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Abstract
Paramagnetic and superparamagnetic metals are used as contrast materials for magnetic resonance
(MR) based techniques. Lanthanide metal gadolinium (Gd) has been the most widely explored,
predominant paramagnetic contrast agent until the discovery and association of the metal with
nephrogenic systemic fibrosis (NSF), a rare but serious side effects in patients with renal or kidney
problems. Manganese was one of the earliest reported examples of paramagnetic contrast material
for MRI because of its efficient positive contrast enhancement. In this review, manganese based
contrast agent approaches are discussed with a particular emphasis on their synthetic approaches.
Both small molecules based typical blood pool contrast agents and more recently developed novel
nanometer sized materials are reviewed focusing on a number of successful molecular imaging
examples.

1. Introduction
The science of theranostics (or theragonostics) has emerged as an interdisciplinary area,
which shows promise to understand the components, processes, dynamics and therapies of a
disease at a molecular level.1–3 The potential of magnetic resonance (MR) imaging has long
been realized for early detection, diagnosis and personalized treatment of diseases.4 The
intrinsic MR contrast of different tissues is much more flexible than in other clinical
imaging techniques; however, the detection of pathologies requires the utilization of contrast
metals that differentiate the normal and diseased tissues by modifying their intrinsic
parameters. As opposed to X-ray based techniques, these contrast metals are indirect agents
and they do not appear visible by themselves. The technique involves paramagnetic and
superparamagnetic metals to produce high resolution (<10 micrometres) noninvasive images
in space and time of normal as well as abnormal cellular processes at a molecular or genetic
level of function.5–7, 8–18 The efficiency of the contrast metals depends on their longitudinal
(r1) and transverse (r2) relaxivity, which is defined as the increase of the nuclear relaxation
rate (the reciprocal of the relaxation time) of water protons produced by one mmol/L of
contrast agent. Paramagnetic metals shorten the longitudinal relaxation time (T1), and hence
increase the relaxation rate (1/T1) of solvent water protons. Accumulating organs become
bright in a T1-weighted (T1w) MRI sequence. Therefore these contrast agents are typically
referred to as positive contrast media. Superparamagnetic iron oxides are regarded as
negative contrast agents that influence the signal intensity mainly by shortening transverse
relaxation time (T2) and T2* to produce the darkening of the contrast-enhanced tissue.
These agents are generally composed of iron oxides (magnetite, Fe3O4, maghemite, γFe2O3,
and others).
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A contrast agent with relatively high relaxivity may be detected at lower concentrations,
which in turn allows the imaging of subtle changes at the molecular level. The relaxivity is
highly dependent on a dipolar mechanism of the ion-nuclear distance to the inverse 6th
power. Therefore metal ions with a large spin number, S, are highly desired for MR contrast
agents. Gadolinium (Gd) has been the most predominantly used paramagnetic lanthanide
metal owing to the presence of seven unpaired electrons and slow electronic relaxation time
in its trivalent state. The non-lanthanide metal manganese (Mn), which is critical in cell
biology, represents one of the early reported examples of paramagnetic contrast material for
MRI. In its bivalent state, the metal carries five unpaired electron to produce efficient
positive contrast enhancement.19–21 Unlike the lanthanides and resembling Ca2+, it is a
natural cellular constituent, and often acts as a cofactor for enzymes and receptors. The
intrinsic properties of manganese include high spin number, long electronic relaxation time
and labile water exchange. When used as a contrast agent, manganese ion (Mn2+) works
similarly as other paramagnetic ions, like gadolinium (Gd3+) and copper (Cu2+), which are
capable of shortening the T1 of water protons, thus increasing the signal intensity of T1w
MR images. Additionally, Mn also has a minor T2 effect, which reduces the signal intensity
to produce dark signals. At a biochemical level, manganese is involved in mitochondrial
function, and the greater the mitochondria density in the cell, the higher the level of Mn
uptake. Mitochondria are a rich component of hepatocytes and thus manganese is an
excellent contrast agent for MR imaging of the liver and similar mitochondria rich organs
like pancreas and kidneys.17 Taken together, these properties of manganese make it an
attractive contrast agent for MRI.

This report summarizes the progress achieved so far in the field of manganese based contrast
agents for magnetic resonance imaging. Specifically we review the different manganese
contrast agent families, their synthetic strategies and associated properties. Although
gadolinium has been the most popular choice among the paramagnetic metals, it has recently
been linked with a medical condition known as nephrogenic systemic fibrosis (NSF). NSF is
a rare but potentially harmful side effect observed in some patients with severe renal disease
or following liver transplant. It was first diagnosed in 1997, but only very recently in 2006 a
possible link with Gd-containing contrast agents was identified. Since then the matter has
been studied rigorously which is reflected in the surge in publications (Figure 1) relevant to
NSF.11–15 For obvious reasons, this potential relationship has led to new concerns over the
safety of Gd as an MRI contrast agent and to FDA restrictions on their clinical use.8–1016–17

