r1 and r2 of 3.13 and 8.74 mM− 1 s− 1 per Mn(II) 
chelate at 3 T and 298 K, respectively. The low T1 relaxivity is due to the 
lack of coordinated water molecule in the MnDOTAMA chelates (q = 0). 
Nevertheless, the targeted nanoglobular agent could be readily excreted 
via renal filtration and specifically bound to tumour tissue in tumour 
bearing mice with low nonspecific accumulation in the liver, showing 
enhanced tumour contrast in comparison to a nontargeted control at a 
0.03 mmol-Mn/kg dose [71]. The same group functionalized the 
silsesquioxane-lysine G2-G4 dendrimeric systems with MnDOTAMA and 
MnNODAGA (NODAGA = 1,4,7-triazacyclononane-N,N,N-1,4-diac
etate-7-glutarate) chelates to investigate size and chelate effect on the 
Mn-based nanoglobular MRI CAs (Fig. 8) [72]. The relaxivities 
decreased with the increasing generation of the dendrimers resulting in 
higher r1 values for the G3 nanoglobular MnNODAGA conjugate (r1 =

3.8 mM− 1 s− 1) than the corresponding MnDOTAMA conjugate (r1 =

2.4–3.3 mM− 1 s− 1). Again, although the per Mn relaxivity is low since 
the Mn-chelates are q = 0, these nanoprobes were successful at a low 
dose for the contrast enhancement in cancer imaging within a mouse 
tumour model and were readily excreted via renal filtration [72].

In 2016 Wang et al. modified a G5 PAMAM dendrimer with 
MnDOTA, fluorescein isothiocyanate and hyaluronic acid (HA) to obtain 
multifunctional NPs able to target CD44 receptor-expressing cancer cells 
for dual-mode MRI/CT imaging [73]. Gold nanoparticles (AuNPs) were 
also entrapped within the dendrimeric structure to achieve NPs with a 
hydrodynamic diameter of 188 nm, good water dispersibility, stability 
under different conditions, and cytocompatibility. The final NPs dis
played a high X-ray attenuation intensity thanks to the AuNPs and r1 of 
5.4 mM− 1 s− 1 at 0.5 T and 298 K. This nanosystem was employed to 
image human hepatocellular carcinoma (HCC) cells in vitro and in an 
orthotopically transplanted HCC tumour model through the CD44 
receptor-mediated endocytosis pathway. The tumor tissue exhibited 
higher CT density and MR signal intensity values compared to the 
normal liver tissue [73].

Finally, an unusual dendrimeric/multinuclear system obtained by 
conjugating several DOTA units together in a globular fashion (up to 
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generation 3) was used to build a Mn(II) based nanosystem after 
complexation with Mn2+ (Fig. 9) [74]. The G3 system showed a hy
drodynamic diameter of 6.4 nm, an enhanced kinetic inertness of the 
Mn-chelates, probably due to spatial confinement and electrostatic 
repulsion within the dendrimeric core, and a relaxivity of 3.1 mM− 1 s− 1 

at 1.5 T. An in vivo dynamic MRI study further demonstrated that Mn(II) 

united-DOTA complexes could offer greater and enduring contrast 
enhancement compared to both MnDOTA and Magnevist, although in 
case of the Mn-G3 system a large accumulation in the liver, spleen, and 
kidney was observed, probably due to the larger hydrodynamic diam
eter (6.7 nm) than the renal filtration threshold (5.5 nm).

Fig. 4. A. Mn-complexes conjugated to dextran-based micelles; B. 3.0 T clinical Magnetic Resonance Angiographic (MRA) of SD rats with contrast enhancement, 
focusing on jugular vein (1), carotid artery (2), subclavian vein (3), aortic arch (4), and hepatic portal vein (5). Adapted from ref 58.

Fig. 5. A. Chemical structure of the Mn-texaphyrin-phospholipid self-assembled in Mn-nanotexaphyrins; B. T1- and T2-weighted images of the tumour region and 
lymph node of a head and neck VX-2 rabbit tumour on a 7 T preclinical MRI system pre- and 2 h post-injection. (Adapted from ref 59).
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3.1.3. Polysaccharides NPs functionalized with Mn(II) chelates
Ligand modified polysaccharides or cellulose nanocrystals (CNCs) 

were also used for the coordination of Mn(II) ions to prepare biocom
patible and biodegradable Mn-based nanosystems [75–79]. Different 
methods have been reported conjugating Mn(II)-chelating units like 
diethylenetriamine pentaacetic acid (DTPA) or dopamine to alginate, 
carboxymethyl chitosan and CNCs to form polymeric or rod-shaped NPs. 
Thus, Shen et al. conjugated Mn-dopamine complexes to CNCs at 
different ratios to form NPs with Mn2+ incorporated into polydopamine 
(PDA) coated CNCs [(Mn-PDA)1–6@CNCs] for MRI/photothermal (PTT) 
theranostic applications (Fig. 10A) [75]. The authors stated that the 
highly cross-linked anisotropic CNC surface by PDA coating enabled in 
vivo application by inhibiting the aggregation of Mn(II)-NPs. These NPs 
had a rod-shaped architecture (size ~150–200×10 nm) and r1 = 38 
mM− 1s− 1 (3 T, 298 K) for (Mn-PDA)4@CNCs. Conversely, increasing the 
(Mn-PDA)/CNCs ratio enhanced the photothermal conversion efficiency 
(η) of PDA from 17.7 % to 44.4 %, rendering these NPs suited for cancer 
therapy and therefore, a theranostic nanosystem. The same group re
ported the synthesis of MnDTPA@CNSs NPs by conjugating various 
amounts of DTPA-bis-anhydride to CNCs. The relaxivity of these NPs 
increased with the number of MnDTPA-chelates conjugated to the sur
face of the CNCs (Fig. 10B) [76]. The relaxivity at 25 ◦C and 3.0 T was 57 
mM− 1 s− 1 for Mn2+@DCNC-8, that is a really high value for a q = 0 Mn 
(II) complex anchored on NPs’ surface. Furthermore, the cytotoxicity 
assay on RAW 264.7 and human umbilical vein endothelial cell 
(HUVEC) lines showed that these nanoprobes are non-toxic with a cell 
viability higher than 80 %.

Another MnDTPA-based carboxymethyl chitosan (CMCS) macro
molecular CA was reported displaying great water solubility, positive 
biocompatibility and controlled biodegradability [77]. About 14.5 % of 
MnDTPA chelates were grafted onto CMCS-(Mn-DTPA)n and a relaxivity 
of 15.42 mM− 1s− 1 (at 3 T) and suitable cellular and blood biocompati
bility were measured. Moreover, the administration of 
CMCS-(Mn-DTPA)n resulted in a strong image contrast enhancement in 
liver and kidneys even at a dose as low as 0.03 mM Mn/kg b.w. Addi
tionally, the compound was naturally excreted within 10 days without 
causing discernible pathological changes in the rat liver.

Furthermore, Addisu et al., inspired by adhesive proteins in mussels, 
prepared and investigated nanogels (NGs) composed by Ca(II)/Mn(II) 

complexed by alginate− polydopamine or dopamine conjugated to 
alginate [AlgPDA/DA(Ca/Mn)] [78]. The surface functionalization with 
polyethylene glycol (PEG) molecules of these NPs also allowed to in
crease their blood circulation half-life. The surface charge of these 
nanogels was negative and the size was 66 nm for AlgPDA(Ca(Mn) and 
135 nm for AlgDA(Ca/Mn). They showed a relaxivity of 12.54 mM− 1s− 1 

for AlgPDA(Ca/Mn) and 10.13 mM− 1s− 1 for AlgDA(Ca/Mn) NGs (at 7 
T). However, it must be noted that an r2/r1 ratio of 13.2 and 14.0 was 
measured for the two nanogels preventing their full effectiveness as T1 
MRI agents.

Another type of nanogel (NG) based on chitosan crosslinked by Mn- 
trans-CDTA-amide (CDTA = 1,2-diaminocyclohexane-N,N,N’,N’-tetra
acetic acid) complexes was recently reported [79]. It should be noted 
that MnCDTA2− and derivatives are stable Mn-complexes (log KMnCDTA 
= 14.32; t1/2 at pH 7.4 = 12 h) and they present one coordinated water 
molecule that guarantees high relaxivity values at clinical fields (q = 1, 
r1(MnCDTA) = 3.6 mM− 1 s− 1 at 0.5 T and 298 K). In this example (Fig. 11), 
the stable and inert MnCDTA-complexes are covalently linked to the 
NGs and act both as paramagnetic and crosslinking agents allowing to 
achieve high relaxivities and high stability of the nanosystem. In fact, 
the combination of a restrained Mn-complex mobility and a fast 
metal-bound water exchange allowed to reach relaxivity values of 30.5 
mM− 1 s− 1 for these NGs (at 0.5 T, 298 K), surpassing by sevenfold those 
of typical q = 1 Mn(II) chelates. Moreover, the NGs formulation 
exhibited excellent stability over time in both aqueous solution and in 
biological environment, excluding concerns regarding particle aggre
gation or the release of free metal ion. The authors investigated through 
a full 1H and 17O NMR relaxometric study not only the Mn-NGs, but also 
model Mn-CDTA-mono and bis-glucosamide chelates to support that the 
Mn(II) complex has one coordinated water molecule in fast exchange 
with the bulk. Mn-NGs were then tested in mice bearing a subcutaneous 
breast cancer, showing good extravasation and accumulation in the 
tumour with a ca. 20 % signal enhancement at 1 T at 24 h post-injection, 
as also confirmed by Mn quantification by ICP-MS (inductively coupled 
plasma-mass spectrometry) analysis of the explanted organs [79].

