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Abstract	 	

Magnetic resonance imaging is one of the most sophisticated diagnostic 

tools in clinic. Contrast agents (CAs) may be exploited to afford much 

clearer images of detectable organs and to reduce the risk of 

misdiagnosis, due to the limited sensitivity of the technique. Actually, only 

a few gadolinium-based CAs are approved for clinical use. Nevertheless, 

concerns over their toxicity remain and their administration is approved 

only under strict control. In the present study it is reported the synthesis 

and validation of a novel manganese-based CA, Mn@HFn-RT. 

Manganese is an endogenous paramagnetic metal able to produce a 

positive contrast like gadolinium, however it is estimated to cause lower 

toxicity for human body. Manganese ions have been efficiently loaded 

inside the shell of a recombinant human protein called H-ferritin that is 

recognized by cells overexpressing TfR1, including the majority of 

cancer cell. Mn@HFn-RT was characterized, showing excellent colloidal 

stability, superior relaxivity and good safety profile. From in vitro 

experiments it was possible to confirm the ability of Mn@HFn-RT to 

efficiently target cancer cells and thus favor the detection of the tumor 

region in a breast cancer in vivo model with very low metal dosages and 

showing rapid clearance. Mn@HFn-RT looks a promising CA candidate 

to be developed for MRI. 
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1.	Introduction	

1.1 Nanomedicine 

Nanomedicine is a new field of medicine, specialized in exploiting the 

knowledge and the tools of nanotechnology for the prevention and 

treatment of disease. Commonly, it is defined nano a material at its 

nanometric scale (1 - 100 nm). Working at molecular size scale, its 

peculiarity is the ability to integrate biology and technology, interacting 

efficiently with biomolecules using unique physiochemical properties. In 

fact, multiples characteristics, such as optical, magnetic and electron 

properties, were shown to exhibit marked differences compared with 

corresponding bulk materials when confined to a length scales of a few 

nanometers1. Nanomedicine has focused on a wide range of 

applications thus far, including biosensors, tissue engineering and drug 

delivery, where the main goal is the possibility to increase safety and 

biocompatibility of conventional medicines, improving specific drug 

targeting and pharmacokinetic properties2,3,4. The main tools explored 

are nanoparticles (NPs), 3D nanomaterials with at least one dimension in 

the range 1 - 100 nm. 



 12 

1.1.1 Nanoparticles for clinic 

Many NPs have entered clinical practice, and even more are being 

investigated in trials for a broad variety of indications. Currently, there are 

about 50 nanodrugs approved by Food and Drug Administration (FDA), 

despite the huge amount of reports published every year in this field5. 

Delay for translation to clinical practice is principally derived by 

biodistribution and safety considerations of developed nanotechnology.  

Optimizing biodistribution enhances successful outcomes. Firstly, 

depending on the purpose of each NP, it has to be chosen the most 

appropriate administration route to obtain an efficient distribution in the 

region of interest (i.e., oral, pulmonary, topical, transdermal, intravenous 

(i.v.), intramuscular and subcutaneous)6. Physical and chemical NPs 

features play an important role in achieving proper circulation time and 

a successive clearance of the nanocomposites. In particular, after 

entering in blood circulation, they have to face different hurdles, 

including disintegration by protein adsorption, opsonization-mediated 

removal by mononuclear phagocytic system (MPS), or filtration by 

organs. The last excretion route is size dependent, since NPs with a 

diameter below 5 - 10 nm can reach out to renal filtration, while liver easily 

eliminates NPs with a size between 20 - 100 nm. Larger NPs, which are 

not excreted by urine or bile to feces, are eventually eliminated by the 

MPS present also in lymph nodes and spleen (Figure 1)7. 
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Figure 1. NPs drainage through different organs according to their properties. 
Reproduced with permission from the corresponding paper7.  

The occurrence of side effects is the other limiting step in clinical trials 

and can arise from multiple factors. Firstly, the material could provoke 

toxicity by itself or when administered in high concentrations (e.g., metal 

NPs). Moreover, NPs instability in the biological environment (where 

several proteins, molecules and pH changing are present) could induce 

aggregation and accumulation in tissues. Finally, inefficient clearance 

could also induce undesired NPs dissolution and production of reactive 

oxygen species (ROS)8. 
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To overcome concerns about biodistribution and toxicity it is necessary 

to optimize NPs design, where factors impacting are resumed in Figure 

2. In particular, size and shape play a crucial role in determining tissue 

penetration and cellular delivery: NPs with smaller size interact better 

with cell membrane and can result in a faster uptake9. Moreover, they are 

less recognized by macrophages provoking inferior inflammatory 

response10. Among multiple shapes, spherical NPs demonstrated to 

possess the faster internalization rate, followed by cubic, rods and disk-

like NPs11. Also surface chemistry is a key factor in NPs synthesis: 

hydrophilic polymer coating is often required to stabilize NPs and to 

mask them from MPS (e.g., polyethylene glycol (PEG)). Surface charge 

can be tuned depending on the purposes, but generally NPs with a zeta 

potential higher than +30 mV or lower than -30 mV are considered 

stable12. 

 

Figure 2. Tunable features to design NPs for clinical applications. Reproduced 
with permission from the corresponding paper13. 
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1.1.2 Kinds of NPs 

A wide range of materials have been exploited to produce NPs for 

different applications. Here, relevant for the purpose of the objective of 

this work, my discussion will focus on iron-, lipid- and protein- based NPs.  

Iron-based NPs 

Iron oxide NPs are a class of nanocomposites consisting of magnetite 

(Fe3O4) or maghemite (𝛾-Fe2O3), with a diameter variable between 1 and 

100 nm. Among the different synthetic procedures, chemical 

preparations (e.g., coprecipitation, hydrothermal, microemulsion) are the 

most simple, efficient and cheap strategies14,15. The production of iron 

(Fe) NPs with a controlled size, composition and shape is achieved by 

modulating Fe(II) and Fe(III) ratio, pH and ionic. Using appropriate 

coating, iron oxide NPs can be converted into water soluble and bio-

accessible nanocomposites, with a good biocompatibility and non-

toxicity16,17. They can be exploited for several applications, such as drug 

delivery, and vaccine and antibody production18,19,20. Furthermore, the 

potential use in magnetic resonance imaging and hyperthermia 

treatments made them suitable as potential theranostic agents21,22. 

Lipid-based NPs 

These nanovectors are generally composed by biomimetic and 

biodegradable materials and can be classified in two categories: 
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liposomes and solid lipid NPs. Liposomes are spherical vesicles 

composed by one or more phospholipidic bilayers and other biological 

constituents such as cholesterol and phosphatidylcholine, while lipid 

nanoparticles are composed by a solid liquid phase stabilized with a 

surfactant that promotes their solidity at body temperature23. Some 

advantages of the latter class include controlled release, targeting of 

active ingredients, increased stability and high payload24. Being the most 

advanced nonviral platforms approved in clinic to deliver small 

interfering RNA, many efforts are spent to synthetize new lipids capable 

to enhance selective targeting, long circulation or pH sensitivity25,26. 

Lipid-based NPs are highly used for therapeutic purposes and several 

formulations are actually available (e.g., Doxil®, Myocet®)27,28,29. 

Protein-based NPs 

Biological structures have been exploited as potential nanovector. Their 

major advantages consist in their biodegradability and generally safe 

recognition from the immune system. Moreover, this kind of NPs may be 

obtained with simple preparative processes, higher drug payload and 

easier surface functionalization30. Albumin is a typical example of 

biological compound already approved for clinical purposes as excipient 

for vaccines or therapeutic protein drugs (e.g., Abraxane®)31,32. Other 

examples include self-assembled macromolecules such as ferritin, virus-

like and vault cages33,34,35. 

 



 17 

1.1.3 Cancer in nanomedicine 

1.1.3.1 Tumor targeting 

NPs can reach selectively multiple kinds of cells, nevertheless cancer 

diagnosis and treatment are considered the field of election to date, 

thanks to the distinctive properties of the disease and the advantage 

achievable by small nanocomposites36. This pathology can affect 

different organs and tissues, provoking both uncontrolled cells division 

and acquisition of new structural and functional characteristics. This 

peculiarity was exploited by researchers to distinguish between healthy 

and malignant cells and favor an optimized targeting (Figure 3). 

To direct NPs to tumor tissues the first strategy is passive targeting37. It 

was found that a growing tumor requires huge amounts of oxygen and 

nutrients, leading to an angiogenesis phenomenon. The blood vessels 

formed present defected architecture and various vascular permeability 

factors, facilitating transport of macromolecules larger than 40 kDa into 

malignant tissue38. Moreover, solid tumors are affected by weak 

lymphatic drainage, enhancing retention in those areas. The sum of the 

two factor is called EPR effect (enhanced permeability and retention)39, 

and is considered a promising paradigm for anticancer drug and 

diagnosis development. Successful outcomes were already observed for 

several kinds of NPs, including micelle, liposomes, PLGA NPs and DNA 

polyplexes40,41.  
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The functionalization of NPs with specific molecules allows to exploit also 

the active targeting. In fact, it was found that neoplastic cells overexpress 

particular proteins on their surface. For instance, human epithelial growth 

factor 2 receptor (HER2) was demonstrated to be upregulated in 15 - 

30% of breast cancer and 10 - 15% of gastric/gastroesophageal 

cancers42. Another example is the transmembrane chondroitin sulfate 

proteoglycan 4, that was found to be overexpressed in 90% of primary 

and metastatic melanoma, but also in some leukemias and triple-

negative breast carcinoma43. The interaction between receptors and 

targeting ligands linked on the surface of NPs (e.g., antibodies, peptides, 

aptamers) results in a specific and selective uptake by tumor cells, 

promoting an efficient targeting44,45. 