Furthermore, it has been recently reported that the high surface density presentation of
gadolinium chelates on nanoparticle contrast agents could also induce significant, acute
complement based activation in vitro and in vivo.18 With the increasing safety concerns
associated with these conventionally pursued approaches, scientists are now in pursuit of a
safer, more precise, and more effective way to practice personalized medicine. Toward this
goal, much emphasis is now being put on alternative approaches based on non-lanthanide
metals, in particular manganese, for T1w imaging. It is also important to mention here that
although no relation between Mn and NSF has been found so far, the metal is still known to
pose some toxicity when inhaled and in certain occupational settings.22–25 Although small
amounts are essential to human health, overexposure to free Mn ions may result in the
neurodegenerative disorder known as `manganism' with symptoms resembling Parkinson's
disease. However, the fundamental issue for Mn, as well as other metals, as contrast agents
is in their chelation stability. Chelation stability is an important property that reflects the
potential release of free metal ions in vivo. Macrocyclic chelates are known to provide
higher kinetic stability than their linear counter parts. Manganese is known to form
thermodynamically and kinetically stable associates with macrocyclic ligands, e.g.
diethylene triamine pentaacetic acid (DTPA) and dipyridoxal diphosphate (DPDP). Two
Mn(II)-based agents, the liver-specific Mn-DPDP (Teslascan™)26 and an oral contrast
containing Mn(II) chloride (LumenHance™),27 are available clinically for human use. A
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recent study in rats indicated that the optimal MnCl2 dose for manganese enhanced MRI of
the rat would be 150–300 nmol. Relatively higher doses result in toxic reactions, causing
retinal ganglion cell (RGC) death, impairing active clearance from the vitreous.22 A
preclinical toxicological evaluation of 0.5 M solutions of Mangascan™
ethylenediaminetetraacetic acid (Mn-EDTA) and Pentamang diethylene triamine pentaacetic
acid (Mn-DTPA) at 5–10 ml/kg revealed toxic effects detected within 2 weeks in the general
condition, bone marrow, cardiovascular and central nervous systems, and liver and kidney
functions.28 The influence of the molecular architecture (linear vs dendritic) and chelator
structure on the in vitro neurotoxicity in cultured rat primary neurons was also studied.29 A
hydrosoluble dendritic manganese (II) has been compared with Mn-linear-DTPA and Mn-
DPDP (Teslascan) within a concentration range of 0.1–10 mM. It has been observed that the
linear-DTPA and dendritic-DTPA are relatively well tolerated. This points to the fact that a
dendritic architecture is not much more toxic than a linear architecture of comparable
molecular weights.

2. Contrast agent families
In this review, manganese-based contrast agents are classified into three broad categories,
i.e., small molecule agents (Table 1), hybrid manganese agents (oxo clusters), and agents
coupled (or incorporated into) to macromolecules or nanoparticulates.

2.1. Free ionic manganese
Free ionic manganese (MnCl2) is commonly used for Manganese-enhanced MRI (MEMRI)-
based techniques.30 MEMRI is known for assessing tissue viability as well as providing a
surrogate marker of cellular calcium influx and a tracer of neuronal connections. However,
MEMRI is not the focus of this article and for further details readers are referred to some
excellent review articles on this topic.31–33

MnCl2 represents one of the earliest examples of a manganese contrast agent with a
measured r1 value of 8.0 ± 0.1 mM−1·s−1 at 20 MHz, 37°C and 6.0 mM−1·s−1 at 40 MHz,
40°C. A MnCl2-based oral contrast agent (Lumenhance®, Bracco Diagnostics) has been
evaluated and approved for medical use.34 A major drawback to the use of manganese in
ionic form as a contrast agent, however, is its cellular toxicity. The aqueous manganese (II)
has been found to impart neurotoxicity with a LD50 in mice of 0.3 mmol·kg−1 injected
intravenously and 1.0 mmol·kg−1 injected intraperitonially. Orally administered MnCl2
toxicity is improved relative to i.v. presumably due to the slow rates of metal absorption and
presystemic elimination.35–37 Also, manganese in its ionic form has a very short plasma
half-life and therefore cannot be considered as an effective blood pool agent. Therefore,
critical to the successful application of manganese-based agents is their ability to reach the
site of interest using a lower dose while maintaining detectability by MRI.

2.2. Chelated manganese (porphyrins, polycarboxylic acids etc.)
Chelated manganese deals with the apparent toxicity problem associated with free
manganese ions and has been widely used as a blood pool contrast agent. The only clinically
approved, injectable Mn(II) contrast agent is manganese(II) dipyridoxaldiphosphate (Mn-
DPDP) for liver imaging. The safety factor (LD50/effective dose) of Mn-DPDP was 540,
which was much higher in comparison to gadolinium diethylenetriaminepentaacetic acid
(Gd-DTPA, safety factor = 60–100).38 The MR relaxivities of Mn-DPDP in aqueous
solutions were found to be: r1=2.8 mM−1·s−1, r2 = 3.7 mM−1s−1 with the highest values in
kidney. An EDTA chelated agent (similar to Gd-based MS-325) was reported by Troughton
et al. for Mn(II) containing a diphenylcyclohexyl moiety.39 This group noncovalently binds
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to serum albumin and thereby increases the relaxivity by slowing down the rotation of the
chelate.

Manganese in its bivalent state has been chelated to porphyrins, such as
sulfonatoporphyrins, where it undergoes rapid oxidation to Mn(III) (Table 1).40 One of the
earliest example of sulfonatoporphyrins was manganese (III) tetra-(4-sulfonatophenyl)
porphyrin (TPPS4) followed by analogs with progressively fewer sulfonate functionalities
(TPPS3, TPPS2, Table 1).41–42 There are other examples of comparable manganese
complexes which include uroporphyrin (UROP-1),43 mesoporphyrin, hematoporphyrin44–45

and metalloporphyrin (ATN-10).46Paramagnetic porphyrin-Mn has been reported to produce
sustained tumor T1w enhancement up to at least 24 h following contrast injection in tumor-
bearing (SCC-VII) mice.47 HOP-8 P (α-Aqua-13,17-bis(1-
carboxypropionyl)carbamoylethyl-3,8 bis(1phenethyloxyethyl)-β-hydroxy-2,7,12,18-
tetramethylporphyrinato manganese (III)) represents an example of a tumor specific
manganese based agent which has been evaluated in a tumor-bearing mouse model.48