3.1.4. Mn(II) chelates anchored on silica, carbon or iron oxide NPs
In the last 15 years, mesoporous or amorphous silica nanoparticles 

have been largely employed as scaffold for the conjugation of 

Fig. 6. A) EDTA- or 1,4-DO2A-based Mn(II) or Zn(II) amphiphilic chelates; B) Relaxivity data for micellar and vesicular aggregates containing Mn2+-amphiphilic 
complexes; C) Cryo-TEM images of nanoaggregates incorporating 20 % [Zn(HCDTA)]2− and 10 % Zn(DD-DO2A) [60,63].
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paramagnetic chelates, in particular for Gd-based probes [80], but only 
few examples relative to Mn-chelates are reported. Varga et al. proposed 
the first nanoprobe by surface functionalization of amino-modified silica 
NPs with DTPA chelators for Mn(II) complexation (Fig. 12A) [81]. 
Although [Mn(DTPA)]3− provides only outer sphere relaxation contri
bution (q = 0), the nanoprobes exhibited a relaxivity value of ca. 7.2 
mM− 1s− 1 at 1 T, and showed considerable liver-specific T1-weighted 
MRI contrast after injection in mice.

Analogous amino-functionalized silica NPs have been recently con
jugated to a bisamide derivative of MnCDTA (Fig. 12B) [82]. The final 
NPs have a size of about 90 nm, spherical shape, and relaxivity of 18.6 
mM− 1 s− 1 (0.5 T, 298 K), about 250 % higher than the free chelate. 
Finally, preliminary in vivo investigations on healthy mice at 1 T 
showcased the efficacy of the MnCDTA-modified silica NPs as T1w− MRI 
probes, leading to a signal enhancement in the liver of approximately 60 
%.

Recently Mukherjee et al. exploited a reverse-microemulsion method 
to encapsulate a pyridine-picolinate Mn-complex within porous silica 

NPs [83]. Thus, aqueous nanodroplets containing the Mn-chelates were 
first prepared and then the silica nanoparticles were created around the 
water droplets, thus confining the complexes inside. A size of 14 nm and 
a r1 = 8.46 mM− 1 s− 1 (1.41 T, 298 K), almost three times higher than the 
free Mn-chelate, were measured for these paramagnetic Si-NPs. It was 
also demonstrated that the nanoprobes are biocompatible to HeLa cells 
and stable in the presence of excess Zn2+ ions and other physiologically 
relevant anions (phosphate, citrate or bicarbonate).

Furthermore, Mn-chelates such as mono-hydrated MnEDTA2− and q 
= 0 MnDOTA2- were conjugated to the surface of nanodiamonds (ND). In 
particular, EDTA-anhydride or activated DOTA-NHS (NHS = N- 
hydroxysuccinimidyl ester) were reacted on the surface of NDs bearing 
hydroxyl groups or functionalized with amino groups and then the 
paramagnetic nanoprobe was obtained after Mn2+ complexation [84]. 
Relaxivities r1 = 8.1 mM− 1 s− 1 for ND-MnEDTA (r2 = 72.7 mM− 1 s− 1) 
and r1 = 9.4 mM− 1 s− 1 for ND-MnDOTA (r2 = 211.7 mM− 1 s− 1) are 
reported (7 T, 298 K). Finally, an in vivo dual-mode T1 and T2 MRI study 
on a murine hepatic tumour model showed good contrast (both T1w and 

Fig. 7. a) Structure of P2MVP41-b-PEO205. b)Structure of bis-ligand L2. c)Depiction of the formation of M-L2-L3 micelles. d)Chemical structure of tris-ligand L3. e) 
Invivo T1-weighted and colour mapped MR images (0.47 T) of a mouse at different time post-injection of micelles based on Mn-L3 at a dose of 30μmol kg− 1. (Adapted 
from ref 64).
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T2w) between hepatic tumour nodules and normal liver tissue.
Carbon-based Mn-NPs (Mn@CCs) were synthesized by Qui et al. by 

carbonizing Mn(II)-gluconate and aspartate complexes in an autoclave 
at 180 ◦C for 4 h (Fig. 13). The resulting NPs had a size of 11.6 nm and a 
zeta potential close to zero, ensuring good suspendability in physio
logical media and serum [85]. High relaxivity values at various mag
netic field strengths (31.1 mM⁻¹s⁻¹ at 7 T) and good cellular viability in 
standard cell lines were shown by these Mn@CCs. Additionally, they 
were capable of crossing the intact blood-brain barrier in healthy mice 

and were readily excreted via kidneys within 4 h post-injection, with 
minimal tissue deposition. In vivo MRI and light-sheet fluorescence mi
croscopy (LSFM) imaging revealed that Mn@CCs selectively targeted 
glioma tissues, achieving uniform distribution and high penetration in 
an intracranial mouse model and enabling a clear delineation of brain 
tumor edges and multinodular liver tumors. A follow up of this study 
was performed by Huang et al. who used Mn-loaded carbon dots 
(Mn-CDs) for the delineation of acute kidney injury (AKI model) [86]. 
The Mn-CDs, prepared as described previously for Mn@CCs, have a size 

Fig. 8. A) Generation 3 silsesquioxane-lysine dendrimer conjugated to DOTA and PLT1 peptide and T1-weighted MRI of the targeted nanoprobe; B) Mn-DOTAMA 
and MnNODAGA chelates linked to the G3 dendrimer and relaxivity values of the nanoprobes. (Adapted from Refs. [71 and 72]).

Fig. 9. A) Chemical structure of the third generation (G3) of dendrimeric/multinuclear DOTA-amide system; B) Correspondent Mn-complexes; C) T1-weighted MR 
images of mice at 1.0 T before and after intravenous injections of the dendrimers (0.1 mmol/kg body weight) (Adapted from ref. 74).

L. Tei et al.                                                                                                                                                                                                                                       Acta Biomaterialia 207 (2025) 468–494 

479 



of 5 nm, acceptable biocompatibility, and a good r1 value (10.8 mM− 1 

s− 1, 3.0 T). As a result, they achieved substantial signal enhancement in 
the kidneys, effectively revealing detailed structures such as the cortex, 
outer, and inner medulla. In the AKI model, CE-MRI using Mn-CDs 
proved capable of accurately diagnosing the damaged kidney and 
identifying the injury site by detecting signal variations in the entire 
kidney and the outer medulla. Additionally, these Mn-NPs, through 
CE-MRI, could show functional changes in the damaged kidney, 
encompassing parameters such as peak time, peak value, and relative 
renal function.

As a final example of this class of Mn-based NPs, we introduce the use 
of a Mn-(DOPA-EDTA)2− (DOPA = 3,4-dihydroxy-L-phenylalanine) 

bifunctional chelate for coating superparamagnetic iron oxide (SPIO) 
nanocrystals to form core-shell NPs [87]. Two types of NPs were pro
duced with 4 and 7 nm size: the latter, with a high r2/r1 ratio of 15 at 3 T, 
tend to work as T2 CAs while the 4 nm NPs, with a lower r2/r1 ratio of 5.3 
at 3.0 T (r1 = 8.4 mM− 1 s− 1 at 0.5 T, 298 K), could behave as T1–T2 
dual-modal CA. In vivo imaging with the 4 nm Fe/Mn hybrid NPs 
allowed efficient vascular imaging showcasing distinct signal intensity 
variations between the liver parenchyma and blood vessels. This results 
in a synergistic contrast enhancement for hepatic imaging using both 
T1W and T2W sequences.

Fig. 10. A) Schematic illustration of the preparation of MnDTPA@CNC nanoparticles and B) of (Mn-PDA)@CNC nanoparticles (Adapted from Refs. [75 and 76).

Fig. 11. A) schematic illustration of the MnCDTA-amide NGs; B) NG-1 (green) and Mn-NGs (red) particle size distribution in aqueous solution at physiological pH; C) 
Cryo-TEM micrographs of Mn-NGs at low magnifications; D) 1H NMRD profiles Mn-NG-1 at neutral pH and at 283 (blue), 298 (black) and 310 K (red); E) % T1 SE 
measured in the tumour only and (F) in the liver, spleen, kidneys, and tumour at different time points after intravenous administration of the MnCDTA-amide NGs 
(Adapted from ref. 79).
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3.1.5. Other types of Mn(II) chelate-containing nanoassemblies
Polydisulfide biodegradable polymeric Mn(II)-based CAs were 

developed by Ye et al. by reacting DTPA and EDTA-anhydrides with 
cystamine followed by Mn2+ complexation. The MnL-cystamine co
polymers showed r1 and r2 of 4.74 and 10.38 mM− 1s− 1 at 3T for Mn- 
DTPA (Mn = 30.50 kDa) and 6.41 and 9.72 mM− 1s− 1 for Mn-EDTA 
(Mn = 61.80 kDa). Both polydisulfide MnL polymers were bio
degraded at different rates (Mn-EDTA polymers faster than MnDTPA 
ones) after incubation in 15 μM cysteine aqueous solution (the plasma 
concentration of free thiols) at physiological pH. Finally, injection of 
both paramagnetic polymers in mice bearing MDA-MB-231 human 
breast cancer showed high liver, myocardium and tumor MR- 
enhancement [88].

Another polymeric Mn-based CA was recently proposed by Fu et al. 
who synthesized in one-pot a pyridine-bis-acylhydrazone q = 2 Mn(II)- 
chelate copolymerized with PEG2000 polymers. The P(MnL-PEG)-3 
polymer, obtained by using a 72 h polymerization time, showed an ul
trasmall 1.5 nm size and a r1 of 23.9 mM− 1 s− 1 at 1.5 T. After i.v. in
jection of 0.05 mmol of Mn/kg of BW), the distribution of P(MnL-PEG)-3 
and its metabolic pathway in female BALB/c mice showed an initial 
localization in organs such as the liver and kidneys followed by hepatin 
and renal excretion within 48 h. Finally, the potential of P(MnL-PEG)-3 
for liver cancer detection was assessed by injecting the polymeric agent 
in mice bearing an orthotopic H22 liver tumors, which allowed the clear 
visualization of H22 liver tumor boundaries [89].