 

Figure 3. Passive and active targeting of NPs. Reproduced with permission from 
the corresponding paper46. 
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1.1.3.2 Diagnosis in cancer  

One of the most prominent field is diagnostic medicine, thanks to the 

significant benefits achievable by means of nanoscale size. Early 

diagnosis is the key to successfully treating many disorders, especially 

in oncological field. It is well know that solid tumors typically display 

Gompertzian kinetics, represented in Figure 447. 

 

 

Figure 4. Gompertzian growth curve of a solid tumor and its relationship to 
cancer detection and imaging. Reproduced with permission from the 
corresponding paper48. 

Starting from a single cell, the number of malignant cells increases 

following an exponential but also slow trend. The trend continues until 

tumor mass reaches a dimension around 105 cells. At this stage, defined 

as angiogenic switch, different factors and modulators are produced to 

induce the formation of new blood vessels from a pre-existing 



 20 

vasculature. Angiogenesis results in a higher amount of oxygen and 

nutrients nearby the cancer tissue and promotes its rapid proliferation. 

The process culminates, at worst, with the death of the patient at 

approximately 1012 cells (1 kg). Actually, the threshold to detect solid 

tumors is approximately 109 cells (1 g = 1 cm3). Reduce this limit is 

essential to diagnose the earlier stage of tumor formation, ideally before 

the angiogenic switch when the growth speed is still under control. This 

would increase the probability of therapy efficiency, furthermore it could 

also be useful to monitor the development of tumor mass. In fact, the first 

successful treatments are frequently capable to decrease its size below 

detection limit. However, it is hard to determine the eradication rate of 

malignant cells and to select the following drugs dosages. Therefore, the 

inefficiency or side effects derived from incorrect therapies would be 

limited reducing remission area.  

Analytic tools with enhanced detection limit and sensitivity are required. 

In particular, four techniques are able to provide three-dimensional 

indication of tumor presence (Table 149). Exploiting different approaches, 

each modality ensures a distinct performance in resolution, sensitivity 

and contrast generation, therefore the combination of multiple strategies 

enables the best results: x-ray computed tomography (CT) and magnetic 

resonance imaging (MRI) can furnish details on lesion location, size, 

morphology and structural changes to surrounding tissues; on the 

contrary, positron emission tomography (PET) and single photon 

emission tomography (SPECT) are ideal to investigate the tumor 
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physiology down to the molecular level, but don’t provide anatomical 

details. Currently, many researchers are working to improve each of 

these techniques, trying to overcome the specific weakness. The 

technological advance is helping to speed up diagnostic improvements, 

although lots of work still need to be done. 

Table 1. Methods used for molecular imaging in oncology. Reproduced with 
permission from the corresponding paper49. 
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1.2 Magnetic resonance imaging 

Magnetic resonance imaging (MRI) has become one of the most suitable 

imaging technologies by means of its non-invasiveness, absence of 

radioactive substances and high spatial resolution performance. It 

exploits the principle of NMR, where the different energy produced by 

nuclear spin atoms under magnetic field is measurable. Generally, it is 

monitored the signal produced by the nucleus of hydrogen atom 1H, 

since it is the most abundant isotopic form of magnetically active nuclei 

and possesses the highest gyromagnetic ratio50. To obtain a magnetic 

resonance image, the patient is placed inside a machine able to 

generate a static and uniform external magnetic field (B0). As a result, 

each nuclear spin aligns along B0 direction and starts to process with a 

specific frequency, known as Larmor frequency (ω0) (Figure 5a). Net 

magnetization vector (M) is the sum of all spin magnetic moments 

generated51 and it can be resolved into the two components: longitudinal 

(MZ), that lies along B0 direction, and transverse (MXY), oriented along XY 

plane. Initially, MZ is at its maximum (M0), while MXY is equal to zero. 

During the MRI scans, a series of resonance frequency pulse in the radio-

frequency range (RF) is applied perpendicularly to B0 (Figure 5b). Each 

RF leads to a simultaneous excitation of protons and a subsequent 

variation in M orientation, that aligns to RF direction. In this situation MZ 

is zero, by contrast MXY is at its maximum elongation52.  
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Figure 5. Principle of MRI. a) Spins align to the magnetic field and process 
under Larmor frequency (ω0). b) After induction of RF pulse, magnetization of 
spins changes. The two components of M are visible. Modified and reproduced 
with permission from the corresponding paper52. 

When the applied RF is removed, the magnetic moment of the nuclei 

precesses in the static field. This last phenomenon is called relaxation, 

and the time it takes to be accomplished is defined relaxation time. It is 

measured in ms and it can be divided in two independent processes: 

- T1 longitudinal relaxation time: it is described by MZ vector and it 

is also called the spin-lattice relaxation time because it refers to 

the time necessary for the spins to give the energy that they 

obtained from the RF pulse back to the surrounding lattice, in 

order to go back to their equilibrium state.  

- T2 transverse relaxation time: it is defined spin-spin relaxation, 

since it is the results of slightly differences in the magnetic 

environment created by the interaction between two adjacent 

proton spin. It refers to MXY vector. 
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They can be obtained by two different equations, starting from the 

measurement of the evolution of MZ or MXY with time, as it is reported in 

Figure 6.  

 

 

Figure 6. Graphical representation and relative equation of a) T1 relaxation time 
and b) T2 relaxation time. Modified and reproduced with permission from the 
corresponding paper52. 

In an MRI analysis it is possible to acquire relaxation times of specific 

portions of the body because the nuclear relaxation process produces 

energy, generating an electromotive force (EMF) measured by a receiver 

coil. This signal detected is elaborated to create an image. In particular, 

high EMF values are associated to brighter shade of gray, by contrast 

low values correspond to dark grey/black color53.  

Human tissues are considerably heterogeneous in terms of chemical and 

physical properties. Depending on the abundance of proteins and 

macromolecules there will be local perturbations of the magnetic field, 

!" (#) = !0(1 − $−#/%1) !&' (#) = !0$−#/%2
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and a consequent dephasing in the precession process. The result is a 

T2 relaxation time decrease. Moreover, the fluidity and the density of the 

environment play an important role in the energy transfer and modify the 

T1 component (e.g. adipose tissues favor a shorter T1 relaxation time)53. 

Every tissue lowers better one component, that is chosen to be 

investigated during an MRI exam since it will produce a stronger signal. 

The obtained images are examined by experts, and the presence of 

anomalous output can require further analysis.  

1.2.1 Contrast agents 

Diagnostic tool optimization could result in minimization of false positive 

or false negative outcomes as well as early disease detection. For this 

purpose, contrast agents (CAs) are often administered in patients and 

many efforts are spent to implement their efficacy. This is particularly 

important for MRI, since low sensitivity represents its main limitation. It is 

reported that 35% of MRI exams requires CAs administration54, 

nevertheless huge concerns about their tolerability have resulted in a 

continuous investigation of new compounds.  

A substance under a magnetic field can assume different behaviors, but 

only paramagnetic and superparamagnetic materials are able to 

increase a MR contrast. In fact, they can work as powerful microscopic 

local magnet, by modifying in particular the relaxation time of water 

protons present in the tissues. When they get close (i.e., ~ 0.1 - 1 nm), 

the protons are influenced by the large magnetic moment of the 
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paramagnetic/superparamagnetic ions and relax instantaneously, then 

rapidly exchange place with another unrelaxed water molecule, thus 

affecting the relaxation time55. This last effect is also called Proton 

relaxation enhancement51. 

Contrast enhancement is evaluated by the relaxation rate (Ri), where “i” 

refers to component 1 or 2. It is measured in s-1 and represents the 

inverse of relaxation time Ti. The capability of a CAs to respond efficiently 

to B0 and to a RF impulse is defined relaxivity (ri), and the value is 

calculated according to the following equation: 

𝑟$ = 	𝑅$	/	𝑐*+ 

where cCA is the analytical concentration of the ion responsible of the 

contrast (unit of measure: mM-1 s-1). It is dependent on the magnetic field 

applied and the temperature and results as higher as shorter the 

relaxation time56. 

Depending on their magnetic susceptibilities, CAs can be divided into T1 

positive or T2 negative forms. T1 CAs emphasize R1, producing a positive 

contrast (brighter images), on the contrary T2 CAs affect transverse 

component resulting in a negative contrast (darker images). r2/r1 ratio 

helps to discriminate between CAs suitable for positive or negative 

contrast: indeed, high values define T2 CAs, while low values suggest the 

ability to produce hyperintense signal in T1-wheighted images (Figure 7). 
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Figure 7. Influence of the r2/r1 ratio on the efficiency of a contrast agent. 
Reproduced with permission from the corresponding paper56. 

1.2.1.1 Features and properties of contrast agents 

Good CAs must efficiently shorten T1 or T2 relaxation time in tissues at 

low dosages avoiding acute side effects. High relaxivity needs a fast 

exchange between water molecules with the surrounding environment. 