Ion sensing by MRI is emerging as an important area. Typically competitive displacement of
paramagnetic ions is achieved, which results in alteration of solvent interaction parameters
and changes in relaxivity and MRI contrast. Lippard and coworkers demonstrated a Ca-
dependent displacement of manganese(II) ions bound to EGTA [ethylene glycol bis(β-
aminoethyl ether)-N,N,N′,N′-tetraacetic acid] and BAPTA (1,2-bis(o-aminophenoxy)-
ethane-N,N,N′,N′-tetraacetic acid), which results in an increase in T1w MRI signal.49 The
mechanism of MRI calcium sensors based on displacement of Mn2+ from chelated
complexes is shown in Figure 2. Manganese complexes were assembled with EGTA,
BAPTA, and calmodulin (CaM), all well-studied metal-binding molecules with selective
affinity for Ca2+ ions. It has been observed that upon addition of excess Ca2+, Mn2+ ions are
released from ligand molecules (L) including EGTA, BAPTA, and CaM. Dissociated Mn2+

ions have higher q, lower τR, and, for L = CaM, higher τM, than chelated manganese. This
study indicates that the Mn2+ displacement mechanism for measuring Ca2+ or other ion
concentrations by MRI influences longitudinal relaxivity and could be useful for
applications in solution, as well as in other naturalistic environments where few extraneous
metal ligands are present.

2.3. Hybrid manganese agents
2.3.1. Manganese-based oxo clusters—Manganese-based oxo clusters are considered
as prototypical `Single Molecule Magnet' (SMM). At low temperature the high spin state (S
= 10) and anisotropy of these oxo clusters results in favorable magnetic properties.50–53

Mertzman et al. recently showed that manganese-oxo clusters offer promise as an MRI
contrast agent and their magnetic properties and water solubility are improved when they
were conjugated onto the surface of polymer (e.g., polystyrene) beads (Figure 3).54 Mn-oxo
cluster has a large number of unpaired electrons and has four coordinated waters that are
exchanged rapidly on the NMR timescale due to the coordination to the labile Mn(III). It can
undergo ligand exchange for attachment onto any surface containing carboxylic acid
functionality. The reaction was straightforward and involved soaking the polystyrene beads
in ethanolic solutions of Mn-oxo-cluster followed by centrifugation and washing of the
brown powder to remove excess cluster. This is self-limiting and proceeds until a monolayer
of clusters is attached. The relaxivity of the clusters were found to be highly dependent on
the size of the polymer beads. An increase in the bead diameter from 47 nm to 209 nm
resulted in a significant increase in R1 from 22.0 s−1 to 37.5 s−1.

Synthesis and MR characterization of two Mn(II)-monosubstituted polyoxometalates
(MnPOMs), MnSiW11 and MnP2W17, were evaluated in vivo and in vitro as tissue-specific
MRI contrast agent candidates.55 The measured relaxivities exhibited improved relaxation in
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comparison with Gd-DTPA. In vivo MR imaging in healthy rats demonstrated signal
enhancement in organs e.g. liver and kidney, suggesting that these agents can produce
sufficient signals for animal imaging.

2.3.2. Manganese-organic frame work—An example of another interesting class of
hybrid materials is manganese-based core-shell nanoscale metal-organic frameworks
(NMOFs). Wenbin Lin's group synthesized novel Mn-NMOFs comprised of terephthalic
acid (BDC) and trimesic acid (BTC) bridging ligands by reverse-phase microemulsions.56

Mn-NMOFs are morphologically comparable to nanorods. Mn (BDC)(H2O)2 was
synthesized by stirring a cetyl trimethylammonium bromid (CTAB)/1-hexanol/nheptane/
water microemulsion containing equimolar MnCl2 and [NMeH3]2(BDC). Nanoparticles of
Mn3(BTC)2(H2O)6 were prepared in a CTAB/1-hexanol/isooctane/water microemulsion
mixture containing a Na3(BTC)/MnCl2 molar ratio of 2:3. (Figure 4)

The particle morphology was confirmed in anhydrous state by transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) techniques, which revealed
that the particles adopt uniform spiral rod structures with diameter 50–100 nm and lengths
~1–2 μm. The particles were made dispersible in water by a silica coating. Polyvinyl
pyrrolidone (PVP)-coated particles under base-catalyzed condensation of tetraethyl
orthosilicate (TEOS) produced a thin layer of silica shell, which provided a chemical basis
for conjugating a fluorophore (rhodamine B) and a cell-targeting cyclic peptide (cRGDfk)
for selective recognition of αvβ3 integrin, which is over-expressed in tumor angiogenesis.
Rhodamine B- and c(RGDfK)-coupled particles demonstrated effective target-specific MR
imaging to cancer cells in vitro, which was corroborated by optical imaging. The relaxivity
offered by this system was modest and eventual release of large doses of Mn2+ ions inside
cells further questions the practical applicability of this system due to the possible toxicity.

2.4. Macromolecular agents
A dendritic manganese (II) chelate has been evaluated by in vitro (relaxivity) and in vivo
(toxicity and relaxivity) experiments as a MEMRI contrast agent.57 The influence of the
molecular architecture (linear vs dendritic) and chelator structure on the in vitro
neurotoxicity was also studied in cultured rat primary neurons. The Mn(II) DTPA-derived
complexes were synthesized starting from a bromo derivative as depicted in Scheme 1. The
bromide in the presence of methyl 3,5-dihydroxybenzoate and potassium carbonate in
acetone led to the formation of methyl ester followed by the reduction of ester with LiAlH4
in THF. This allowed the preparation of the corresponding benzyl alcohol in 90% yield.
Finally, the ligand was obtained by reaction of benzyl alcohol with commercially available
diethylenetriaminepentaacetic dianhydride in the presence of triethylamine in
dichloromethane. After purification, an equimolar solution of ligand and MnCl2 was reacted
at pH 6.5 to produce manganese dendritic complex 1 in high yield. This hydrosoluble
dendritic manganese (II) was compared with Mn-Linear-DTPA and Mn-DPDP
(Teslascan™) within a concentration range of 0.1–10 mM. It has been observed that the
linear-DTPA and dendri-DTPA are relatively well tolerated suggesting that dendritic
architecture of comparable molecular weights are equally safe. The examples of other
polymeric manganese contrast agents are based on novel hydrophilic dendritic Mn(II)
complex derived from DTPA for MEMRI experiments for brain imaging. These complexes
exhibit no in vitro neuronal toxicity at concentration ~1 mM. The MR properties were also
found to be much better than that of the commercial MRI contrast agents (Gd-DTPA).