Chen et al. reported the formation of a Mn(II)-containing nanosystem 

Fig. 12. A. Mn-DTPA-like chelate conjugated to silica NPs of ca. 115 nm; B. Mn-CDTA-bis-amide complex conjugated to SiNPs and NMRD profiles in comparison to 
the free Mn-complex; C. Coronal and axial T2w and T1w MR-images at 1 T of a mouse before and after (t = 20 min) intravenous administration of MnCDTA-like-SiNPs. 
White arrows indicate the mouse’s liver (Adapted from Refs. [81,82).

Fig. 13. A) Synthesis scheme of Mn@CC NPs; B) Transmission electron microscopy (TEM) of the 5 nm NPs; C) comparison of relaxivities of Mn@CCs, glucose-Mn, 
and [Gd(DTPA)]2− ; D) in vivo MR images of healthy mice after iv injection of Mn@CCs and [Gd(DTPA)]2− . (Adapted from ref 85).
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able to act as a theranostic agent through T1 MRI contrast enhancement 
and phototherapy of hypoxic cancer. In particular, a Mn(II) complex 
with a functionalized bis(2-pyridylmethyl)amine (PDPA) ligand in
teracts via hydrogen bonding with a BODIPY (boro-dipirromethene) 
derivative able to aggregate in a supramolecular structure probably 
thanks to the interaction between aromatic anisole and phthalate moi
eties (Fig. 14) [90]. This supramolecule was then embedded within 
bovine serum albumin (BSA) and conjugated to polyethylene glyco
l–folic acid (PEG–FA) via dicylohexylcarbodimide (DCC) activation to 
obtain spherical NPs with 5 nm size. At pH 5 the BODIPY unit in these 
NPs exhibits the ability to catalyse the water oxidation reaction when 
exposed to red-light emitting diode (LED) light, resulting in the pro
duction of O2 and heat, and thus acting as a phototherapeutic agent. 
Moreover, the paramagnetic NPs have a high relaxivity of ca. 40 mM− 1 

s− 1 at 3.0 T and could selectively accumulate in the tumour tissues with 
distinct T1 MRI signal enhancement. The nanosystems also demon
strated an efficient inhibition of tumour growth in vivo while main
taining a low toxicity to the healthy organs.

Another theranostic system was assembled by Shen et al. by using a 
near-infrared (NIR) light activated upconverting nanoplatform conju
gated to a Mn-porphyrin-like chelate-Human Serum Albumin (HSA) 
adduct and to an acyclic Arg–Gly–Asp peptide (cRGDyK) with the aim to 
target glioma tumours, visualise them by T1 MRI and treat by photo
dynamic therapy (PDT) [91]. In more detail (Fig. 15), monodisperse 
NaScF4:Yb(40 %):Er(2 %) NPs were first synthesised and coated with a 
CaF2 shell to obtain the upconverting platform. The surface was then 
coated with polyacrylic acid (PAA) in order to conjugate the carboxyl
ates to the lysine amino groups of the adduct between HSA and the Mn 
(II)-Chlorin-e6 (Ce6) complex by EDC/NHS (ECD =1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide) approach. The further functional
ization with a thiolated RGD peptide was accomplished after 
modification of the protein with a sulfo-SMCC crosslinker (sulfo-SMCC 
= 4-(N-Maleimidomethyl)cyclohexane-1-carboxylic acid 3-sulfo-N-hy
droxysuccinimide ester sodium salt). For glioma-targeting PDT, the 
Ce6-Mn complex was excited by irradiation with a 980-nm NIR laser 
light to produce reactive oxygen species (ROS) and then activate U87 
cell apoptosis and abolish glioma tumour growth through energy 
transfer from the upconverting NPs, with a high emission intensity at 
660 nm. The relaxivity of this nanoconstruct at 7 T was 21.5 mM− 1 s− 1, 
about 2.9 times higher than that of the Mn-Ce6 precursor. Finally, in vivo 

T1-weighted MRI at 24 h post-injection showed an intensity five-fold 
higher in the U87 tumour area compared to the healthy tissue.

A MRI/PTT theranostic nanosystem was proposed by An et al. who 
complexed Mn(II) ions on the negatively charged surface of titanium 
carbide (Ti3C2) two-dimensional nanosheets [92]. Then, in order to 
improve the water solubility and biocompatibility, cooperative elec
trostatic self-assembly with NH2-PEG molecules was carried out 
(Mn-Ti3C2@PEG). Unfortunately, the relaxivity of this system is quite 
low (r1 = 1.05 mM− 1s− 1 at 3 T) and no stability studies were reported. 
However, due to Fenton-like catalytic and magnetic properties of 
Mn-units, Mn-Ti3C2@PEG NPs were also able to convert cellular H2O2 
into highly toxic OH radicals for chemodynamic therapy (CDT). In order 
to highlight the theranostics potential, simultaneous MRI and 
dual-modal PTT and CDT treatment was also tested for effective tumour 
elimination with reduced side effects both in vitro and in vivo.

In a last example of this class, a semiconductor Ag− In− Ga− Zn− S 
quantum dot (QD) was doped with Mn(II)-stearate to investigate the 
influence of the Mn2+ loading on the photoluminescence (PL) and the 
potential applicability for bimodal PL/MRI probes [93]. Mn:AIGZS QDs 
were then suspended in aqueous solution using glutathione (GSH) tet
ramethylammonium that substitutes the native oleylamine ligands and 
binds to the surface of the QDs via metal− S bonds. Mn:AIGZS QDs 
showed a size of ~2 nm, a high PL quantum yield (up to 41.3 % for a 2.5 
% doping in Mn2+), and good photo- and colloidal stabilities. The quite 
low relaxivity of Mn:AIGZS QDs (r1 = 0.15 mM− 1 s− 1 and r2 = 0.57 
mM− 1 s− 1 at 298 K and 2.34 T) can be interpreted by the presence of a 
large amount of Mn2+ ions inside the nanoparticles that are silent from a 
relaxometric point of view, since not involved in magnetic coupling with 
the solvent molecules.

3.1.6. Mn-containing metal organic frameworks (MOFs)
Metal–organic framework (MOF) are hybrid materials with periodic 

structure obtained by self-assembly of inorganic building blocks (i.e. 
often metal ions) with organic linker molecules. In particular, the 
building blocks are assembled by coordination of the positively charged 
metal-containing units by the neutral or negatively charged organic 
moieties. The possibility to obtain highly functionalized hybrid crys
talline porous nanomaterials has opened the door to their biomedical 
application as theranostic or MRI CAs [94–96]. The main field of 
research on MOFs for MRI applications is focused on Gd-systems, but a 

Fig. 14. A. Schematic illustration of Mn-DBA@BSA-FA nanoparticles for theranostic MRI and PDT applications. B. In vivo T1-weighed MR imaging of HepG-2 tumour 
bearing mice at three time points after the intravenous administration of Mn–DBA@BSA-FA NPs (a, 0 min; b, 10 min; c, 20 min) (Adapted from ref 90).
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few examples on Mn(II) based MOFs have also been reported [96].
The first example was reported by Taylor et al. who synthesized, in 

reverse-phase microemulsion at room temperature or under microwave 
irradiation, Mn-MOFs with terephthalic and trimesic acid as bridging 

structures (Fig. 16A) [97]. The NPs were also coated with a thin silica 
shell and conjugated to a RGD peptide and a fluorophore (Fig. 16B). 
Large rod-shaped NPs were obtained depending on the synthetic pro
cedure, showing r1 values up to 7.8 mM− 1 s− 1 and r2 of 70.8 mM− 1 s− 1 at 

Fig. 15. A) Schematic illustration of the near-infrared (NIR) light activated upconverting nanoplatforms conjugated to a Mn-porphyrin-like chelate (Ce6-Mn, B)-HSA 
adduct and to cRGDyK peptide. C) Illustration of the application of the probe for photodynamic therapy and T1-weighted MRI (Adapted from ref 91).

Fig. 16. A) and C) Chemical structure of the building blocks used for Mn-MOF synthesis. B) Schematic illustration of the preparation of Mn-MOF-RGD-FITC (Adapted 
from Refs. [97,98]).

L. Tei et al.                                                                                                                                                                                                                                       Acta Biomaterialia 207 (2025) 468–494 

483 



3 T. However, leaching studies indicated that these Mn-MOFs release 50 
% of free Mn2+ ions in 7.5 h, thus confirming that their expected toxicity 
is the key disadvantage of these Mn-MOF NPs. Then, in 2017, Qin and 
co-workers reported a zwitterionic Mn-MOF based on N-(4-carbox
ybenzyl)-(3,5-dicarboxyl)pyridinium bromide as the organic bridging 
ligand (Fig. 16C) [98]. The NPs had a hydrodynamic diameter of ca. 80 
nm and r1 of 17.5 mM− 1s− 1 at 0.5 T, quite stable over 24 h both in 
deionized water and in Tris–HCl buffer. In vivo studies showed a positive 
signal enhancement after 15 min in both kidneys, persisting for about 
240 min and then slightly attenuating after 24 h. The low accumulation 
in liver suggests a renal clearance that, however, requires particles 
disintegration into smaller size macromolecules and gradual degrada
tion over time before excretion. Another Mn-MOF has been recently 
reported made by dropwise mixing of 2,5-dihydroxyterephthalic acid 
(DHTP) and Mn(II) acetate and successively functionalized with variable 
number of PEG-5000 moieties to avoid aggregation phenomena 
(Fig. 17A) [99]. The size of the NPs was around 20–50 nm and the 
longitudinal relaxivity in PBS (phosphate-buffered saline), at 1.0 T and 
24 ◦C, reached a value of 13.5 mM− 1s− 1 (r2 = 46.8 mM− 1s− 1). Finally, a 
PBS solution of the Mn-MOF NPs was injected in a colon-26 tumour-
bearing BALB/c nude mouse showing a 117 % signal enhancement in 
tumour at 30 min post-injection (Fig. 17B). Finally, a coordination 
polymeric nanoplatform based on Mn(II)-methotrexate (MTX) adducts 
coated with PEG moieties was reported as a theranostic nanosystem for 
MRI guided chemotherapy (ChT) [100]. The size of the amorphous NPs 
obtained was around 90 nm and r1 = 7.8 mM− 1s− 1 at 0.5 T. The idea was 
that degradation of MOF NPs would have released the chemotherapeutic 
drug in the tumour, after accumulation via the enhanced permeability 
and retention (EPR) effect. Unfortunately, together with the release of 
MTX, also toxic Mn2+ions are released into the body.