Metal – water interaction relaxes excited ions further increasing relaxivity 

(Figure 8). It can be divided into an inner sphere and an outer sphere 

term. The inner sphere describes the effect originating from the closest 

water molecule interacting directly with the metal of the CAs: on the 

coordination site over million water protons are relaxed every second, 

since each molecule remains linked to the ion the time strictly necessary 

to be relaxed (τM, mean water residence time). On the contrary, the outer 

sphere represents the impact of the interactions between the ion and 

closely diffusing water molecules without a direct chemical bond. Due to 
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the distance, the effect is less strong, nevertheless the abundance of 

molecules involved in the outer sphere ensure a final decisive 

contribution to the relaxation process. In some cases, water molecules 

weakly interacting with the ion might constitute a second hydration 

sphere, which can lead to a second sphere relaxivity term. For clinical 

agents, 60% of the relaxivity originates from inner sphere relaxation and 

40% from outer sphere effects57.  

 

 

Figure 8. Selected factors that affect proton relaxivity. In blue and red are 
represented excited and relaxed water protons, respectively. Reproduced with 
permission from the corresponding paper58. 

A key factor that governs the efficiency of a CAs is the molecular tumbling 

(τR), relative to the rotational correlation time of the complex forming the 

CA itself. In particular, Solomon-Bloembergen-Morgan theory for 

paramagnetic relaxation predicts that increasing τR will enhance the 
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relaxivity of T1 CAs. This occurs when the local magnetic field of the metal 

ion fluctuates at a frequency similar to Larmor frequency59. This strategy 

has been widely used to design biologically responsive agents. For 

example, τR can be made longer either by coupling the molecular motion 

of the agent to that of a larger structure such as binding to a protein60 or 

by increasing the molecular size of the agent itself61. Both strategies slow 

tumbling of CAs and increase relaxivity. 

Another important property is the tissue-specificity of a CA. The 

possibility to promote a specific biodistribution results in two important 

benefits: the accumulation of CAs in a defined site enhances the contrast 

efficiency in that region; in addition, it enables to lower the dosage with 

a consequent inferior toxicity. The dimension of the agents can be 

exploited to reach selectively some clearance organs (liver and kidney); 

otherwise the agents can be linked to specific molecules in order to 

target selected tissues (e.g., functionalized nano CAs for tumor 

detection). 

Finally, a good CA should be characterized by a rapid clearance, 

because a fast excretion after the imaging test prevent metal ions 

accumulation in the tissues, followed by chronical toxicity. Clearance 

naturally occurs either by glomerular filtration or the hepatobiliary system. 

1.2.1.2 Classification of contrast agents 

There are many typologies of exogenous CAs: small mononuclear or 

polynuclear paramagnetic chelates, particulate CAs, metalloporphyrins, 
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polymeric or macromolecular carriers of covalently or noncovalently 

bonded paramagnetic chelates, and paramagnetic or 

superparamagnetic NPs. Among them, first CAs investigated belong to 

T2 CAs category, like iron oxide NPs. Despite the high performance in 

vitro, several disadvantages limit the clinical applications. GastromarkTM, 

Feridex I.V.® and Resovist® are example of superparamagnetic iron 

oxide particles commercialized in the past years, but discontinued from 

the market after manifestation of toxic effects and/or weak 

performances62. In fact, their administration produces images with lower 

contrast compared to T1- weighted images. The risk of misdiagnosis is 

higher also because the dark signal can be confused with bleeding of 

tissues, calcification or metal deposition52. Moreover, the presence of T2 

CAs induces a distortion of the magnetic field on neighboring normal 

tissues. This artifact given by magnetic susceptibility is called “blooming 

effect” and demolishes the background around the lesions avoiding an 

efficient recognition of pathological conditions63. For all these reasons, 

positive CAs are preferred in clinic. Actually, they are mainly constituted 

by paramagnetic ions complexed with chelating groups. 

1.2.1.2.1 Gadolinium  

Lanthanides are a class of chemical elements that, in their trivalent ion 

form, possesses unpaired electron in 4f orbital and presents 

paramagnetic properties. Among them, the most powerful is gadolinium 

(Gd). Gd(III), thanks to its seven unpaired electrons, is the paramagnetic 
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ion that produce the highest magnetic moment. It is the most relevant 

lanthanide for clinic, nevertheless, it could be highly toxic in a biological 

system. Indeed, proteins are not able to distinguish between calcium 

(Ca) as Ca(II) and Gd(III), given the similar ionic radius and the higher 

positive charge. Consequently, a free Gd(III) ion can bind to Ca(II) 

channels64 or Ca(II) requiring proteins such as calmodulin, calsequestrin, 

and calexitin, and can induce unrequested signals65. To avoid side 

effects, it is necessary to bound the ion with an organic linker or a 

chelating agent (linear or macrocyclic). The complex should be stable 

both in the period between the synthesis and the administration (shelf 

life) and inside the human body. A good clearance would minimize 

additional toxicity by secreting the complex before metal dissociation. 

In 1987 Gd(III) complexed with diethylenetriaminepentaacetic acid (Gd-

DTPA)66 was approved for the detection of tumor brain formations with 

the commercial name Magnevist®. Many other compounds became 

available in clinic; however, several studies reported the insurgence of 

complications in patients affected by renal insufficiency. Their exposure 

to Gd caused thickening and darkening developing on large areas of the 

skin, provoking also pain and difficulty to move limbs. The pathology was 

named nephrogenic systemic fibrosis67, and World Health Organization 

disallowed Gd-based CAs administration in people with hepatorenal 

syndrome. Later, new evidences described the deposition of Gd in 

central nervous system, bones, kidneys and other tissues in patients 

without severe renal disease68. For these reasons, in 2017 the European 
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Medicine Agency (EMA) confirmed recommendation to restrict the use 

of some linear Gd agents and to suspend the authorization of others69. 

The agents currently available in clinic are reported in Table 2. 

Table 2. EMA’s final decision on use of Gd agents in body scans. 

Product Type (formulation) Recommendation 

Artirem / Dotarem 
(gadoteric acid) 

macrocyclic (i.v.) maintain 

Artirem / Dotarem 
(gadoteric acid) 

macrocyclic (intra-
articular) 

maintain 

Gadovist 
(gadobutrol) 

macrocyclic (i.v.) maintain 

Magnevist 
(gadopentetic acid) 

linear (intra-articular) maintain 

Magnevist 
(gadopentetic acid) 

linear (i.v.) suspend 

Multihance 
(gadobenic acid) 

linear (i.v.) restrict to liver scans 

Omniscan 
(gadodiamide) 

linear (i.v.) suspend 

Optimark 
(gadoversetamide) 

linear (i.v.) suspend 

Primovist 
(gadoxetic acid) 

linear (i.v.) maintain 

Prohance 
(gadoteridol) 

macrocyclic (i.v.) maintain 
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A promising alternative for positive contrast in MRI is the utilization of a 

different paramagnetic ion: manganese (II). 

1.2.1.2.2 Manganese 

Manganese (Mn) is a transition metal found in nature in several minerals. 

It is a natural human cell constituent, necessary for lipid, carbohydrate, 

and protein metabolism. Different manganese metalloenzymes are 

involved in multiple organ functions, such as bone growth, normal 

immune function, digestion, regulation of blood glucose level and 

defense against free radicals70. In concert with vitamin K, Mn also 

supports blood coagulation. Given the wide range of applications, an 

adequate diet requires 2 – 10 mg of Mn/day71.  

Mn can exist in many oxidation state, among which Mn(II), (IV) and (VII) 

are the most important in biological compounds. Mn(II) ion possesses 

five unpaired electrons, that allows an efficient interaction with water 

molecules promoting their relaxation in a MR context. The paramagnetic 

effect is less pronounced compared with Gd, nevertheless the safer 

profile has led several research groups to develop new Mn-based CAs. 

They can be divided in two main categories: small molecule agents and 

nanoparticulate or macromolecular agents, depending on the 

organization of the metal. 
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a) Small molecule agents 

Despite the powerful relaxivity, free Mn can’t be administered in human 

body as MnCl2 because it was found to promote neurotoxicity. 

Nevertheless, its usage is promoted for manganese-enhanced MRI 

contrast techniques developed in animals, with several applications, 

such as CAs for brain anatomical studies72, marker of brain activity73 and 

neuronal track tracer for several pathways74. Several molecules were 

investigated as potential chelating agents. Among them, an i.v. 

formulation of Mn chelated with dipyridoxyl diphosphate (Mn-DPDP; 

Teslascan®) was clinically available for more than a decade (Figure 9)75. 

However, it had to be administrated as a slow i.v. infusion over 15–20 

min, which caused logistic difficulties and additional costs. It was 

withdrawn from the market in October 2003 in the U.S. and in July 2010 

in Europe76,77. 

Another successful strategy exploited MnCl2 encapsulation inside 

liposomes (LumenHance®)78: Bracco received marketing approval, 

nevertheless the product it is actually discontinued79. 

 

 

Figure 9. Molecular structure of Mn-DPDP. Reproduced with permission from 
the corresponding paper80.  
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b) Nanoparticles and macromolecular agents 

In the second approach, multiples Mn ions are packaged together to 

enhance the relaxivity properties. Mn-oxo clusters are a promising 

strategy, since chains of Mn, like the highly studied Mn-12 

(Mn12O12(O2CCH3)16(H2O)4) can rapidly exchange with water molecules. 