2.5. Nanoparticle based agents
Small molecule chelated contrast agents have been classically entrapped into liposomes,
while the examples of other nanoparticulate agents were comprised of purely inorganic or
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included organic (and/or polymeric) components. Although liposomes have been widely
used in the literature as a blood pool contrast agents, their apparent in vivo instability
presents a problem. Also, liposomes injected into the blood stream quickly become captured
and degraded by the immune system. Pegylated “stealth” liposomes last long but unexpected
immune responses are reported to occur. Therefore, the conventional liposomes seldom
make it to sites in the body other than the liver and the spleen, making them not an attractive
choice for the molecular imaging applications. These problems were addressed very recently
by several groups including ours. Examples of these agents typically include “soft” or
“hard” type agents derived from colloidal emulsion, dendritic polymers or inorganic oxide
based agents. In this section we will discuss the synthetic and MR properties of these agents
in detail.

2.5.1. Liposome based agents—Manganese (II) ions have been incorporated into the
phospholipid based liposomal bilayers to reduce the toxicity in mice in comparison to the
free Mn(II). The construct had a r1 value of 35.34 mM−1 s−1 at 20 MHz. Various chelated
manganese (polycarboxylic acid ligands e.g., EDTA,58 EDTA-DPP, DTPA, DTPA (PAS)59

and TTHA.60) were successfully used (Table 1). Chelates containing a BOM (benzyloxy
methyl) moiety were also prepared to promote a noncovalent interaction with human serum
albumin (HSA).61 The exchange rate of coordinated water was one order of magnitude
higher compared to the exchange rates previously reported for Gd(III) complexes with
octadentate ligands. These fast exchange rates can be attributed to the formation of
macromolecular adducts with HSA to attain systems producing high relaxivity values
compared to the analogous gadolinium based agents. Small unilamellar liposomes (SUVs)
were prepared entrapping manganese chloride within the internal aqueous space of the
vesicles or into the bilayer surface via membrane bound complexes as alkylated
manganese.62

They were compared for in vitro relaxivity, stability, toxicity, and in vivo imaging in rats
with liver tumors. Results indicate that the liposomes entrapping alkylated manganese had a
concentration-dependent change in relaxivity that was maximal at a several-fold molar
excess of phospholipids relative to the free manganese ion. On the other hand, liposomes
bearing membrane-bound complexes showed relaxivity inversely proportional to lamellar
size. In vivo imaging showed specific hepatic enhancement with manganese liposomes
bearing alkylated complexes in comparison to the manganese ion entrapped liposomes.62

(Figure 5)

2.5.2. “Soft” nanoparticle based agents—Very recently Pan et al. reported one of the
first examples of MR imaging with trivalent manganese incorporated within a nanoparticle
which morphologically resembles red blood cells.63 Toroidal shaped manganese (III)-
labeled “nanobialys” represent an ideal `soft-type' biconcave polymer-lipid particle.
Preliminary in vitro data show its potential as a targeted MR theranostic agent. Nanobialys
were prepared through spontaneous self-assembly of amphiphilic hyperbranched
polyethylenimine with a particle size within 180–200 nm and narrow polydispersities
(Figure 6). Commercially available hyperbranched polyethyleneimine (MW=10kDa) were
hydrophobically modified with either palmitic acid or linoleic acid through a nominal 55%
conjugation of the 1° amines. The conjugation of the fatty acids was performed either by
direct thermal coupling or using 1-(3′-dimethylaminopropyl)-3-ethylcarbodiimide
methiodide (1.2 equiv) carbodiimide-mediated conjugation at ambient temperature. The
amphiphilic polymer assumed inverted micellar structures in anhydrous chloroform that
were able to transfer a novel water soluble contrast agent Mn(III)-protoporphyrin chloride
(Mn-PPC, Figure 6A) in a kinetically stable, complex. Synergistic self-assembly of this
agent alone or in presence of biotin-caproyl-DSPE (5 w/w% of total amphiphiles) produced
the bialys presumably due to the formation of a bilayer structure. Hydrodynamic particle
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sizes for the biotinylated and non-biotinylated bialys were comparable (<200 nm), with a
narrow distribution (polydispersities ~ 0.01). Biotin was used as a homing agent for
targeting these particles to fibrin clots through classic avidin-biotin interactions and a well-
characterized biotinylated fibrin-specific monoclonal antibody (NIB5F3). Manganese
protoporphyrins were directly exposed to the surrounding water producing ionic r1 and r2
relaxivities of 3.7 ± 1.1 mmol−1 s−1 and 5.2 ± 1.1 mmol−1 s−1 per Mn ion and particulate
relaxivities of 612,307 ± 7213 mmol−1 s−1 and 866,989 ± 10,704 mmol−1s−1 per particle,
respectively.

Moreover, the potential to entrap both hydrophobic and hydrophilic therapeutic agents
(anticancer drugs) within these nanoparticles was demonstrated. The efficient (>98%)
synthetic incorporation and in vitro dissolution confirmed the retention (80%) of
chemotherapeutic compounds (e.g. doxorubicin and camptothecin). Nanobialys represented
a unique platform for theranostic application which was demonstrated through targeted MR
imaging in vitro using anti fibrin monoclonal Ab targeting to fibrin-rich clots. However,
these particles presented modest in vivo contrast enhancement, which led to the exploration
of alternative `soft-particle' approaches.