Finally, Yu et al. reported the Mn(II)-PBC MOF (PBC = pyridine-3,5- 
bis(phenyl-4- carboxylate), with r1 = 3.73 mM− 1 s− 1 (0.5 T), suitable for 

T1w MRI contrast. Mn(II)-PBC produced two kinds of free radicals (O2
. 

and OH.) in the presence of methylene blue to kill HeLa cancer cells 
through the CDT mechanism. The DOX-loaded MOF (DOX@Mn(II)-PBC) 
released the anticancer drug efficiently at the acidic pH (pH =5.0) of the 
tumour microenvironment (TME), showing high toxicity to HeLa cells. 
Thus, the DOX@Mn(II)-PBC) MOFs displayed promising theranostic 
properties in vitro for application as a T1w-MRI CA and for tumor 
multimodal (ChT/CDT) therapy [101].

Several porphyrinic MOFs with the framework formed by Mn2+- 
chelated porphyrins as organic ligands have been reported, some of 
which incorporating additional imaging or therapeutic components as 
multifunctional nanocomposites. Hang et al. reported an MRI guided 
chemodynamic and sonodynamic therapy (CDT/SDT) theranostic 
nanosystem made up of Mn(II)-TCPP ions (TCPP = 5,10,15,20-tetrakis 
(4-carboxyphenyl) porphyrin) connected by Gd(III) ions (GMT) nano
sheets (NSs) encapsulated with pluronic F-127 to form a sonosensitizer 
(GMTF NSs), where the reduction of the HOMO-LUMO energy gap led to 
the production of ROS in high yields upon US irradiation, effective for 
SDT. The Mn2+ ions generated hydroxyl radicals through a Fenton re
action capable of inducing cell death via the CDT mechanism. The Mn 
(II) and the Gd(III) ions in the NSs led to a large r1= 4.4 mM− 1 s− 1 (3.T). 
SDT and CDT were used to inhibit colon cancer tumour growth in CT26 
tumor-bearing mice, monitored by time-dependent in vivo T1w MRI im
ages upon i.v. injection of GMTF NSs [102]. In another example, Geng 
et al. reported Mn(II)-PpIX (protoporphyrin IX) coordination polymers 
(MnPPs) as efficient nanosystems for MRI guided synergistic PDT/SDT 
theranostics, as shown by in vivo tumor mice studies under light/US 
irradiation [103].

3.1.7. Paramagnetic Mn(II) clusters and other inorganic NPs
Another approach to nanosized Mn(II)-based systems is the cluster- 

nanocarrier design. Since clusters have high tendency to speciate, 

Fig. 17. A) Scheme of the preparation of Mn-MOF-74; B) Time course of (a) T1- and (b) T2-weighted MR images of colon-26 tumour-bearing BALB/C mouse after 
administration of PEG1-Mn-MOF-74; C) Chemical structure of methotrexate (Adapted from Refs. [99,100]).
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polymeric nanocarriers were used by Dahanayake et al. to stabilize a 
Mn3(O2CCH3)6(Bpy)2 (Bpy = bipyridyl) cluster and prevent both 
speciation and metal leaching [104]. This cluster has a linear trinuclear 
array of Mn(II) atoms bridged by acetate groups and the metal ions are 
weakly antiferromagnetically coupled based on magnetic susceptibility 
and electron paramagnetic resonance measurements. Then, mono
dispersed polymer nanobeads, termed Mn3Bpy-Pam, were formed in 
acrylamide using the inverse-miniemulsion technique (size 125 nm) 
(Fig. 18). Unfortunately, the suspension of Mn3Bpy-Pam in water led to 
substantial swelling due to the polymer’s hydrophilicity, resulting in an 
increase in the hydrodynamic diameter to ~221 nm. The relaxivity at 
9.4 T, 25 ◦C and pH 7 of Mn3Bpy-Pam increased dramatically compared 
to the cluster alone: r1 = 54.4 mM–1 s–1 and r2 = 144 mM–1 s–1 (r1 = 6.9 
mM–1 s–1 and r2 = 124.7 mM–1 s–1 for the cluster). The leaching of free 
Mn2+ ions was measured in different media and the highest release 
detected over a 7-day period was 0.35 % of the initial composition. The 
authors studied also the possibility to functionalize the surface of the 
nanobeads by the addition of a co-monomer bearing a free amino group 
(i.e. N-(3-aminopropyl)methacrylamide) to the miniemulsion polymer
ization. The amino groups on the surface were then reacted to a near-IR 
cyanine dye and to a folate-receptor targeting ligand such as metho
trexate. In vivo MRI was finally performed by injecting the particles both 
in healthy and tumour bearing mice observing a signal enhancement in 
T1-weighted images considerably higher compared to [Gd(DTPA)]2− .

Akhmadeev et al. introduced the use of hexarhenium clusters 
([{Re6Q8}(CN)6]4− , Q = S2− , Se2− or Te2− ) for the construction of Mn(II) 
based NPs stabilized by using different types of pluronic (F-68, P-123, F- 
127) to improve the colloidal stability [105]. The results highlighted 
that the K4–2xMnxRe6Se8 NPs decorated by F-127 have a hydrodynamic 
diameter of 180 nm, good relaxivity (r1 = 8.9 and r2 = 10.9 mM− 1s− 1 at 
0.47 T and 310 K), low levels of hemoagglutination activity and low 
cytotoxicity. The leaching of Mn2+ ions from the NPs in buffered solu
tions of BSA-based model plasma was lower than 5 % after one week and 

their T1- and T2-weighted contrast ability was validated through phan
tom imaging at a whole body 1.5 T scanner.

With the aim to develop a facile method to prepare a nanosized CA 
able to provide multimodal imaging ability in the same system, a facile 
one-step hydrothermal procedure was used to synthetise hyaluronic- 
acid-modified Mn-tungstate NPs (HA-MnWO4 NPs) [106]. Beside the 
paramagnetic behaviour of Mn(II) for T1/T2-weighted MRI applications, 
tungsten with high atomic number provides high X-ray attenuation co
efficient for CT imaging. The NPs had a plate like shape, a hydrodynamic 
diameter of 164.1 nm and quite low relaxivities of 0.78 mM− 1s− 1 (r1) 
and 6.67 mM− 1s− 1 (r2) at 1.2 T. Furthermore, both in vitro and in vivo 
toxicology assessments demonstrated the low toxicity and good 
biocompatibility of HA-MnWO4 NPs. Additionally, T1/T2-weighted MR 
and CT imaging revealed a substantial contrast effect, clearly displaying 
liver structures through CT imaging and renal structures through MR 
imaging. Moreover, the presence of hyaluronic acid allowed good tar
geting ability as demonstrated by cellular assay and in vivo tumour MR 
imaging.

Finally, in analogy with variably coated Gd fluorides NPs which have 
demonstrated high efficiency as MRI CAs [107,108], pegylated fluo
roperovskite KMnF3 nanoparticles were developed by Liu et al. as T1 
weighted CA with high longitudinal relaxivity at 3 T (r1 = 23.15 
mM− 1s− 1) and low r1/r2 ratio (3.2) [109]. Cytotoxicity tests proved that 
the PEGylated KMnF3 NPs are non-toxic and in vivo MRI study distinctly 
showcased good biocompatibility and detailed anatomical characteris
tics in brain imaging at a low dosage of 5 mg of Mn per kg, with potential 
renal clearance attributed to their small size (20 nm).

3.2. Mn(III) systems

The Mn(III)- porphyrin NPs are the only Mn(III)-based nanosystems 
covered in this review, as Mn3O4 (oxo) [27–31,110,111] and polyoxo 
based NPs are excluded [112–114]. Mn(III)-porphyrins, such as Mn 

Fig. 18. A) Schematic representation of the synthesis of Mn3Bpy-PAm nanobeads, TEM image with average size of 125 ± 35 nm; B) T1w images of the nuchal area 
administered with Mn3Bpy-PAm NPs (green arrow), (top). Pancreatic Ductal Carcinoma (PDAC) tumour sites administered with Mn3Bpy-PAm NPs (red arrow) and 
[Gd(DTPA)]2− (blue arrow), (bottom) (Adapted from Ref. [104]).
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(III)-TPPS3NH2, have high thermodynamic stability and kinetic inert
ness (see Section 2.1.3).