To improve their solubility and stability, they are normally attached to the 

surface of polymer beads81. Mn can also be incorporated to form 

effectively Mn-based NPs. The most investigated are Mn oxide NPs, 

whose surface is covered with different molecules or compounds (e.g., 

PEG, polyvinylpyrrolidone or silica) to endow hydrophilic properties and 

improve biocompatibility82,83,84. Although they are still in the early lab 

stage, NP CAs have demonstrated improved signal intensity, targeting 

ability and longer circulation time compared to conventional CAs, 

especially for cancer diagnosis. Indeed, exploiting both EPR effect and 

surface functionalization for active targeting, many studies reported 

efficient accumulations in tumor tissues 85,86,87. Their limiting step can be 

attributed to technical assembly challenges, as well as issues regarding 

the Mn dose required for a successful contrast. 

 

Actually, there are no clinical evidences of toxic effects of Mn-based 

CAs, nevertheless it has to be noticed that an overexposure to Mn (e.g., 

contaminated water and workers exposure) could provoke 

neurodegenerative disorders88. It is thus necessary to adopt specific 

precautions to minimize Mn accumulation in tissues. 
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1.3 Ferritin 

Ferritin is a globular protein present in the majority of living species. It 

was discovered in 1937 by Victor Laufberg, who isolated the new protein 

from a horse spleen. Successive investigations concerning ferritin level 

in plasma showed its involvement in iron storage and bioavailability89. 

1.3.1 Structure  

Ferritin is constituted of 24 subunits that self-assemble to form a spheric 

shell with octahedral symmetry of around 12 nm in diameter with an 

interior cavity of 8 nm (Figure 10)90. Twelve channels (0.3 - 0.4 diameter) 

are situated close to the junctions between subunits: among them, six 

are hydrophobic and suitable for proton transfer between inside the 

cavity and outside, whereas eight are hydrophilic and can be exploited 

for the passage of metal ions and small molecules91. It is well known that 

ferritin can load up to 4500 Fe atoms, which can also be removed to form 

a apoferritin with an empty intact protein cage92.  
 

 
Figure 10. Representation of ferritin: a) assembled protein structure; b) inner 
cavity and dimension; c) hydrophilic channel; d) hydrophobic channel. 
Modified and reproduced with permission from the corresponding paper93. 
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Apoferritin has a molecular weight (MW) of 450 kDa. In mammals, two 

types of subunit compose the cage: H-chain, more acid (pI = 4.8 - 5.2) 

and heavier (MW = 21 kDa); and L-chain, more basic (pI = 5.3 - 5.8) and 

lighter (MW = 19 kDa)94. They can be found in different ratios depending 

on species and organs (see Table 3). In fact, the two subunits have 

different functions: H-chain can bind to specific cell receptor and 

mediate protein internalization95, moreover it can oxidize Fe(II) into Fe(III), 

by promoting its accumulation as ferrihydrite96. Instead, Fe nucleation is 

favored by L-chain. 

Table 3. Approximate H- and L- chain ratio (%) of ferritin from different species 
and tissues. Reproduced with permission from the corresponding paper97. 

 

1.3.2 Function in the body 

The main role of ferritin in human body concerns Fe homeostasis. The 

oxidative reaction enables to encapsulate massive quantity of metal ions 

in a minimum space, thus loaded Fe can be easily transported through 

the body and be rapidly available in the tissues. If Fe concentration in 

cytosol is higher compared to normal values, ferritin loads ions through 

its channel and store them. On the contrary, low levels lead to Fe 

release98. The biomineralization process can be divided in four steps: 

entrance, oxidation, nucleation and mineral core formation (Figure 11).  
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Figure 11. Biomineralization process in ferritin with a schematic representation 
of the trajectory of Fe(II) from outside until the formation of a mineral core inside 
the inner cavity. Reproduced with permission from the corresponding paper99. 

In detail, Fe(II) ions pass through 3-fold pore hydrophilic channel thanks 

to a ionic gradient promoted by carboxylate residues and reach the 

oxidoreductase site (Figure 12). Each center is embedded in the 4-

helical bundles of the H-subunits, involves atoms from seven conserved 

residues and can bind up to two Fe simultaneously (see reaction (a) in 

Figure 13)100,101.  
 

    

 
Figure 12. Ferroxidase center made of atoms from seven residues that binds 
two iron atoms. The site can use either O2 or H2O2 to produce iron core, using 
the same reagents as the toxic Fenton reaction. Reproduced with permission 
from the corresponding paper102. 
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Here 2 Fe2+ react with an oxygen molecule (as O2 or H2O2), producing a 

first oxygen complex (b), converted into an intermediate (c) that is rapidly 

hydrolyzed in a μ-oxobridge complex (d). Successive water molecules 

additions give two monomeric Fe(OH)2
+ ions (e) that following migrate to 

the cavity and nucleate starting from Fe(O)OH molecules (f). The result 

is a mineral core of ferrihydrite98.  

 

𝑎)	𝑃𝑟𝑜𝑡𝑒𝑖𝑛 + 2𝐹𝑒78 → 𝑃𝑟𝑜𝑡𝑒𝑖𝑛[𝐹𝑒7]<8 

𝑏)	𝑃𝑟𝑜𝑡𝑒𝑖𝑛[𝐹𝑒7]<8 +	𝑂7	 → 𝑃𝑟𝑜𝑡𝑒𝑖𝑛[𝐹𝑒7𝑂7	]<8 

𝑐)	𝑃𝑟𝑜𝑡𝑒𝑖𝑛[𝐹𝑒7𝑂7	]<8 → 	𝑃𝑟𝑜𝑡𝑒𝑖𝑛[𝐹𝑒7?8𝑂77@]<8 

𝑑)	𝑃𝑟𝑜𝑡𝑒𝑖𝑛[𝐹𝑒7?8𝑂77@]<8 +	𝐻7𝑂	 → 	𝑃𝑟𝑜𝑡𝑒𝑖𝑛[𝐹𝑒7𝑂	]<8 +	𝐻7𝑂7  

𝑒)	𝑃𝑟𝑜𝑡𝑒𝑖𝑛[𝐹𝑒7𝑂	]<8 +	3𝐻7𝑂	 → 2⌈𝐹𝑒(𝑂𝐻)7⌉8 + 2𝐻8 

𝑓)	2⌈𝐹𝑒(𝑂𝐻)7⌉8 → 2𝐹𝑒(𝑂)𝑂𝐻HIJK + 2𝐻8 

 

Figure 13. Reaction step of biomineralization when O2 is used to form 
ferrihydrite inside the core or ferritin. 

Ferritin has also an antioxidant function: indeed, by sequestering the 

metal from the cytosol, it avoids the interaction between Fe and H2O2, 

with dangerous production of free radicals via Fenton reaction (see 

reaction in Figure 12)103. 
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1.3.3 Clinical relevance of serum ferritin 

Ferritin is a protein mainly present in the cytosol, nevertheless in 

vertebrates it can be found also in the blood (10 - 200 μg/L)104. This 

isoform, named serum ferritin, is immunologically and morphologically 

similar to intracellular ferritin, with slight differences in the L-chain105. Its 

Fe loading is 4 - 20% inferior compared with cytosolic ferritin situated in 

liver and spleen tissues. 

Serum ferritin values are frequently monitored, since they correlate with 

Fe body storage106. Low protein concentrations are found in patients with 

Fe-deficiency anemia, while high amount can indicate the presence of 

hemochromatosis or acute and chronic inflammations107,108. Several cells 

can release serum ferritin (e.g., hepatocytes, microglial cells)109,110 as a 

consequence of high intracellular ferritin levels, but it was reported that 

macrophages are the primary source111. Its levels are also implemented 

by cells of diseased tissues, especially several kinds of tumors, for 

instance primary liver cancer112, Hodgkin’s lymphoma113, breast 

cancer114, gastrointestinal diseases115, neuroblastoma116, squamous cell 

carcinoma of the head and neck117, renal cell carcinoma118, melanoma119 

and lung cancer120. Normally, the abundance of this marker is associated 

with severe stage of the disease and a poor prognosis. Monitoring ferritin 

levels can also help during tumor therapy: for example, they can predict 

the body response to Trastuzumab treatments in women affected by 

HER2+ breast cancer, or can provide information regarding the evolution 

progress of chemotherapy121,122. 
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Ferritin over-expression by tumor tissues is induced by secondary effects 

activated in presence of a malignant formation, such as inflammation, 

hormonal induction, oxidative stress and hypoxia.  

Indeed, it is reported that some inflammatory cytokines (e.g., tumor 

necrosis factor-α and interleukin-1𝛽) can regulate ferritin transcription 

and translation123,124. 

Also some hormones promotes its production: both thyrotropin and 

insulin and have been shown to increase ferritin in vivo125,126. 

The protein, thanks to its ferroxidase activity, plays a fundamental role 

against ROS and oxidative stress. It was demonstrated that they can 

enhance ferritin transcription and translation, upregulating in particular 

the H-chain, which is responsible of the oxidation reaction. Indeed, 

Genetically defined electrophile response elements (EpRE) and specific 

iron-regulatory proteins (IRP-1 and IRP-2) control respectively ferritin 

transcription and translation in a time-dependent manner127,128. 

The last characteristic proper of a tumor formation that influence ferritin 

production is the hypoxia, that is also one of the major challenges in 

chemotherapy resistance129. For example, it was reported that hypoxia 

decreases IRP-1 binding activity in glial cells and enhances it in cortical 

neurons, resulting in a different regulation of ferritin expression130. 
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1.3.4 Ferritin receptor 

The mechanism of ferritin internalization in cells is receptor-mediated. In 

2010 Li et al. demonstrated that transferrin receptor (TfR1) is exploited 

also by ferritin (Figure 14)131.  