The alternative approaches included manganese oxide and manganese oleate nanocolloids
(particle size >130 nm), which were developed by incorporating manganese (II) oxide (10
nm) particles or manganese (II) oleate within a hydrophobic core (vegetable oil) matrix
encapsulated by phospholipids.64 (Figure 7) In a typical procedure, manganese chloride
tetrahydrate was reacted with sodium oleate in a mixture of ethanol/water/hexane for 14 h at
80 °C and 4 h at ambient temperature to afford Mn (II)-oleate, an organically soluble
manganese complex. Mn-oleate was then thermally decomposed in octadecene at 325 °C for
70 min to produce coated MnO nanoparticles (8–12 nm). These particles were highly
uniform in size (Figure 7f) and easily dispersed in chloroform. Coated MnO was then
incorporated in almond oil matrix (2 w/v%) and subjected to high pressure (20000 psi, 4
min) homogenization with the surfactant mixture to produce manganese oxide nanocolloids
(ManOC). The surfactant mixture was mainly comprised of phosphatidylcholine (PC) (90
mol%) and biotin-caproyl-PE (1%) (Scheme 1) for targeting fibrin rich clots as discussed
before. Manganese oleate nanocolloids (ManOL), containing only Mn-oleate suspended
with sorbitan sesquioleate as the inner matrix, trapped even higher amounts of manganese
(>2w/v%). This unique methodology incorporated nominally >100,000 manganese metal
atoms on a per particle basis.

MR experiments at 3.0 T magnetic field strength demonstrated high-resolution T1w
molecular imaging with ManOC and ManOL. (Figure 8) The specific relaxivities were
found to be markedly and unexpectedly higher for the ManOL as compared to the ManOC.
Results suggest that ManOL has outstanding potential for imaging intravascular
microthrombus such as that associated with ruptured atherosclerotic plaque, and may
provide adequate contrast to detect the very sparse bio-signatures such as αvβ3 integrin
associated with angiogenesis in cancer and vascular diseases. Moreover, the overall safety
and high efficiency (i.e. avidity) raises the potential of the platform for further transition of
the work from research to clinical studies.

Tan et al. very recently reported the synthesis of a nanoglobular carriers, where macrocyclic
Mn(II) chelates were conjugated to the lysine dendrimers with a silsesquioxane core.65 A
generation 3 nanoglobular conjugate of Mn(II)-1,4,7-triaazacyclononane-1,4,7-triacetate-GA
amide (G3-NOTA-Mn) was also synthesized and evaluated. (Figure 9) Two different
macrocyclic ligands NOTA (coordination no 6) and DOTA (corordination no 8) monoamide
were used to chelate paramagnetic Mn(II) ions. The ligand effect on relaxivities of the
agents was tested with macrocyclics having different coordination number. The synthetic
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scheme for the preparation of nanoglobular Mn(II)-DOTA and Mn(II)-NOTA conjugates is
depicted in Figure 9. DOTA-tris(tBu) and excess of NODA-GA(tBu)3 were used for the
conjugation of the ligands to the nanoglobules. The Boc functionality was deprotected with
TFA to yield nanoglobule-DOTA-monoamide or nanoglobule-(NOTAGA) conjugates.
Mn(II) complexes were prepared by reacting the nanoglobular ligand conjugates with large
excess Mn(OAc)2 at 100 °C to achieve a complete complexation of Mn(II) with the ligands.
Finally the excess manganese ions were removed by ultrafiltration and dialysis. Nominally
>70% of the surface amino groups of the nanoglobules were conjugated with macrocyclic
Mn(II) chelates. In this report, ionic relaxivity of G2–G4 nanoglobular Mn(II)-DOTA
monoamide conjugates were determined. The relaxivities decreased with increasing
generation of the carriers. Although the cellular toxicity of this agent is unknown, it
exhibited good in vivo stability and were readily excreted via renal filtration in a rodent
animal model. The construct also resulted in lower nonspecific liver enhancement than
MnCl2 which points to their potential safety. They were also found to be effective for
contrast-enhanced tumor imaging in nude mice bearing MDA-MB-231 breast tumor
xenografts at a dose of 0.03 mmol Mn/kg. The advantages of this system include the
controllable size, morphology and easy access to the functional groups on the surface, which
makes the agent a promising example of “soft” nanometer sized manganese-based molecular
contrast agent. Overall, they have great potential owing to their thermodynamic stability,
high solubility in water and uniform size distribution. However, more synthetic
advancements are needed to generate biocompatible and biodegradable systems for further
translational work.

2.5.3. “Hard” type inorganic nanoparticle based agents—The inorganic “hard”
nanoparticle catagories include a major class of manganese based agents. A colloidal
suspension of manganese sulfide (MnSC) represents one of the first examples of “hard”
inorganic particles. The suspension was prepared by the co-precipitation of equal molar
quantities of manganese acetate and sodium sulfide. The preparation was characterized as a
salmon-colored suspension with an anhydrous state particle size of 0.1–10 μm observed by
scanning electron microscopy. Chilton et al. investigated the effect of this suspension upon
liver and lung spin-lattice relaxation times (T1) in rats following intravenous
administration.66