3.2.1. Mn(III) porphyrins NPs as MRI CAs
Many studies have reported nanoparticles containing Mn(III) por

phyrins in their structure as MRI CAs [115]. Here some examples of Mn 
(III)-porphyrins conjugated to proteins or incorporated in micelles, li
posomes, polymers, hydrogels, MOFs, virus capsids and microbubbles 
are described as potential MRI CAs (Fig. 19). Porphyrin-based MOFs 
comprise two categories, porphyrin@MOFs and porphyrinic MOFs, 
depending on the role of the porphyrins/metalloporphyrins in the MOFs. 
While in porphyrin@MOFs, they are guest molecules bound within the 
MOFs pores by host-guest interactions or bound at the MOFs surface, in 
porphyrinic MOFs they are part of the MOFs framework as organic li
gands bridging metal ions or clusters [116].

Self-assembly of amphiphilic porphyrins obtained from hydrophobic 
analogues was used to obtain micelles incorporating Mn(III) porphyrins. 
This is the case for micelles formed by conjugation of Mn(III)-5,15- 
diphenylporphyrin to an amphiphilic PEG-dendron, which have a low 
r1 = 5.0 s− 1 mM− 1 (9.4 T) due to their high degree of local mobility 
[117]. Self-assembly of an amphiphilic block copolymer (P(PEGMA-
co-APMA)-b-PMMA, APMA = N-(3-Aminopropyl)methacrylamide) 
containing the Mn(III)-TCPP porphyrin led to higher r1 = 9.53 s− 1 mM− 1 

(3 T) due to the restricted mobility of the cross-linked amphiphilic 
chains [118].

Evaluation of the dextran-conjugated Mn(III)-5-(4-aminophenyl)- 
10,15,20-tris(4-sulfonatophenyl) porphyrin showed high in vitro r1 =

8.90 mM− 1 s− 1 (4.7 T) of the conjugate and tumour targeting specificity 
shown in T1w MRI of ICR male mice implanted with H22 hepatoma 
tumour upon i.v. administration of the Mn(III)-porphyrin [119].

Vollett et al. reported HSA conjugates of the Mn(III)-TPPS3 porphyrin 
producing a large reduction in T1 values, with relaxation rates increasing 
linearly with the degree of HSA tagging and with a relaxivity r1 of 15.4 
mM− 1 s− 1 when using 0.05 mM of bound MnTPPS3, as shown by in-vitro 
MRI (1.5 T). These results suggested that MnTPPS3NCS is a very good 
platform for protein conjugation [43].

Hong and colleagues reported a new NO-activatable T1 MRI CA 

based on the Mn(III)-TPPS3-diaminotoluene conjugated to the NO- 
responsive group N-acyl-o-phenylenediamine, which, in the presence 
of NO under aerobic conditions, is converted to an acyl benzotriazole 
that is cleaved, allowing the MRI-active Mn(III)-porphyrin to acylate 
proteins and accumulate in inflammed tissue. Its efficacy in detecting 
NO in vivo in a mouse model of myocardial inflammation was verified by 
the observed enhancent of T1 MRI contrast in response to the high 
endogenous NO levels [120].

Liposome-like porphysome nanovesicles were built using the 
porphyrin-phospholipid (PoP) conjugate Mn(III)-HPPH-lipid (Fig. 19, 
HPPH is 1-hexyloxyethyl]− 2-devinyl pyropheophorbide-a) and Mn(III)- 
N-HPPH-lipid (N–HPPH is the amine-modified version of HPPH-lipid). 
The capacity of amines of forming hydrogen bonds with water led to an 
increase of the intra-bilayer water content, which improved the r1 and 
MRI contrast in Mn-PoP bilayers. Mn(III)-HPPH is located inside the 
hydrophobic bilayer of the PoP vesicle, where only a small number of 
water molecules can get access, leading to a lower relaxivity (r1 = 0.98 
s− 1 mM− 1) than that of Mn(III)N–HPPH-lipid nanovesicles (r1 = 2.46 
s− 1 mM− 1). This was confirmed using MD calculations by the presence, 
inside the hydrophobic bilayer, of a much higher amount of water 
molecules hydrogen bonded to N–HPPH [121].

A Mn(III)-bacteriopheophorbide (Mn(III)-Bpheid) was evaluated as a 
potential MRI CA. It showed in solution a high r1 (29.1 mM − 1 s− 1, at 4 
T), possibly due to self-aggregation in solution. Mn(III)-Bpheid showed 
tumour targeting specificity and accumulation, as monitored by T1- 
weighted MRI (7 T) in C6 glioma bearing CD1 mice after i.v. injection of 
the Mn(III) conjugate [122].

The Mn(III)-PP (PP= protoporphyrin IX, Fig. 19) was conjugated 
with a cross-linked polymer, obtained from aminoethyl methacrylate 
and N,N’-methylenebisacrylamide (x-AEA), and loaded into the bacte
riophage P22 virus capsid cavity (90 to 3646 molecules per capsid) (P22- 
xAMEA-Mn(III)-PP). The relaxivity for the loaded capsids was found to 
be little dependent on the loading degree and almost equal to that of free 
Mn(III)-PP, r1 = 1.5–3.7 mM− 1 s− 1 (2.1 T, 298 K), leading to huge r1 
relaxivities per particle (eg. r1,particle = 7098 mM− 1 s− 1 (298 K, 2.1 T) for 
a 3646 Mn(III) PP molecules loading/capsid). The low r1 values of Mn 
(III)PP were attributed to the self-assembly of the Mn(III)PP units inside 

Fig. 19. Representative structures of porphyrins used for the preparation of Mn(III)-based NPs.
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the capsid. Much higher r1 values result for NPs having the Mn(III)- 
porphyrin complexes located at its outer surface. Antiferromagnetic 
coupling between neighbouring Mn(III) cations inside the capsids 
justified their observed decrease of r2 when the Mn(III)PP degree of 
loading increased. This in vitro study showed that these capsids have 
potential as efficient positive MRI CAs [123].

Finally, a Mn(III)-porphyrin-graft lipid (PGL, Fig. 19) was encapsu
lated in the inert gas perfluoropropane forming gas-encapsulated 
microbubbles (MBs). The MnP-MBs were characterized by UV–vis 
spectrophotometry and optical microscopy, showing the effectively 
dispersed MBs (average diameter ~1.14 μm). The effect of ultrasound 
(US) exposure of MBs was their efficient conversion into smaller NPs, 
with 20–70 nm diameters (TEM) and hydrodynamic diameters in water 
suspensions in the 40 − 150 nm range obtained by dynamic light scat
tering (DLS), which could be a consequence of the MnP NPs hydration in 
solution. US images of MnP-MBs in a latex tube showed an in vitro 
contrast enhancement with increasing concentrations, with potential for 
in vivo contrast-enhanced ultrasound (CEUS) imaging. The MnP NPs had 
r1 =1.61 mM− 1 s− 1 (7 T). Their ability as an in vivo MRI CA in T1w im
ages, as well as enhanced US imaging ability were proven after i.v. in
jection in U87 glioblastoma tumour-bearing nude mice. Under the 
guidance of US imaging, they caused in vivo tumour MRI contrast 
enhancement in <30 min [124].

3.2.2. Mn(III) porphyrins NPs in MRI guided theranostics
NPs incorporating Mn(III) porphyrins are versatile platforms for 

MRI-guided theranostics. This is illustrated here with some examples for 
chemotherapy (ChT), photothermal therapy (PTT), radiotherapy (RT), 
photodynamic therapy (PDT), and sonodynamic therapy (SDT). Their 
main characteristics are summarized in Table 3. Many of the examples 

involve tumour theranostics, due to the known tumour affinity of Mn 
(III) porphyrins [44].

3.2.2.1. MRI-guided chemotherapy. Mn(III)-labelled nanobialys NPs of 
toroidal shape (with diameter of 190 nm) were formed as inverted mi
celles resulting from self-assembled amphiphilic branched poly
ethyleneimine (PEI) and linoleic acid, with Mn(III)-PP and biotin- 
caproyl-DSPE bound at the surface. Their r1 = 3.7 mM− 1 s− 1 (1.5 T, 
298 K) resulted from the water exposure of the Mn(III)-PP complexes. 
However, these NPs had very high relaxivities per particle (r1part = 612 
307 mmol [nanobialy])− 1 s− 1 and r2part = 866 989 mmol [nanobialy])− 1 

s− 1) as a consequence of each containing about 165,000 Mn(III) che
lates. In vitro targeting to fibrin clots was resulted from applying the 
avidin-biotin approach using biotinylated fibrin-specific monoclonal 
antibodies. The fibrin-targeted Mn(III) nanobialys were positively 
contrast enhanced in MR images of the clots obtained at 3 T The in vitro 
release of the hydrophilic (DOX) and hydrophobic (camptothecin, CPT) 
drugs loaded in the nanobialys demonstrated their potential utility as 
theranostic agents for micro thrombi in ruptured atherosclerotic plaques 
[125].

Covalent attachment of the Mn(III)-TPPS3NH2 porphyrin at the 
surface of DOX-loaded poly(lactic acid) (PLA) led to NPs (MnP-PLA/ 
DOX) with a diameter of 98.6 nm and a much higher r1 (27.8 mM− 1 s− 1) 
than the free Mn(III)-TPPS3NH2 (6.70 mM− 1 s− 1), both at 0.5 T This 
higher r1 results from the slower tumbling rate of the immobilized Mn 
(III)-porphyrin. These NPs provided selective positive contrast of the 
tumour in T1w MRI images (7.0 T) in vivo upon i.v. injection of HT-29 
tumour bearing nude male mice. The NPs also showed capacity for 
pH-sensitive tumour delivery of the DOX drug [126].

Table 3 
Overview of fundamental characteristics of the MRI guided theranostic nanosystems containing Mn(III)-porphyrins covered in this section.