Transferrin (Tf) is another example of protein with a Fe-homeostasis role 

in the body. It has a monomeric structure with a molecular weight of 79 

kDa, and it is constituted by two lobes containing a binding site for Fe(III) 

each one132. Tf naturally circulates in the blood and can bind cells 

presenting TfR1. TfR1 is a transmembrane receptor with a dimer 

exposed on the surface of the cell. Each monomer binds one Tf with high 

affinity and the complex 2Tf/TfR1 is internalized with a clathrin-mediated 

endocytosis pathway133.  

 

 

Figure 14. Crystal structure of the ectodomain of Human transferrin receptor. 
Reproduced with permission from the corresponding paper134. 
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The same process occurs for ferritin, in particular it has been proved that 

the apical domain is responsible for ferritin binding. Being a larger 

protein, each TfR1 can bind and mediated the internalization of only one 

ferritin at a time135,136.  

TfR1 are abundantly expressed in cell in active proliferation, such as 

several kinds of tumor cells137,138. In particular, a study conducted in 2010 

investigated nine different tumor tissues, revealing that ferritin can 

distinguish and prefer the binding to cancer cells, with a sensitivity of 

98% and a specificity of 95% (Figure 15)139. These important results 

opened new routes for the possible clinical relevance of ferritin as 

nanocarrier in tumor diagnosis and therapy. 

 
 
Figure 15. Tumor tissues and their corresponding normal tissues were stained 
by FITC-conjugated HFn protein shells and iron oxide HFn nanoparticles. Tumor 
tissues showed strong positive staining for iron oxide HFn nanoparticles 
(brown) and FITC-conjugated HFn protein shells (green fluorescence), whereas 
the normal and lesion tissue controls were negative for iron oxide HFn 
nanoparticles and FITC-conjugated HFn. Reproduced with permission from the 
corresponding paper139. 



 44 

1.3.5 Ferritin as nanovector 

Thanks to its unique characteristics, ferritin has attracted broad interest 

in the nano field. The inner cavity of apoferritin is an ideal spatially 

restricted chemical reaction chamber, where biomineralization 

processes can promote artificial synthesis of homogeneous metal 

complexes. For example, after selective elimination of protein shell, the 

obtained uniform NPs can be used as nanodevices or as a template for 

semi-conductors production140,141. The encapsulation of a variety of metal 

ions can be exploited also for biomedical purposes: for example, FeO 

and Gd cores can be used as MRI CAs, copper sulfide formations are 

potential probe for photoacoustic imaging, while gold loaded inside 

ferritin have shown a cytotoxic effect especially on aggressive tumor 

cancer cells142,143,144,145. Ferritin is an ideal carrier also for several kind of 

molecules: for example, it can encapsulate chemotherapeutic agents, 

like doxorubicin and cisplatin. This promotes an efficient accumulation of 

active drug specifically in the tumor region, preventing side effects like 

cardiotoxicity146,147. Other examples are represented by the curcumin-like 

family. Despite their hydrophobic nature, such compounds can be stored 

in ferritin cage and be uptaken by cancer cells with unexpected 

therapeutic efficacy33.  

Loading process exploits two different mechanisms (Figure 16a). The 

first is diffusion, and it is particularly useful for ions: in particular 

conditions, ferritin can incorporate small elements that pass through its 

channels and accumulate in the cavity. The second is a process pH-
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dependent: in fact, ferritin subunits are able to disassemble at extreme 

(low or high) pH and re-assemble with a shape memory fashion when the 

environmental conditions return to neutral pH148. If the molecules of 

interest are added in the buffer during such process, they will remain 

entrapped into the cavity at the same time as when the protein will return 

to its normal quaternary structure.  

 

 

 
Figure 16. a) Encapsulation of nanomaterial inside ferritin nanocavity towards 
two different processes. b) External and internal surface modification of ferritin 
subunits. Reproduced with permission from the corresponding paper149. 

Moreover, the external and internal surface of ferritin can be easily 

genetically or chemically modified in order to further improve its 

selectivity (Figure 16b).  

a) b) 
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In fact, despite the natural targeting of ferritin towards cancer cells, 

several research groups have modified the surface of ferritin nanocages 

by inserting a number of target motifs, such as antibodies, peptides and 

antibody fragments, in order to drive NPs towards specific cells by 

selective recognition150,151,152. 

1.3.5 Ferritin as MRI CA 

Concerning the use of ferritin for diagnosis with MRI tool, there have been 

published various works where the protein was exploited as nanocarrier 

for Gd. It has been shown that the metal can be entrapped inside the 

shell as free ions, forming a Gd NP with a diameter of 5 nm and a 

transverse relaxivity higher than the commercially available Gd-based 

CAs143. Otherwise, it can be incapsulated complexed with a chelating 

agent: this strategy ameliorates the safety of the compound, but the 

dimension of such molecules decreases the number of Gd ions loaded 

(10 - 35/apoferritin)153,154. It was also investigated the possibility to design 

a theranostic agent combining Gd with other molecules, for example 

curcumin. However, despite the results in terms of toxicity, the amount of 

paramagnetic ion incapsulated was insufficient to produce a good 

contrast155. Another strategy concerns the binding of Gd chelates on the 

outer surface of the shell (143 Gd/apoferritin), with improved results both 

in vitro and in vivo156. Given the safety challenges deriving from Gd, some 

researchers started investigating the entrapment of the second 

paramagnetic metal of election. Mn was encapsulated in ferritin for the 
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first time in 1995, producing an inner core of Mn(III) oxyhydroxide157. 

Being the oxidation state (II) essential to induce a paramagnetic effect, 

some studies were conducted to encapsulate efficiently Mn(II)158,159. The 

compounds showed R1 values (respectively of 6.2 mM-1 s-1 and 10 mM-1 

s-1) higher than those of CAs commercially available, thus promoting the 

future potentialities as CA. There was also a report where a Mn loaded 

ferritin was tested both in vitro and in vivo, detecting a hepatocarcinoma 

lesion in a mouse model160. This latter report demonstrated the capability 

of such kind of CA to produce a contrast enhancement; nevertheless, 

liver is a clearance organ and the current CAs can easily increase the 

brightness in those tissues. It would have rather been worthwhile to take 

advantage from ferritin natural cancer specificity, in order to discover a 

potential effective tumor-targeted CA.  
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2.	Aim	of	the	work	

The purpose of the present work is the development of a new CA for MRI, 

which possesses two important characteristics different from the 

conventional agents in current use: low toxicity and high selectivity for 

the detection of tumor lesions. Indeed, nowadays there is lack of safe 

CAs to improve the resolution of MRI images, with possible false positive 

or negative or delayed diagnosis. Usually, an MRI exam is performed 

without the injection of substances (Gd-based CAs), that are eventually 

administered for a second scan under strict restrictions: the patient must 

not suffer from renal issues and, in any case, the dosage should be as 

low as possible, since side effects and long-term accumulation of Gd in 

several tissues have been reported161,162.  

The design of the new nanomaterial was accurately conceived with the 

support of strong literature data, in order to achieve the best result. In 

particular, it was decided to use Mn as paramagnetic element alternative 

to Gd. This metal possesses five unpaired electrons compared with the 

seven of Gd, that are necessary to coordinate and relax water protons 

present in the investigated environment. Nevertheless, its natural 

presence and requirement in many enzymatic processes makes it a safer 

candidate for clinic purposes91,71. To overcome the theoretic lower 

relaxivity with respect to the standard paramagnetic metal, two strategies 
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have been exploited: 1) the accumulation of several Mn ions in a confined 

compartment; 2) the complexation with larger molecules, such as 

proteins. The first approach would enhance the amount of water protons 

that can be relaxed simultaneously in the same area, with benefits for the 

overall contrast in such region. The second one allows to decrease the 

rotational correlation time of the metal, enabling a favorable dynamic 

capable to provide high relaxivity163,59,60. Therefore, it was decided to load 

Mn ions inside the shell of a globular spheric protein.  

Ferritin is a good candidate for several reasons: first of all, it is the ideal 

carrier to stably encapsulate Mn ions: its main function inside human 

body is Fe storage, thus it possesses a natural inclination to accumulate 

metal ions into its core90. Various studies reported examples of 

biomineralization reactions successfully conducted inside this protein, 

supporting the hypothesis of a natural tendency of ferritin to easily 

encapsulate Mn164,165. Indeed, it was demonstrated that ligand 

preferences and binding sites of Fe and Mn are very similar in many 

enzymes and, concerning ferritin, it has been discovered that Mn can 

bind to ferroxidase center in native ferritin influencing the efficiency of 

the ferroxidation reaction, while iron loading in the presence of Mn 

originates a core containing both metal ions166,167,168. The structure of the 

protein itself is very favorable to increase the efficiency of Mn relaxivity: 

in fact, thanks to the presence of different channels, water can exchange 

between the core and the outside favoring a rapid turnover of protons; in 

addition, the inner surface may enhance the relaxivity via catalytic 
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exchange of water protons, as already demonstrated using Gd-loaded 

ferritin169. Moreover, ferritin can target tumor lesions with high efficiency 

without additional functionalization thanks to one kind of its subunits: the 

heavy chain. In fact, it has been demonstrated that TfR1, the receptor 

recognizing human transferrin, is able to bind efficiently to H-ferritin 

subunits. Interestingly, it has also been reported that TfR1 is 

overexpressed in 98% of human tumor cells138,139. To exploit entirely the 

potential of this vector, H-ferritin (HFn), a recombinant variant of human 

apoferritin consisting of 24 self-assembled H-chain subunits, was 

produced and employed as carrier, since HFn can discriminate between 

malignant and normal cells and is preferentially internalized by cancer 

cells170. The selection of a TfR1+ cancer cell line for the validation 

experiments would qualify this nanocomposite for the detection of a 

broad range of tumor lesions.  