Based on the seminal work by Hyeon and coworkers,67 there has been a recent surge in
publications on biocompatible manganese oxide (MnO) nanoparticles for MR imaging.
(Figure 10) These particles in either spherical or hollow morphology elicit bright signal
enhancement and provide fine anatomic detail in the T1-weighted MR image in rodent
models. Uniformly sized spherical MnO nanoparticles were prepared by thermal
decomposition of manganese (II) oleate complexes at 300 °C.67 These particles are soluble
in common organic solvents (e.g. chloroform, toluene etc.). The organically compatible
nanoparticles (10–30 nm) were encapsulated in a either polyethyleneglycol (PEG) or
phospholipids shell for increased water solubility and improved biocompatibility. They are
anti ferromagnetic and therefore do not exert the susceptibility artifacts in MRI as observed
with the super paramagnetic iron oxide (SPIO)-based T2* agents. These particles were
shown to target breast cancer cells in a metastatic tumor in mouse brain and were used to
label rat glioma cells by electroporation. The viability and proliferation of the labeled cells
were similar to the non labeled cells and they produced “positive contrast” with an increased
R1. However, the higher dose of MnO (785 μg Mn/ml) was found to be strongly toxic.68

The relaxivity of MnO nanoparticles can be tuned by manipulation of their size and
curvature. Manganese oxide nanoparticles (MONs, 20 nm) stabilized by oleic acid as well as
water-dispersible manganese oxide nanoparticles (WMONs) were prepared and
encapsulated with poly(ethylene glycol) phospholipids.69 The hollow manganese oxide
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nanoparticles (HMONs) were prepared by the selective removal of oxide phase from the
WMONs. (Figure 11) HMON showed enhanced relaxivities and drug-loading capacities
compared to those with solid interiors (WMON). Drug encapsulation capability combined
with their efficient cellular uptake points to the potential of theranostic applications.
HMONs with void interior spaces may offer advantages over perfectly spherical
morphology, owing to their large water-accessible surface areas, which are capable of
carrying high payloads of MR-active magnetic centers, and a large amount of therapeutics
within the interior void.

A similar methodology was followed to prepare multifunctional HMONs by a bio-inspired
surface functionalization approach, using 3,4-dihydroxy-L-phenylalanine (DOPA) as an
adhesive moiety.70 Cationic polyethylenimine-DOPA conjugates were stably immobilized
onto the surface of HMON due to the strong binding affinity of DOPA to metal oxides and
functionalized with Herceptin antibody to selectively target breast cancer cells and deliver
siRNA therapeutics.

Very recently Hyeon group published a work on the synthesis of mesoporous silica-coated
hollow manganese oxide (HMnO@mSiO(2)) nanoparticles as a novel T1w MRI contrast
agent.71 The mesoporous structure of the nanoparticle shell helps to enable optimal access of
water molecules to the magnetic core, and thereby an effective enhancement of R1
relaxation of water protons was achieved (0.99 mM−1s−1) at 11.7 T. (Figure 12) These
nanoparticles exhibited high cellular uptake by adipose-derived mesenchymal stem cells
(MSCs), using electroporation, and were detected with MRI both in vitro and in vivo. These
findings are encouraging and the hollow nanoparticles show great potential for MRI cell
tracking using positive contrast. However, the average diameter of the particles was
obtained as 65 nm (MnO core size ~15 nm). It is generally regarded that 6–10 nm is a
typical kidney cut-off. Considering this and the fact that these “hard” type crystalline
particles are never bio-metabolized, an improved synthetic strategy to reduce the particle is
warranted for their clinical translation.

In another example,72 oleate coated manganese oxide crystals were transferred to the
aqueous phase by cetyltrimethylammonium bromide (CTAB) followed by a sol gel reaction
for the formation of spherical mesoporous silica shells by hydrolysis and condensation of
tetraethylorthosilicate (TEOS). An iridium complex ([5-pyridyl-3-(butyl
triethoxysilyl)pyrazolate]1[phenyl isoquinolinate]2 iridium) (Ir(III) complex) was
strategically placed connecting the (EtO)3Si functional group, so that it is simultaneously
encapsulated into the mesoporous silica framework during the co-condensation reaction.
This unique design provides the capability for MR imaging, while the simultaneous red
phosphorescence and singlet oxygen generation from the Ir complex opens up the possibility
of optical imaging and inducing apoptosis, respectively.

Sub 10 nm manganese oxide (Mn3O4) particles were prepared as spheres, plates and cube
morphologies.73 The manganese stearate (Mn(SA)2) salt was used as a precursor and a
negatively charged polystyrene sulfonate (PSS) polymer was used to prepare Mn3O4@PSS
nanoparticles. They exhibited paramagnetic behavior at room temperature on the basis of
superconducting quantum interference devices (SQUID) measurements. It was found that
nanoplate-treated A549 lung cancer cells showed a MR signal increase up to 139% in T1w
images compared with untreated cells with a metal concentration as low as to 1.3 × 10−2

mM.

Baek et al. reported a one-pot synthesis of hydrophilic D-glucuronic acid-coated MnO
nanoparticle ranging from 2–3 nm.74 High in vivo T1w MR contrast were obtained for
various organs, showing the potential of these colloids as a sensitive positive contrast agent.
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A facile, two-step surface modification strategy was reported by Huang et al. to achieve
manganese oxide nanoparticles with prominent MRI T1 contrast.75 Oleate coated
manganese oxide nanoparticles were synthesized using a pyrolysis method and dispersed in
a 1:1 CHCl3/DMSO mixture solution, incubated and surface-exchanged with dopamine.
This solution was added dropwise to an aqueous solution of human serum albumin (HSA).
Because of the excellent ligand binding capacity of HSA and the post-modification amine-
rich particle surface, the protein was efficiently adsorbed onto the particle surface.
Analytical measurements with protein assay and ICP measurements determined that there
were about 10 HSA molecules on each coated particle.