NPs components Mn(III)-porphyrin Relaxivity (mM− 1 Mn s− 1), 298Ka

Bo (T)
Therapeutic modalities Therapeutic target/animal 

model
Reference

Mn(III)-P/PEI/biotin-caproyl-DSPE Mn(III)-PP r1 = 3.7, r2 = 5.2 
r2/r1 = 1.41; 1.5 T

ChT (DOX, 
camptothecin)

In vitro fibrin clots [126]

Mn(III)-P-PLA/DOX Mn(III)-PP r1 =27.8c; 0.5 T ChT (DOX) In vivo HT-29 tumour mice [127]
Mn(III)PS (porphysome) Mn(III) -porphyrin 

lipid
r1 = 4.0; r2 = 12.9 
r2/r1 = 3.23; 7 T

PTT No in vitro or in vivo study [128]

DOX@PLA@Au-PEG-Mn(III)-P Mn(III)TPPS3NH2 r1 = 22.18c

0.5 T; 310 K
PTT, ChT (DOX) In vitro HT-29 cells 

In vivo HT-29 tumour mice
[129]

Mn(III)P-Zr6-SNO NMOF Mn(III)-TCPP r1 = 26.9 c

1.2 T
PTT, ChT (NO) In vivo MCF-7 tumour mice [130]

Mn(III)P-Hf6-FA NMOF Mn(III)-TCPP r1 = 16.75 c

3 T
PTT/RT/ChT (FA) In vivo S180 tumour BALB/c 

mice
[131]

HCPT@NMOF− S − S− HA TCPP/Mn(III)-TCPP r1 = 31.2 c

1.2T
ChT/PDT/PTT Hela cells 

MCF-7 tumor mice
[132]

IR825@P(PEGMA-co-APMA)-b- 
PMMA@TCPP/MnP

Mn(III)-TCPP r1 = 9.53 c

3 T
PTT/PDT In vitro 4T1 cells 

In vivo 4T1 tumour Balb/c 
mice

[133]

TPD TPPS3-PGL/Mn(III)-TPPS3 Mn(III)-TPPS3- PGL r1 = 20.58 
0.5 T

PDT In vivo HT-29 tumour mice [134]

PCN-222 (Zr6/MnP) NMOF Mn(III)TCPP r1 = 35.3; r2 = 42.5 
r2/r1 = 1.20; 1 T

PDT In vitro 4T1 cells 
In vivo 4T1 tumour Balb/c 
mice

[135]

Mn(III)-TCPP NMOF Mn(III)TCPP r1 = 2.65 (no GSH) ➔ 6.08(2.5 mM 
GSH) c

7 T

PDT In vitro 4T1 cells 
In vivo 4T1 tumour Balb/c 
mice

[136]

Mn(III)TPPS4-PMMA Mn(III)TPPS4 Not measured 
T2w MRI, 7 T

SDT In vitro neuroblastoma SH- 
SY5Y 
In vivo Mat B III breast cancer 
rat

[137,
138]

HMONs-MnPpIX-PEG Mn(III)-PpIX r1 = 9.43b,c SDT In vitro 4T1 cells 
In vivo 4T1 tumour Balb/c 
mice

[139]

DOX/Mn-TPPS4@RBCs. Mn-TPPS4 r1 = 18.32 c

3 T
SDT/ChT (DOX) In vivo MCF-7 tumour mice [140]

a Unless specified otherwise.
b Bo not reported.
c r2 not reported.
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3.2.2.2. MRI-guided photothermal therapy. Several studies illustrated 
the use of Mn(III) porphyrins included in NPs for MRI-guided PTT alone 
or synergistically with other therapeutic modalities, such as ChT and 
PDT. Mn(III)-containing porphysomes (MnPS), which are liposome-like 
NPs (~120 nm size), were formed by self-assembly of amphiphilic Mn 
(III)-porphyrin lipids. Despite the high density of packed porphyrins 
per particle (>80 000), their relaxivities were lower than those of free 
porphyrin-peptide conjugates, as shown by the increased r1 and r2 upon 
detergent-mediated disruption of the supramolecular structure (r1: 1.2 
→ 4.0 mM− 1 s− 1; r2: 7.0 → 12.9 mM− 1 s− 1 at 7 T). The relatively low 
liposomal r1,2 values were related to a limitation of water access into the 
bilayer MnIII cations, but still corresponded to per particle values of r1 =

96,000 mM− 1 s− 1 and r2 = 560,000 mM− 1 s− 1. These MnPS systems led 
to positive contrast in T1w MRI phantom images. Additionally, the 
luminescence of the Mn(III) porphyrins was quenched by the presence of 
the paramagnetic Mn3+ ion via non-radiative decay pathways and 
improved their photostability by suppressing their ability to generate 
ROS following self-destructive photochemical reactions and PDT activ
ity. Thus, the MnPS decay occurred by a pure, efficient photothermal 
mode. These favourable properties give these single functional compo
nent organic NPs high potential for MRI-guided PTT [127]. Further
more, their large aqueous core could be loaded for applications in 
multimodal theranostics [128].

Some theranostic Mn(III)-porphyrin NPs were developed for MRI- 
guided synergistic PTT and ChT. One example consists of Au nano
shells surrounding PLA NPs entrapping DOX, and binding a Mn(III)- 
porphyrin derivative to the Au shell surface through PEG moieties 
(DOX@PLA@Au-PEG-Mn(III)P NPs). The PEGylation of these NPs 
(diameter 123.6 nm) made them colloidally stable and provided 
extended circulation times in blood. The presence of Mn(III)-P chelates 
at the surface of the NPs led to high r1 = 22.18 mM− 1 s− 1 (0.5 T). NIR 
light irradiation of the NPs provided an efficient in vitro (HT-29 cells) 
PTT effect and the release of DOX triggered by the high capacity of the 
Au nanoshell to efficiently absorb NIR light. A positive in vivo MRI (7.0 
T) contrast effect in T1w images was observed in the tumour region of 
HT-29 tumour-bearing nude mice upon i.v. injection of the NPs. This 
was used to locate the tumour site accurately and for its photothermal 
ablation by guided external NIR laser irradiation. These in vivo experi
ments illustrated a synergistic improvement of the therapeutic effect of 
the theranostic NPs and combined ChT and PTT therapies relative to 

their separate use (Fig. 20) [129].
A porphyrinic nanoMOF (NMOF) was obtained by hydrothermal 

synthesis from Zr4+ cations, the bridging Mn(III)-TCPP porphyrin and S- 
nitrosothiol (SNO), which was bound at the surface of the NMOF (MnP- 
Zr6-SNO), for MRI-guided PTT and delivery of nitric oxide (NO). In 
water solutions, these NMOFs had 265.5 nm hydrodynamic size and r1 =

26.9 mM− 1 s− 1 (1.2 T) due to the high water access to Mn(III)-TCPP 
through the MOF channels. Irradiation with NIR light initiated the 
photothermal effect, leading to the heat-sensitive generation of nitric 
oxide (NO) facilitated by SNO. In T1w MRI images (3 T) a positive 
contrast was observed 1 h post i.v. injection of the NMOFs into MCF-7 
tumour-bearing nude mice, demonstrating their accumulation in the 
tumour, whose growth was completely inhibited upon exposure to a NIR 
laser, showing their effectiveness for MRI-guided NO release and PTT 
synergetic therapy [130].

Hydrothermal synthesis of another porphyrinic NMOF from Mn(III)- 
TPPC4 and a hexa-Hafnium (Hf6) cluster, which was functionalized with 
folic acid (FA) at the Hf nodes, provided the MnP-Hf6-FA NMOF. In vitro 
characterization of the NPs showed a high r1 = 16.75 mM− 1 s− 1 (3 T) 
value, high photostability and high photothermal conversion efficiency 
under 808 nm laser irradiation. The NMOFs were rapidly internalized by 
HeLa cells, resulting in positive contrast in T1w MRI upon cell uptake. In 
vitro cytotoxicity of the NMOF to Hela cells was absent before irradia
tion, but a large and synergistic decrease of their survival was observed 
upon 10 min 808 nm laser irradiation or with 4 Gy X-rays, used sepa
rately or together. The NMOFs also generated O2 from H2O2 and 1O2 
upon X-ray irradiation, showing potential as synergistic PTT/RT/CT 
activators of tumours. The agent had effective tumour targeting, 
demonstrated by T1w MRI positive contrast in subcutaneously implanted 
S180 tumour cells in BALB/c mice. The presence of the high-Z Hf atoms 
led to CT attenuation in the tumour site, which also showed photo
acoustic imaging (PAI) contrast resulting from the PT properties of Mn 
(III)-TCPP. Therefore, this multifunctional NMOF is effective in multi
modal imaging (MRI, X-ray computer tomography and PAI) guided 
synergistic PTT/RT/CT of tumours [131].

A different strategy to obtain multifunctional porphyrinic NMOFs is 
to combine free porphyrin molecules with metalloporphyrins in the 
same mixed-ligand MOF structure, integrating the physicochemical 
properties of each component to increase the diversity and versatility of 
conventional NMOFs. An example was recently reported by Yin et al., 

Fig. 20. (A) The T1 relaxation rate (1/T1) is proportional to the Mn3+ ion concentrations in DOX@PLA@Au-PEG-MnP NPs (■), and MnP (●) in water (0.5 T, 310 K); 
(B) T1w MRI images of DOX@PLA@Au-PEG-MnP NPs phantoms as [Mn3+] increases. In vivo MRI images of DOX@PLA@Au-PEG-MnP NPs (100 μL, 8 mg/mL): (C) 
before injection, (D) 30 min after injection, (E) 24 h after injection. Reproduced from Ref. [129].
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who used alkali porphyrin TCPP and Mn(III)-TCPP as mixed ligands in 
1:1 ratio in the presence of Zr4+in one-pot hydrothermal synthesis to 
obtain NMOFs, integrating TCPP for fluorescence imaging (FI) and PDT 
and Mn(III)-TCPP for T1w MRI and PTT. The NMOF was loaded with the 
HCPT (10-hydroxycamptothecin) drug and coated with hyaluronic acid 
for specific targeting to CD44 cells. The tumour-targeted redox- 
responsive release of HCPT from the HCPT@NMOF− S − S− HA platform 
in MCF-7 resulted from the dissociation of the − S − S− bond upon re
action with GSH in the TME and was monitored by multimodal 
T1w− MRI/OI and synergistic ChT/PDT/PTT therapy [132].