For all these reasons, the production, characterization and evaluation in 

vitro and in vivo of a HFn nanocomposite stably loaded with Mn ions is a 

relevant field of investigation. 
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3.	Materials	and	methods	
3.1 Production of HFn in E. coli and purification 

The production of heavy chain apoferritin (HFn) was carried out following 

a protocol set up in our lab170. Briefly, Escherichia coli BL21(DE3) strain 

was transformed with pET30b/HFn plasmid and grown at 37 °C in Luria 

Bertani kanamicin medium until optical density (OD)600nm = 0.6. Then, the 

cells were induced with 0.5 mM of isopropyl β-D-1-tiogalactopiranoside 

(IPTG) for 2 h and 30 min. After they were collected, washed with 

phosphate buffered saline (PBS), and resuspended in a in lysis buffer 

with lysozyme and DNase I. After the sonication, the crude extract was 

heated at 70 °C for 15 min and centrifuged. The supernatant was loaded 

onto diethylaminoethanol (DEAE) Sepharose anion exchange resin, pre-

equilibrated with 2-(N-Morpholino)ethanesulfonic acid potassium salt (K-

MES) 20 mM, pH 6.0. In order to elute the purified protein, a stepwise 

NaCl gradient was used. The fractions were analyzed by Sodium 

Dodecyl Sulphate - PolyAcrylamide Gel Electrophoresis (SDS-PAGE) 

using 12% (v/v) polyacrylamide gels. Various step of washing with PBS 

were carried out using Amicon filter (100 kDa MWCO) to obtain pure HFn. 

The concentration and the purity of the solution were checked measuring 

the absorbance at 280 nm and the absorbance ratio 260/280 

respectively with a UV-vis spectrometer. 
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3.2 Synthesis of Mn@HFn-RT and Mn@HFn-HT 

HFn was washed with three volumes of 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) 20 mM pH 7.5 using Amicon filter 

(100 kDa MWCO) in order to exchange the protein buffer. Then, 2 mg of 

HFn were added to a solution of HEPES 1M, pH 8.25, to obtain a final 

volume of 1.44 mL. 60 µL of MnCl2 450 mM were slowly added to the 

solution (6 µL every 10 minutes). During this step the reaction 

temperature was set at 27 °C or 65 °C, obtaining NPs with different 

features named respectively Mn@HFn-RT and Mn@HFn-HT. The solution 

was stirred at 80 rpm during the addition of MnCl2 and for the following 2 

h to promote ions internalization. Then, it was centrifuged for 10 min at 

3100 x g at 4 °C, to precipitate the potential HFn denaturated. To 

eliminate the excess of Mn from the solution the supernatant was 

centrifuged with Amicon filter (100 kDa MWCO) and then passed through 

a Zeba™ Spin Desalting Column (7 kDa MWCO) buffered with HEPES 20 

mM, pH 7.5.  

3.3 Characterization of Mn@HFn-RT and Mn@HFn-HT 

The protein was quantified by both measuring absorbance at 280 nm 

and using the Coomassie Plus Protein Assay Reagent (Thermo Fisher 

Scientific). The correct native structure was determined by native PAGE 

using 6% (v/v) polyacrylamide gels colored with Coomassie Blue 

staining. The hydrodynamic diameter was evaluated by dynamic light 

scattering (DLS) analysis using a Zetasizer Nano ZS ZEN3600 from 
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Malvern Instruments Ltd (Worcestershire, UK). The protein was diluted in 

PBS, 0.1 mg/mL. The measurement occurred at 25 °C, operating at 4 

mW of a HeNe 633 nm laser with a protein refractive index of 1.45, using 

a scattering angle of 90°. A disposable cuvette with 1 cm optical path 

length was used for the measurements. The results were expressed as 

mean ± standard deviation (SD) of three measurements. For 

transmission electron microscopy (TEM) analysis a FEI 120 kV tecnai G2 

Spirit BioTWIN microscope with at an accelerating voltage of 120 kV was 

used. 2 μL of the sample (0.5 mg/mL) were deposited on a Formvar 

coated copper grid. After 5 min the grid was dried from the excess of 

solution. To stain the sample, the day after it was colored with uranyl 

acetate (1% in PBS, pH 7.5). The dried final sample was analyzed by 

TEM. The measurement of the mean diameter of the protein were 

obtained using ImageJ software and analyzing at least 150 HFn from 

three different images. To quantify the concentration of Mn in the 

solutions, inductively coupled plasma - optical emission spectroscopy 

(ICP-OES) Optima 7000 DV PerkinElmer was used: 100 µL of sample (0.1 

mg/mL of HFn) was added to 0.5 mL of fresh aqua regia solution and left 

o/n. Thereafter, the solution was diluted with 2 mL of distilled water. Every 

sample was prepared and analyzed in triplicate. The results are 

expressed as mean ± SD.  
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3.4 Mn-oxidizing assay 

A solution of 0.04% leucoberbeline blue dye (Sigma Aldrich) in 45 mM 

acetic acid (Sigma) was used to quantify oxidized Mn (Mn(III), (IV) and 

(VII)), as reported in literature171. 500 µL of the mixture were added to 100 

µL of Mn@HFn-RT and Mn@HFn-HT solutions, and after 30 min the 

absorbance was detected with a UV-vis spectrometer at 620 nm. 

Standard curves were obtained from KMnO4 samples (Merk).  

3.5 Relaxivity studies 

The values of longitudinal and transverse relaxation times of Mn@HFn-

RT and Mn@HFn-HT were measured with a 0.47 T (20 MHz) Time-

Domain NMR (nuclear magnetic resonance) Benchtop Systems (Bruker 

Minispec mq20), using respectively t1_sr_mb and t2_cp_mb sequences. 

The samples were analyzed using 200 µL of solution in 10 mm diameter 

NMR glass tubes, left in the relaxometer at 310 K. R1 and R2 relaxation 

rates were calculated as 1000/T1 or 1000/T2 respectively, while r1 and r2 

relaxivity coincided with the angular coefficient of the calibration curve R 

against Mn concentration. The T1-weighted phantom images of Mn@HFn 

were obtained with a 7 T MRI imaging system (Pharmascan®, Bruker 

BioSpin, Billerica, MA). A multi slice multi echo sequence with a repetition 

time of 0.4 s and an echo time of 10 ms was used. Gd-DTPA, a 

commercial contrast agent, was selected as positive control. Solutions 

with the same concentration of Mn or with the same concentration of 
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protein, were compared respectively. It was chosen a protein 

concentration equal to 0.1 mg/mL. 

3.6 Electron paramagnetic resonance analysis 

Samples of Mn@HFn-RT, Mn@HFn-HT, MnCl2 and MnCl2 in HEPES 20 

mM heated for 2 h at 65 °C were prepared. Electron paramagnetic 

resonance studies were carried out using a Bruker EMX spectrometer 

operating in X-Band, with a frequency modulation of 100 kHz, 0.2 – 63 

mW of microwave power, magnetic field modulation of 5-10 Gauss and 

equipped with an Oxford cryostat operating in a range of temperatures 

between 4 and 298 K. Spectra were registered either at 130 K. The signal 

intensity of the samples was normalized to allow a comparison between 

the spectra. 

3.7 Cell lines 

HCC1954 and HeLa, human tumor cell lines respectively from mammary 

gland and cervix were used as TfR1+ model of cancer cells, while the 

murine fibroblasts NIH-3T3 were selected as healthy cell line. HCC1954 

cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) 

supplemented with 10% fetal bovine serum, 2 mM L-glutamine, penicillin 

(50 IU/mL) and streptomycin (50 mg/mL), while HeLa and NIH-3T3 

medium was composed by Roswell park memorial institute (RPMI) 

supplemented with 10% fetal bovine serum, 2 mM L-glutamine, penicillin 

(50 IU/mL) and streptomycin (50 mg/mL). Cells were maintained at 37 °C 
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in humidified atmosphere containing 5% CO2 and sub-cultured prior to 

confluence using trypsin/EDTA. 

3.8 TfR1 expression 

3 × 105 cells were immunodecorated in flow cytometry tubes with anti-

uPAR antibody (3 μg/tube; ADG3937, Sekisui, MA, USA) in phosphate 

buffered saline (PBS), 1% Bovine Serum Albumin (BSA; Sigma) for 30 

min at RT. Then, cells were washed thrice with PBS and 

immunodecorated with Alexa Fluor 647 goat anti-mouse secondary 

antibody (3 μg/tube; A-21235 Thermo Fisher Scientific, MA, USA) in PBS, 

2% BSA and 2% goat serum for 30 min at RT. After three washes with 

PBS, cells were analyzed by flow cytometry. 104 events were acquired 

for each analysis, after gating on viable cells and on singlets. The data 

(median fluorescence intensity) were normalized against the untreated 

sample and expressed as mean ± SD of 3 independent replicates. Cells 

immunodecorated with the secondary antibody only were used as 

control. 