Lu et al. synthesized manganese ferrite nanoparticle (Mn-SPIO) micellar nanocomposites.76

These clustered nanocomposites were prepared from a self-assembly of diblock copolymer
mPEG-b-PCL that noncovalently transferred Mn-SPIO nanoparticles into the micellar
compartment (hydrodynamic diameter = 79 ± 29 nm). (Figure 13) Atomic force microscopy
revealed the height of these composite particles as 8–50 nm. Mn-SPIO micelles had no
relative detrimental effects on mouse macrophage cell lines as determined by their
cytotoxicity measurements with MTT assay. At a magnetic field strength of 1.5T, these
particles had a T2 relaxivity of 270 (Mn and Fe) mM−1 s−1, which was effective enough to
bring significant liver contrast in vivo (signal intensity changes of −80% at 5 min after i.v.).
The time window was about 36h for enhanced-MRI, which strongly improved the contrast
between small lesions and normal tissues. Leung and co-workers prepared one-dimensional
Mn-Fe oxide composite nanostructures of 400–1000 nm sizes in needles, rods, and wires
form.77 The nanostructures were synthesized by the treatment of MnFe2O4 nanoparticles in
the presence of cystamine by a linker-induced organization of manganese doped iron oxide
nanoparticles. In vitro studies showed that the nanostructures could be transported into
monocyte/macrophage cells (RAW264.7). The viability and proliferation potential of these
cells were not affected at a labeling concentration <50 μg/mL. However their MR properties
were not promising. The results from 1.5T MR indicated that the T2 relaxivities (r2) for
nanoneedles, nanorods, and nanowires were 20.81 ± 0.58, 8.10± 0.31, and 6.62 ± 0.42
mM−1·s−1, respectively, which were lower than the corresponding iron oxide nanoparticle
derivatives (e.g. VSOP-C184 and SHU-555C (Supravist)). It is believed that the formation
of the larger 1-D nanostructures led to lower MR relaxivities.77

2.5.4. Inorganic bulk particle approach—Recently, another class of manganese oxide
particles was reported based on inorganic bulk material. Insoluble, inorganic manganese
oxide particles (i.e., MnO, MnO2, and Mn3O4) and manganese carbonate (MnCO3) in form
of bulk inorganic powder were developed as convertible contrast agents for molecular and
cellular MRI agents.78 These Mn particles are typically water insoluble at neutral pH and
exhibit high magnetic susceptibilities to produce dark contrast when using T2*-weighted
MRI pulse sequences. (Figure 14) However, the particles were degraded by the abundant
proteolytic enzymes in the predominantly acidic environment after cellular internalization
and localization within endosomes and/or lysosomes. After internalization, they release
Mn2+ ions, which are strong T1 MRI contrast agents. If the size of the particles can be
controlled, the potential of the system is clearly noted for an entire class of novel
environmentally responsive MRI contrast agents.

3. Conclusion
Manganese offers great advantages as a T1 weighted MR contrast agent due to its favorable
electronic configuration and enriched biochemical features. However, manganese in its free
form is toxic and needs to be “masked” before administration. Manganese chelates, e.g. Mn-
DPDP (Teslascan™), prevent the premature release of the metal and enhance the T1 signal.
Teslascan™ has been successfully used in the clinic for the detection of liver lesions. It is
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the only FDA approved manganese contrast agent. The chelate DPDP dissociates in vivo
into the metal and DPDP where the former is absorbed intra-cellularly and excreted in bile,
while the latter is eliminated via the renal filtration. Recent discovery of NSF and its
association with Gd based agents has triggered an important question over the future use of
lanthanide based metals. Although manganese is not free from toxicity, it clearly offers an
alternative MR contrast agent. With this aim in mind, manganese-based agents are gaining
tremendous attention. Novel nanotechnologies are evolving with the goal to achieve high
MR contrast by keeping the target specificity intact. Manganese in the form of nanoparticles
reduces the risk of free metal based toxicities by preventing the premature loss of the free
metal. Some strategies involved the use of liposomes, which are cleared rapidly from
circulation due to uptake by the reticulo endothelial system (RES), primarily in the liver.
Also with these systems, typically the production cost is very high and they are unsuitable
for large scale preparation. The system further lacks stability due to the leakage and fusion
of the entrapped metal from the uni- or multi-lamellar particles. There has been a steady
growth of publications related to the use of “hard” type crystalline (and coated) manganese
oxide based materials in various morphological states. Although these systems undoubtedly
offer great contrast and targeting potential in vivo, their clearance mechanism has mostly
remained under investigated. Keeping in mind an optimum kidney cut-off of <10nm, new
synthetic strategies are desired to achieve particles in smaller size ranges. Dendritic systems
are evolving rapidly as defined, macromolecular architectures. They offer the advantages of
using a particle with “soft” nature, which are generally regarded as highly safe for the living
system. The dendritic agents also retain the specificity for their intended target in vitro and
in vivo. However, the synthetic pathways to a typical generation five (G5) dendrimer are
long and require advanced skills, which may raise questions regarding their commercial
success in industrial set up. Also, their ability to target sparse epitopes (e.g. angiogenic
markers) is mostly uninvestigated. The “soft” nanocolloids incorporating manganese (II)
oleate present huge potential in terms of their safety, ability to target sparse biological
tissues and defined in vivo properties. More in depth studies are warranted to delineate their
potential as manganese-based molecular imaging agents.
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Figure 1.
Publication trend from Scopus: (a) surge in publications related to Gd and NSF; (b) renewed
interest in manganese.