Finally, multifunctional organic nano-micelles were prepared by self- 
assembly of the amphiphilic block copolymer poly[(poly(ethylene gly
col) methyl ether methacrylate)-co-(3-aminopropyl methacrylate)]- 
block-poly(methyl methacrylate) (P(PEGMA-co-APMA)-b-PMMA), with 
their shell crosslinked to the TCPP photosensitizer, which was used as a 
fluorescence indicator and PDT agent. The shell was also tagged with Mn 
(II) ions, undergoing spontaneous oxidation to Mn(III) and forming Mn 
(III)-TCPP, serving as MRI CA. The IR825 dye, incorporated non- 
covalently into the micelle core, provided a PT effect and PAI ability 
(IR825@P(PEGMA-co-APMA)-b-PMMA@TPPC4/MnP NPs). These NPs 
(80 nm diameter) were biocompatible, with high solubility and stability 
in physiological conditions, an in vitro r1 = 9.53 mM− 1 s− 1 (3 T), and 
generated singlet oxygen (1O2) with high yield after irradiation at 660 
nm and high PT conversion efficiency during 808 nm laser light expo
sure. Their use for PTT/PDT theranostics was studied in vitro in 4T1 
cells. Combined in vivo PTT/PDT synergistic anti-tumour effects were 
demonstrated by i.v. injection in 4T1 tumour-bearing Balb/c mice, 
where the NPs had a long blood circulation half-life (~3.64 h) and a high 
in vivo tumour uptake through the EPR mechanism, as shown by a 
tumour positive contrast of the T1w MRI, fluorescence and PAI images 
[133].

3.2.2.3. MRI-guided photodynamic therapy. Several theranostic nano
carriers containing Mn(III) porphyrins were developed for MRI-guided 
PDT cancer therapy. Porphyrin dyad NPs (TPD NPs) (spherical with 
~60 nm size) were initially obtained by self-aggregation of a porphyrin 
grafted lipid (PGL) containing the TPPS3A porphyrin, followed by co
valent binding of Mn(III)-TPPS3–NH2 to the terminal carboxyl groups at 
the PGL NPs surface. The Mn(III)-TPPS3 complex was located in the 
hydrophilic shell of the TPD NPs, functioning as an MRI CA, while the 
TPPS3A porphyrin without metal, located in the hydrophobic core, 
functioned as a PDT photosensitizer. A 40.1 % porphyrin/Mn(III) 
porphyrin ratio optimized the PDT and MRI properties of the TPD NPs.

The quenching effect of the Mn(III) porphyrin on the production of 
1O2 by the PGL porphyrin at the TPD NPs surface was minimized. The 
immobilization of Mn(III)-TPPS3 on the hydrophilic shell of the NPs led 
to a r1 = 20.58 mM− 1 s− 1 (0.5 T, 298 K), a four-fold increase relative to 
free Mn(III)TPPS3A (5.16 mM− 1 s− 1). The uptake of the NPs by HeLa 
tumour cells in vitro was by a passive mechanism. I.v. administration of 
the optimized TPD NPs into HT-29 tumour nude mice caused an in vivo 
positive contrast of the tumour in T1w MRI images (7 T), which allowed 
guidance of laser light to the tumour site, causing 100 % effective PDT 
ablation within 7 days [134].

A porous porphyrinic NMOF was obtained by hydrothermal syn
thesis using Mn(III)-TCPP with Zr4+ ions as Zr6 clusters, and used for 
MRI-guided PDT capable of overcoming the severe limitations of this 
technique in hypoxic tumour regions. These water stable PCN-222(Mn) 
NPs (300×130 nm size) had a high r1 = 35.3 mM–1 s–1 (1 T) due to their 
good access to water in the NMOF channels resulting from the Mn3+ ions 
uniformly distributed in the open framework (3.7 nm pore size). The Mn 
(III)-TCPP in the NPs catalysed efficiently the conversion of H2O2 pre
sent in hypoxic tumours into O2 in a catalase-like process, which could 
improve tumour hypoxia during the PDT process. In vivo T1w MRI images 
of 4T1 tumour mice upon i.v. injection of PCN-222(Mn) induced a high 
positive contrast on the tumour. The injected NPs also inhibited the 

tumour growth effectively during laser irradiation, as a result of the 
efficient generation of 1O2 at the tumour and the effect of MRI-guided 
PDT [135].

Finally, Wan et al. reported a theranostic GSH responsive Mn(III)- 
TCPP porphyrinic NMOF for bimodal MRI/fluorescence imaging- 
guided PDT of cancer. The r1 relaxivity of the Mn(III)-TCPP NMOF in 
the absence of GSH, 2.65 mM− 1.s− 1, increased to 6.08 mM− 1.s− 1 in the 
presence of 2.5 mM GSH due to the reduction of Mn(III) to free Mn2+. 
The high GSH concentration in the TME reduced Mn(III) to Mn(II) 
forming GSSG and releasing free TCPP, which simultaneously triggered 
positive tumour contrast in T1w MRI images and TPPC4 fluorescence 
imaging, while TCPP generated 1O2 for PDT under laser irradiation. 
These effects were observed in vitro in 4T1 cells and in vivo using 4T1 
tumour bearing BALB/c mice [136].

3.2.2.4. MRI-guided sonodynamic therapy. Several MRI-guided SDT Mn 
(III) porphyrin-based systems were developed, some of which are 
described here. A sonosensitizer associated with shockwaves (SWs), 
consisting of core-shell NPs of poly(methyl methacrylate) (PMMA) 
loaded with the tetraphenylporphine tetrasulfonic acid porphyrin 
(TPPS4) at their surface as a sonosensitizer for SDT (TPPS4-PMMA NPs), 
was investigated. These NPs (93 nm average hydrodynamic diameter) 
showed no release of TPPS4 in physiological medium. The sonodynamic 
treatment with the NPs coupled with SWs had a cytotoxic effect reflected 
in a decrease of proliferation of human neuroblastoma cells after SDT 
and SWs, increasing the population of necrotic (16.91 %) and apoptotic 
(27.45 %) cells after 48 h. After 1 hour, ROS production increased 15- 
fold compared to free TPPS4, demonstrating the enhancement of the 
sonosensitizing properties of TPPS4 loaded to the NPs [137]. This study 
was continued in vivo by loading the TPPS4-PMMA NPs for anticancer 
SDT theranostics with 64Cu(II)TPPS4 as a radiotracer in biodistribution 
studies using PET imaging and with Mn(III)TPPS4 and a CA to evaluate 
their tumour accumulation by MRI. The Mn(III)-TPPS4-PMMA NPs has a 
good tumour biodistribution in Mat B III syngeneic breast cancer rats, as 
monitored by PET. T2w MRI (7 T) images reported a tumour volume 
decrease of 50 % upon treatment, confirming the SW SDT responsive
ness. TPPS4-PMMA NPs plus SW showed highly increased treatment 
efficiency relative to free TPPS4 [138].

Multifunctional surface PEGylated hollow mesoporous organosilica 
(HMON) NPs (HMONs-MnPpIX-PEG NPs) were reported as a theranostic 
agent for in vivo MRI-guided SDT of cancer. The paramagnetic Mn(III) 
PpIX MRI CA and the organic sonosensitizer protoporphyrin (PpIX) were 
conjugated to 3-aminopropyltriethoxysilane (APTES) bound at the sur
face of HMON inner pores (Fig. 21a). The NPs (50 nm size) had a 
spherical mesoporous structure (Fig. 21b), which allowed 1O2 genera
tion after US irradiation, which diffused freely out from the mesopores 
(3.4 nm size), causing the SDT effect. These NPs had high r1 = 9.43 
mM− 1 s− 1 resulting from the high access of the paramagnetic Mn(III) 
ions to the solvent water molecules, which was maximized by their large 
surface area. The NPs were highly biocompatible, undergoing efficient 
endocytosis into 4T1 cancer cells, which biodegraded them using 
intracellular glutathione. They induced cancer-cell death in vitro as a 
result of their high SDT efficiency. In vivo T1w MRI of 4T1 tumour- 
bearing BALB/c nude mice after i.v. administration of the NPs showed 
an increase of the tumour positive contrast and a suppression of the 
tumour growth after US irradiation (Fig. 21c-f) [139].

Finally, a system based on red blood cells (RBCs) was reported (DOX/ 
Mn-TPPS4@RBCs) capable of improving the SDT efficacy in hypoxic 
tumour regions. The RBCs were able of combining the SDT and ChT 
therapies upon loading with the DOX drug and the hydrophilic Mn(III) 
TPPS4, which worked simultaneously as MRI CA and sonosensitizer. The 
RBCs had a high in vitro catalase activity, producing O2 efficiently, 
promoting the RBCs rupture and improving the DOX release promoted 
by US irradiation. At the same time, H2O2 and ROS oxidized haemo
globin (Hb) to highly oxidative and cytotoxic ferryl-Hb species. Ferryl- 
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Hb could diffuse more efficiently into cancer cells than ROS, due to a 
longer half-life, causing larger oxidative damage (Fig. 22). Fluorescence 
microscopy was used to verify the increased cytotoxicity of the com
bined RBCs/H2O2/US NPs in MCF-7 cells loaded with the NPs. They had 
a r1 = 18.32 mM− 1 s− 1 (3 T) in water, indicative of good potential as 
positive MRI CAs of a tumour site. In vivo T1w MRI and fluorescence 
imaging of MCF-7 tumour mice upon being i.v. injected with the NPs 
labelled with the optical probe IR783, showed that they were able to 
overcome tumour hypoxia and enhance the SDT efficacy in this com
bination therapy [140].