3.9 Cell viability assay 

HeLa cells, a TfR1+ model of tumor cells, were cultured on a 96 multiwell 

dish at a density of 5 x 103 cells/well and grown for 24 h in Dulbecco's 

Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine 

serum, 2 mM L-glutamine, penicillin (50 IU/mL) and streptomycin (50 

mg/mL). Then, cells were incubated with Mn@HFn-RT or Mn@HFn-HT, 
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with a concentration of HFn equal to 0.1 mg/mL. After 24 h, 48 h and 72 

h respectively, cells were washed with PBS and then incubated for 3 h at 

37 °C with 0.1 mL of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl- 2H-

tetrazolium bromide (MTT) stock solution previously diluted 1:10 in 

DMEM medium without phenol red. After incubation, 1 mL of MTT 

solubilizing solution was added to each well to solubilize the MTT 

formazan crystals (Promega). Absorbance was read using a testing 

wavelength of 570 nm and a reference wavelength of 620 nm. The results 

are expressed as mean ± standard error (SE) of six individual 

experiments normalized on untreated cells.  

3.10 Kinetics of Mn release 

Mn@HFn-RT solution and a control batch with the same amount of free 

Mn and HFn were stored in two dialysate devices and kept in HEPES 20 

mM pH 7.5 under shaking. At the desired time points (30 min, 1 h, 2 h, 3 

h, 4 h, 18 h, 26 h), the dialysis buffers were analyzed with the relaxometer 

Bruker Minispec mq20 to calculate the shift of T1 relaxation time. The 

experiment was conducted in triplicate and the results are expressed as 

mean ± SD. 

3.11 Cellular binding assay by flow cytometry 

FITC-Mn@HFn-RT was prepared incubating 5 mg of Mn@HFn-RT (2 

mg/mL) with 1 mg of fluoresceine isothiocyanate (FITC, Sigma) (2 

mg/mL) in NaHCO3 0.1 M for 2 h under stirring. Then, the solution was 
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passed through a Zeba™ Spin Desalting Column (7 kDa MWCO) to 

remove the excess of FITC. HCC1954 and NIH-3T3 cells (3 × 105) were 

incubated for 45 min at 4 °C in flow cytometry tubes in the presence of 

0.05 mg/mL of FITC-Mn@HFn-RT alone or with 1 mg/mL of transferrin. 

After incubation, cells were washed three times with PBS. Labeled cells 

were resuspended with 0.3 mL of PBS-EDTA 2 mM and analyzed by 

CytoFLEX flow cytometry (Beckman Coulter). 1 × 104 events were 

acquired for each analysis, after gating on single cells, and a sample of 

untreated cells was used to set the appropriate gate on the region of 

positivity. The data reported the % of positive cells as mean ± standard 

deviation (SD) of three individual experiments. Untreated cells were used 

as control.  

3.12 Cellular uptake assay by flow cytometry 

HCC1954 and NIH-3T3 were cultured on 12 well plate until sub-

confluence and incubated with 0.1 mg/mL of FITC-Mn@HFn-RT for 

different time periods (1, 5 and 24 h). After two steps of washing with 

PBS, cells were detached with tripsin/EDTA, washed three times again 

with PBS and finally resuspended with 0.3 mL of PBS-EDTA 2 mM. 

Samples were analyzed by CytoFLEX flow cytometry (Beckman Coulter). 

1 × 104 events were acquired for each analysis, after gating on single 

cells, and a sample of untreated cells was used to set the appropriate 

gate on the region of positivity. The data reported the % of positive cells 
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as mean ± standard deviation (SD) of three individual experiments. 

Untreated cells were used as control.  

3.13 Cellular uptake by immunodecoration and confocal 

detection 

3 × 105 HCC1954 cells were cultured on cover glass slips precoated with 

polylysine and, after 24 h, incubated with 0.1 mg/mL of FITC-Mn@HFn-

RT suspended in complete medium. Then, cells were washed PBS, fixed 

with 4% paraformaldehyde (37 °C, 20 min) and then subjected to 

membrane and nucleus staining by incubation with Wheat Germ 

Agglutinin (WGA)-Alexa Fluor 555 conjugate (1 μg/mL) and 4’,6-

diamidin-2- phenylindole (DAPI) (1 μg/mL), respectively. After washing 

with PBS, cover slips were mounted with ProLong Antifade reagent 

(Thermo Fisher Scientific, MA, USA) and examined by Nikon A1 Confocal 

Microscope (Nikon Instruments) equipped with laser excitation lines 405, 

488 and 555 nm. Images were acquired at 1024 × 1024 pixel resolution 

and with a 63 × magnification oil-immersion lens. In order to confirm the 

correct setup of FITC channel, an untreated sample was as well 

analyzed, and no signal was found. 

3.14 Cellular uptake by ICP - OES 

1.5 × 106 HCC1954 cells were plated and the day after they were 

incubated with 0.1 mg/mL of Mn@HFn-RT for 30 h. Then, cells were 

washed five times with PBS, detached with tripsin/EDTA and counted. 
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After a final step of wash with PBS, cells were collected, resuspended in 

0.2 mL of PBS and digested with 2 mL of aqua regia for 72 h. After the 

addition of further 0.4 mL of distilled water, the samples were analyzed 

by inductively coupled plasma optical emission spectroscopy (ICP-OES) 

Optima 7000 DV PerkinElmer. Each sample was measured three times 

and the results are expressed as mean ± SD. 

3.15 Relaxivity studies in vitro 

HeLa cells were plated on a 6 multiwell dish at a density of 5 x 105 

cells/cm and grown for 24 h. The day after they were incubated with a 

solution of Mn@HFn-RT (0.1 mg/mL of HFn) for 24 h. Thereafter, the cells 

were collected, washed with PBS and resuspended in 250 μL of media. 

To avoid cell precipitation during the relaxometer analysis, 250 μL of pre-

heated Matrigel were mixed with the cells and placed in a 10 mm 

diameter NMR glass tubes to solidify. Then, they were analyzed with the 

relaxometer Bruker Minispec mq20. Each sample was prepared in 

triplicate and the results are expressed as mean ± SD.  

3.16 Animals 

For MRI in vivo acquisitions, six nude mice were maintained in a fully 

equipped facility and their conditions were observed daily. Animals were 

cared according to the guidelines of the Italian Ministry of Health. All 

experiments were conducted under an approved protocol (authorization 

n° 994/2016-PR). HCC1954 cells, a HER2+ breast tumor cell line, were 
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cultured in Roswell Park Memorial Institute (RPMI) supplemented with 

10% fetal bovine serum, 2 mM L-glutamine, penicillin (50 IU/mL) and 

streptomycin (50 mg/mL), and then implanted subcutaneously in each 

mouse in a mixture of 1 x 107 cells and Matrigel. The state of health and 

behaviour of each animal was observed daily, and the weight was 

monitored every three days, until the tumors reached a dimension around 

100-200 mm3. 

3.17 MR images of Mn@HFn-RT 

MR images were acquired with a Bruker Pharmascan 7.0 T on animals 

anesthetized with isoflurane gas. The acquisitions were performed 

respectively before the injection (n = 6), and 1 h (n = 3), 5 h (n = 6) and 

24 h (n = 3) after a single dose of Mn@HFn-RT (50 mg/kg of HFn 

corresponding to 1.2 mg/kg of Mn). Then, images were analyzed, and 

the intensity of a muscle region was used to normalize the intensity values 

of tumor regions. Final results are expressed as mean ± SE. 

3.18 Epifluorescence analysis of HFn-AF660 performed in vivo 

and ex vivo 

HCC1954 cells were cultured and implanted subcutaneously in four 

nude mice in a mixture of 107 cells suspended in growth media and 

Matrigel. Animals were monitored and treated as described in animal 

section, until the tumor reached a dimension around 100-200 mm3. To 

observe the biodistribution of HFn in mice body, the protein was labeled 
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with Alexa Fluor660 (HFn-AF660) and injected in the tail vein of mice (5 

mg/kg of HFn). PBS was used as control. Fluorescent images were 

obtained by placing the animals previously anesthetized with isoflurane 

gas in an IVIS Lumina II imaging system (Perkin Elmer) at 37 °C. The in 

vivo images were acquired after 1 h and 4 h after the NPs injection with 

a 720 nm emission filter, and excitation was scanned from 570 nm to 640 

nm. Mice autofluorescence was removed by spectral unmixing. After in 

vivo acquisitions, mice were sacrificed, and organs were dissected and 

analyzed in the IVIS system. All the epifluorescence (Epf) intensity values 

were normalized after subtracting Epf values obtained by mice injected 

with PBS. Final results are expressed as mean ± SE. 
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4.	Results	and	discussion	

4.1 Synthesis and characterization of Mn@HFn-RT and 

Mn@HFn-HT  

HFn was produced, purified and the good quality of each batch was 

assessed according to an established protocol performed in our 

laboratory170. During my master thesis I carried out several studies in 

order to determine the best encapsulation protocol of Mn ions inside the 

shell of HFn172. It was especially investigated the possibility to load Mn 

complexed with chelating agents. Briefly, among the checked 

molecules, it was selected the macrocyclic molecule 1,4,7,10-

Tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) and the 

complex Mn-DOTA was loaded exploiting the pH-dependent process of 

disassembly and reassemble of HFn subunits. Many parameters were 

tested, but the best outcome enabled the encapsulation of just 23 Mn 

ions/HFn with a protein recovery rate around 48.5%.  