Pan et al. Page 17

Tetrahedron. Author manuscript; available in PMC 2012 November 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Mechanism of MRI calcium sensors based on displacement of Mn2+ from chelated
complexes. (τR and τM are rotational and water exchange time constants; q is the number of
inner sphere).
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Figure 3.
Surface attached manganese-oxo clusters improve MR contrast (PS: polystyrene beads).
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Figure 4.
(a) Illustration of Mn-NMOF formation
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Figure 5.
Examples of manganese incorporated liposomes.
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Figure 6.
Preparation and characterization of manganese nanobialys. Reaction conditions: (1)
anhydrous chloroform, gentle vortexing, room temperature; (2) aqueous solution of 2
[Mn(III)-protoporphyrin], inversion, room temperature, filter using short bed of sodium
sulfate and cotton; (3) Biotin-Caproyl-PE, filter mixed organic solution using cotton bed, 0.2
μM water, vortex, gently evaporation of chloroform at 45°C, 420 mbar, 0.2 μM water, sonic
bath, 50°C, 1/2 h, dialysis (2 kDa MWCO cellulose membrane) against water. (A) :
Structure of Mn(III)-protoporphyrin; (Top left) (B) transmission electron microscopy (TEM)
image (drop deposited over nickel grid, 1% uranyl acetate) and (C) atomic force microscope
(AFM) image of nanobialys (drop deposited over glass); (D) magnetic resonance image
(MR) of human plasma clot targeted with biotinylated nanobialys. (inset)
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Figure 7.
Preparation and characterization of manganese nanocolloids. Reaction conditions: (Left)
Preparation of ManOC and ManOL. (i)–(ii) sodium oleate, reflux, stirring; (iii)–(iv) 1-
octadecene, 325°C/70 min, stirring; (v) suspended with vegetable oil (2 w/v%), vortex,
mixing; evaporation of chloroform under reduced pressure, 45°C; (vi) thin film formation
from phospholipids mixture; (vii) homogenization, 20,000 psi, 4 min, 0°C; (viii) Mn-oleate,
suspended with sorbitan sesquioleate (>2 w/v%), vortex, mixing, evaporation of chloroform
under reduced pressure, 45°C; then steps (vi), followed by (vii). (In box) Characterization
of ManOC and ManOL. Number averaged hydrodynamic (DLS) distribution of (a)
ManOC and (b) ManOL; (c)–(e) atomic force microscopy (AFM) images of ManOC,
ManOL and ConNC respectively; (f) TEM image of coated MnO drop deposited over nickel
grid and (g) their distribution; (h) TEM image of ManOC.
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Figure 8.
MRI images of fibrin-targeted nanocolloids: (a) Structure of nanocolloid; (b) MR image of
varying concentrations of ManOL phanotoms; (c) Control nanocolloid (no Mn; `ConNC');
(c) non targeted-ManOL and (d) fibrin targeted ManOL, bound to cylindrical plasma clots
measured at 3 T (res: 0.73 mm × 0.73 mm × 5 mm).
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Figure 9.
Synthesis of G3 nanoglobular macrocyclic Mn(II) chelate conjugates with NODA or DOTA
chelates.
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Figure 10.
Examples of manganese oxide based MRI contrast agents.
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Figure 11.
Formation of HMONs. (gray: MnO, black: Mn3O4)
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Figure 12.
Synthesis of HMnO@mSiO2 nanoparticles and labeling of Adipose-derived mesenchymal
stem cells (MSCs) using electroporation.
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Figure 13.
(a) Illustartion of mPEG-b-PCL/Mn-SPIO micelle formation and Mn-SPIO nanocrystal
clustering inside the micelle core. (b) TEM bright field image of Mn-SPIO micelles (copper
grids); (scale bar = 50 nm).
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Figure 14.
Illustration of the manganese oxide-based “bulk” material as a convertible MR contrast.
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Scheme 1.
Synthesis of the dendritic manganese (II) chelate: i) Methyl-3,5-dihydroxybenzoate, K2CO3,
(ii) LiAlH4, THF, 0°C; (iii) diethylenetriamine pentaacetic dianhydride, TEA; (iv) for Mn
complex 1: MnCl2·4H2O, pH 7.
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Table 1

Small molecule ligands used for manganese chelation

Entry Types of ligandsaa Structure Application reported rl (mM−1s−1)

1 Alanine / VitaminD3 Oral contrast 8 (20 MHz)

2 DPDP Rat carcinoma 37.4 (20 MHz)
(liposomal)

3 EDTA/EDTA-DPP Rat carcinoma 37.4 (20 MHz)
(liposomal)

4 EDTA-BOM In suspension/in vitro 55 (20 MHz)

5 EDTA-diphenylcyclohexyl In vivo (rabbit carotid artery injury) Buffer: 5.8 (20 MHz)
Rabbit plasma: 51
Human plasma: 46

6 DTPA-SA Dog liver > relaxivity than Gd
vesicles due to the slow
release of Mn(II)

7 TTHA In vitro 5.5 (10 MHz)

8 PcS4 Mice (human breast carcinoma) 10.10 (10.7 MHz)

9 TPPS4 Rat brain gliomas and other models 10.36 (20 MHz)

10 TPPS3 Subcut. mammary carcinoma
(SMT-F) and MCF-7 human breast
carcinoma

Mn-TPPS3 demonstrates
the greatest relaxivity
among other sulfonated
porphyrins

11 TPPS2

12 Mesoporphyrin Hepatobiliary contrast agent 1.9 (20 MHz)
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Entry Types of ligandsaa Structure Application reported rl (mM−1s−1)

13 Hematoporphyrin Rat liver various

14 UROP-1 Rat cerebral gliomas 4.75 (10 MHz)

15 ATN-10 Brain tumor, cold injury model and
cytotoxic brain edema

various

16 TPP Hepatocellular carcinomas 13.0 (20 MHz)

17 HOP-8P Tumor-bearing (SCC-VII) mice various

a
DPDP, dipyridoxal diphosphate; EDTA, ethylenediaminetetraacetic acid; DPP, dipeptidyl peptidases; BOM, benzyloxymethyl; DTP A,

diethylenetriaminepentaacetic acid; TPPS, tetraphenylporphine sulfonate; UROP-1, URO porphyrin-1, TPP, tetraphenyl porphyrin.
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