3.3. Mn(IV) systems

Some Mn(IV)-containing NPs for tumour theranostics by MRI are not 
based on MnO2. For example, Mn(IV)-HDCL (HDCL= hexa-hydrazide 
clathrochelate ligand) Mn-HDCL has a 2D sheet structure, obtained by 
scanning tunnelling microscopy (STM). Single crystal X-ray diffraction 
(XRD) analysis showed that Mn(IV) is bound in the cavity of the HDCL 
cage, shielding it from the external environment, providing high thermal 
stability (as measured by thermogravimetric analysis, TGA) and good 
water solubility. Deep black crystalline Mn-HDCL essentially does not 
transmit visible light. Its UV− Vis− NIR spectrum contains a broad band 

absorbing in the 200 - 1000 nm range with a large extinction coefficient. 
It had a high photothermal conversion ability (ca. 71 %) in water so
lution upon NIR 730 nm laser irradiation, which was equivalent to solid 
state single walled carbon nanotubes (SWCNTs). The very low cyto
toxicity of Mn-HDCL towards 4T1 cancer cells and HUVEC endothelial 
cells observed in normal conditions, increased very much upon 730 nm 
laser irradiation. The cell viability at [Mn-HDCL] = 1.0 mM decreased to 
5 %, as seen by fluorescence microscopic images of 4T1 cells labelled 
with calcein AM and propidium iodide, which was coherent with high 
photothemal conversion and photothermal ablation of cells. Mn(IV)- 
HDCL (Mn(IV) has S = 3/2), with low r1= 0.357 mM− 1 s− 1 (0.5 T, 
298 K) provided a small positive contrast in T1w MRI images both in vitro 
and in vivo when a BALB/c mouse was i.v. injected with Mn-HDCL (0.05 
mmol/kg). Mn-HDCL targeted tumours passively and the tumour mar
gins became visible in vivo images. It also showed an efficient laser- 
triggered PTT effect in vitro and in vivo, showing potential as a 
tumour-targeting photothermal sensitizer [141].

4. Conclusions

Non-oxide nanoparticles utilizing manganese ions in various oxida
tion states [Mn(II/III/IV)] have been extensively investigated as 

Fig. 21. a) Schematic illustration of Mn(III)PpIX anchored on the surface of PEGylated HMON NPs; b) TEM image of HMONs-MnPpIX-PEG; c-f) In vivo T1w MRI of 
4T1 tumour mice (c, axial and e, coronal) before and (d, axial and f, coronal) upon i.v. injection of HMONs-MnPpIXPEG. Adapted from Ref. [139].

Fig. 22. Schematic representation of the mode of action of DOX/Mn-TPPS4@RBCs as an MRI-guided SDT platform Reproduced with permission from Ref. [140]. 
Copyright (2018) from the American Chemical Society.
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alternatives to Gd(III) and high-spin Fe(III) for the design of nano
systems in T₁-weighted MRI imaging and MRI-guided theranostics. This 
review highlights several recent examples of these systems, including 
Mn(II) chelates incorporated into micelles or liposomes via hydrophobic 
interactions, conjugated to hydrophilic dendrimers and polysaccharides, 
or anchored onto inorganic NPs composed of silica, carbon, and iron 
oxides. Additionally, Mn(II)-based metal-organic frameworks (MOFs), 
Mn(III)-porphyrin systems, and a notable example of an Mn(IV)-based 
system were also examined.

This review has highlighted key aspects of Mn-based nanoparticles 
(NPs), which can be summarized as follows: 

1) NPs containing Mn(II), Mn(III), or Mn(IV) ions exhibit a progressive 
decrease in paramagnetic relaxation efficiency. This trend is attrib
uted to the reduction in the number of unpaired electrons across their 
electronic configurations, leading to lower spin values (S = 5/2, 2, 
and 3/2, respectively) and decreased effective magnetic moments 
(μeff) (Table 1).

2) Greater attention must be paid to safety considerations, which are 
important even for preclinical animal studies. Careful testing for the 
potential release of manganese ions should always be conducted. To 
mitigate the potential toxicity associated with free Mn²⁺ ions, the 
incorporation of chelating ligands should be prioritized. These li
gands help form thermodynamically stable and kinetically inert 
complexes, either anchored to or encapsulated within the NPs, 
ensuring safer and more effective Mn-based nanosystems.

3) In this regard, porphyrin ligands are highly effective in forming 
strong chelates with both Mn(II) and Mn(III). The natural tendency 
of Mn(III)-porphyrins to accumulate in tumour tissues makes them 
particularly promising as MRI contrast agents for MRI-guided ther
apies. Additionally, their intrinsic optical properties render them 
valuable for theranostic applications, including photothermal ther
apy, photodynamic therapy, and sonodynamic therapy.

4) Optimizing the chemical structure of nanoparticles represents a 
crucial step towards enhancing their MRI efficacy and sensitivity. To 
this end, it is essential to fully understand the fundamental impor
tance of studying relaxivity as a function of the applied magnetic 
field. A deeper and more systematic understanding of the relation
ship between r₁ and r₂ relaxation efficiencies and the structural fea
tures of NPs, such as composition, size, and shape, requires relaxivity 
measurements at multiple proton Larmor frequencies. Specifically, 
these values should be assessed at least at three different frequencies 
within the 20–120 MHz range (equivalent to 0.5–3 T). Given the 
strong dependence of relaxivity on the observation frequency, the 
scarcity of such data hinders the rational design and optimization of 
Mn-based NPs, potentially slowing their development. Furthermore, 
the currently reported ionic relaxivities remain well below their 
theoretical limits, leaving substantial room for improvement. 
Enhancing these values could boost the sensitivity of nanoprobes and 
lower detection limits in molecular MRI applications.

Despite the many improvements in the development of Mn-based 
MRI-guided theranostic nanosystems outlined in this review, none 
have yet progressed to clinical application. More broadly, only a limited 
number of hybrid nanotheranostic systems have reached clinical trials. 
This slow translation may be attributed to several challenges, including 
the difficulty of precisely controlling nanoparticle size, shape, and 
structural complexity, as well as their intricate biological interactions at 
the animal level, such as immune responses, toxicity, pharmacokinetics, 
and biodistribution. To advance these nanosystems to Phase I clinical 
trials, more comprehensive preclinical studies are needed using human- 
relevant in vivo models. Critical aspects that require further investigation 
include biodistribution, targeting efficiency (comparing targeted vs. 
non-targeted systems in tumor models), biodegradation, long-term 
toxicity, and elimination pathways, areas where reported data remain 
limited. However, even within the context of preclinical applications, 

substantial room for improvement remains regarding the efficacy and 
safety of these nanoprobes.
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[13] A.E. Merbach, L. Helm, É. Tóth, The Chemistry of Contrast Agents in Medical 
Magnetic Resonance Imaging, (Second), John Wiley & Sons Ltd, Chichester (UK), 
2013, https://doi.org/10.1002/9781118503652.

[14] H. Li, T.J. Meade, Molecular Magnetic resonance imaging with Gd(III)-based 
contrast agents: challenges and key advances, J. Am. Chem. Soc. 141 (2019) 
17025–17041, https://doi.org/10.1021/jacs.9b09149.

[15] M. Botta, L. Tei, Relaxivity enhancement in macromolecular and nanosized GdIII- 
based MRI contrast agents, Eur. J. Inorg. Chem. 2012 (2012) 1945–1960, https:// 
doi.org/10.1002/ejic.201101305.

[16] A.J.L. Villaraza, A. Bumb, M.W. Brechbiel, Macromolecules, dendrimers, and 
nanomaterials in Magnetic resonance imaging: the interplay between size, 
function, and pharmacokinetics, Chem. Rev. 110 (2010) 2921–2959, https://doi. 
org/10.1021/cr900232t.

L. Tei et al.                                                                                                                                                                                                                                       Acta Biomaterialia 207 (2025) 468–494 

491 



[17] G.J. Soufi, A. Hekmatnia, S. Iravani, R.S. Varma, Nanoscale contrast agents for 
magnetic resonance imaging: a review, ACS Appl. Nano Mater. 5 (2022) 
10151–10166, https://doi.org/10.1021/acsanm.2c03297.

[18] D. Ni, W. Bu, E.B. Ehlerding, W. Cai, J. Shi, Engineering of inorganic 
nanoparticles as magnetic resonance imaging contrast agents, Chem. Soc. Rev. 46 
(2017) 7438–7468, https://doi.org/10.1039/C7CS00316A.

[19] R. Du, Z. Zhao, J. Cui, Y. Li, Manganese-based nanotheranostics for Magnetic 
resonance imaging-mediated precise cancer management, Int. J. Nanomed. 18 
(2023) 6077–6099, https://doi.org/10.2147/IJN.S426311.

[20] R.R. Zairov, B.S. Akhmadeev, S.V. Fedorenko, A.R. Mustafina, Recent progress in 
design and surface modification of manganese nanoparticles for MRI contrasting 
and therapy, Chem. Eng. J. 459 (2023) 141640, https://doi.org/10.1016/j. 
cej.2023.141640.

[21] L. Zhang, S. Roy, B. Guo, The role of manganese-based MRI contrast agents for 
cancer theranostics: where do we stand in 2025? Theranostics 15 (2025) 
4147–4174, https://doi.org/10.7150/thno.108705.
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