Therefore, in the next studies performed during my Ph.D., I focused on 

the diffusion strategy to incorporate ions. First of all, it was decided to 

conduct the Mn loading reaction at constant pH values around 8/8.5, in 

order to maintain Mn(II) in the correct state of oxidation. In fact, during 

the pH-dependent encapsulation process originally performed, it was 

observed that pH fluctuations caused an instantaneous coloration of the 
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solution. To assess the proper buffer, some preliminary reactions were 

carried out incubating HFn with MnCl2 respectively in borate, AMPSO and 

HEPES buffer. The latter demonstrated to be the best option, since in the 

other cases there were evidence of protein precipitation immediately 

after Mn addition (Borate buffer) or during the reaction (AMPSO buffer). 

The cause may be attributable to Mn unproper interaction with buffer 

molecules that compromised protein stability. It was selected HEPES 1M 

pH 8.25 during MnCl2 additions and during the successive incubation 

time, to avoid pH fluctuations, while a less concentrated one (HEPES 20 

mM) to store the final product. Furthermore, to efficiently buffer the pH in 

the presence of MnCl2, that exhibited an acid behaviour, it was decided 

to incorporate MnCl2 slowly inside HFn solution with 10 consecutive 

additions. They were tested three different concentrations of MnCl2 and 

the best one was chosen on the basis of protein recovery rate and final 

Mn/HFn molar ratio. The results are reported in Table 4. 

Table 4. HFn protein recovery rate and Mn/HFn ratio obtained after HFn reaction 
with MnCl2 150 mM, 450 mM and 1.5 M respectively. 

 MnCl2  
150 mM 

MnCl2  
450 mM 

MnCl2  
1.5 M 

HFn recovery rate (%) 78 % 70 % 15 % 

Mn/HFn molar ratio 120 218 n.d.  
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Summarizing, the encapsulation of Mn ions was achieved incubating 

MnCl2 450 mM with HFn under controlled conditions (Figure 17): 10 

addictions of MnCl2 every 10 min inside a solution of HFn buffered with 

HEPES 1M, followed by 2 h of coincubation under stirring; then, it was 

centrifuged for 10 min at 3100 x g at 4 °C, to precipitate the potential HFn 

denaturated. To eliminate Mn excess from the solution, the supernatant 

was centrifuged with Amicon filter and then passed through a Zeba™ 

Spin Desalting Column changing the buffer to HEPES 20 mM pH 7.5. 

 

Figure 17. Mn@HFn synthesis reaction: HFn was incubated in HEPES 1M with 
addition of MnCl2 solution to form a core of Mn ions. After 2 h of incubation, the 
steps of purification eliminated the undesired Mn outside the shell of the protein.  

This final protocol of encapsulation was performed either at 27 °C and 

65 °C, obtaining two different batches of Mn@HFn nanocomplexes, 

namely Mn@HFn-RT and Mn@HFn-HT, respectively. After the synthesis 

and purification, Mn@HFn-RT (Figure 19a) appeared as a transparent 

solution, while Mn@HFn-HT (Figure 19b) revealed a light brown color. 

The protein recovery efficiency was 70% (± 4%) for Mn@HFn-RT, while it 

decreased to 56% (± 12%) when the temperature was set at 65 °C, 

indicating also a higher reproducibility of the reaction at RT (Table 5). 
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Table 5. Comparison of different parameters obtained respectively between 
Mn@HFn-RT and Mn@HFn-HT. 

 Mn@HFn-RT Mn@HFn-HT 

HFn recovery rate (%) 66 - 74  44 - 68  

Mn/HFn molar ratio 185 - 251  914 - 1260  

r1 (mM-1 s-1) 25.5 - 31.1  2.3 - 3.3  

r2 /r1 2.0 - 2.6  2.5 - 3.3  
 

Native gel electrophoresis showed that the protein maintained the 

original molecular weight both in Mn@HFn-RT and Mn@HFn-HT samples 

(Figure 18a), and TEM analysis confirmed that the protein preserved its 

distinctive structure after the reaction: indeed, core-shell architecture 

was clearly detectable with an inner and outer effective diameter of 7.4 

± 2.2 nm and 12.1 ± 1.4 nm respectively (Figure 18b).  

          

Figure 18. a) Native polyacrylamide gel 6% (v/v). Samples have been loaded in 
the following order: 1) marker, 2) HFn, 3) Mn@HFn-RT and 4) Mn@HFn-HT. b) 
TEM image of Mn@HFn-RT at two different zooms. 
 

b) a) 
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The hydrodynamic diameter assessed by DLS analysis (12.2 ± 0.5 nm 

(Figure 19a) and 13.5 ± 1.1 nm (Figure 19b), respectively) was consistent 

with the size reported for native ferritin (~12 nm)90. 

 

Figure 19. a) Mn@HFn-RT size distribution detected by DLS analysis and a 
representative sample image. b) Mn@HFn-HT size distribution detected by DLS 
analysis and a representative sample image. 

In both samples, the data supported the hypothesis that the maintained 

structural integrity of HFn should be able to promote an effective 

recognition of TfR1 receptor and the consequent cellular uptake.  

4.2 Mn encapsulation and relaxivity of Mn@HFn-RT and 

Mn@HFn-HT 

After protein disassembly in acidic environment, Mn was quantified by 

ICP-OES analysis and the Mn/HFn molar ratio was estimated as 218 (± 

33) for Mn@HFn-RT and 1087 (± 173) for Mn@HFn-HT (Table 4). In order 

a) b) 
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to look into the different loading efficiency recorded, multiple synthesis 

of Mn@HFn were repeated setting different reaction temperature 

parameters (27 °C, 40 °C, 50 °C and 65 °C). As showed in Figure 20, 

where each reaction temperature was correlated to the corresponding 

Mn/HFn ratio, it was found that the encapsulation rate increased with the 

reaction temperature.  

 

Figure 20. Correlation between Mn loading and reaction temperature. 

Afterwards, the dependence of the oxidation state of Mn from the 

reaction conditions was assessed by a colorimetric assay171. Briefly, 

leucoberbeline complexation with Mn(III), Mn(IV) or Mn(VII) was detected 

at 620 nm by UV-vis spectroscopy analysis and oxidized Mn quantified 

by means of a calibration curve. The results (Figure 21) indicated that in 

Mn@HFn-RT samples Mn retained the initial oxidation state (II), while 

after Mn@HFn-HT synthesis it was mainly oxidized (68±14%). Taken 

together, if the higher reaction temperature (65 °C) improved the 

internalization of the Mn ions inside the protein, on the other hand it could 
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also have caused its partial oxidation negatively affecting the contrast 

power173. 

 

Figure 21. Quantification of the percentage of Mn oxidized in Mn@HFn-RT and 
Mn@HFn-HT samples. Reported values are mean ± SD (n = 3). ** P < 0.005 
(Student’s t-test). 

To confirm the previous assumption, the relaxivity (r) of Mn@HFn-RT and 

Mn@HFn-HT was calculated after measuring the relaxation time as a 

function of CAs concentration. As reported in Figure 22, r1 was found 

significantly higher in Mn@HFn-RT (28.3 mM–1 s–1 based on Mn 

concentration) than Mn@HFn-HT (2.8 mM–1 s–1) and, considering the r1 of 

approved Gd-based CAs analyzed under the same experimental 

conditions (e.g., Dotarem 3.4 mM–1 s–1; Primovist 5.3 mM–1 s–1)174, 

Mn@HFn-RT showed superior performance. Moreover, in this analysis, 

both Mn@HFn-RT and Mn@HFn-HT proved to be suitable as positive-

CAs with a r2/r1 rate of 2.3 and 2.9, respectively56 (Table 5). The 

robustness of the synthetic approach was confirmed by results 

reproducibility after several preparations (Table 5).  



 70 

 

Figure 22. T1 relaxation rate of Mn@HFn-RT (a) and Mn@HFn-HT (b) as a 
function of Mn molar concentration using 0.47 T NMR relaxometer. The slope of 
the curves expresses the transverse relaxivity (r1).  

In order to confirm the direct correlation of the lower r detected using 

Mn@HFn-HT compared to Mn@HFn-RT with the extent of Mn ions 

oxidation, an aqueous solution of MnCl2 was incubated at 65 °C for 7 h 

and the relaxivity was monitored. The results revealed a gradual loss in 

relaxation power with time (Figure 23). 

 

Figure 23. Relaxivity values obtained measuring the relaxation time of a solution 
of MnCl2 left stirring at 65 °C. The solution was checked every hour with a 0.47 
T NMR relaxometer. Reported values are a mean of three replicates ± SD.  
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The conduction of a colorimetric assay on the same sample showed a 

progressive and correlated increase in abundance of oxidized ions. 

Thus, it was possible to assert that the loss in relaxation observed in the 

sample was consistent with a progressive metal oxidation (Figure 24).  

 

Figure 24. Leucoberbeline assay on solutions of MnCl2 left stirring at 65 °C. The 
graph shows the percentage of Mn oxidized as a function of time. Reported 
values are a mean of three replicates ± SD. 

Afterwards, the protein loading contribution in the relaxation was 

investigated by comparing the behavior of encapsulated (either 

Mn@HFn-RT or Mn@HFn-HT) vs. free Mn ions (MnCl2) in solutions 

containing the same amount of metal. As shown in Figure 25, a variation 

in the relaxation time was detected in both HFn samples. Notably, Mn 

oxidation negatively affected the relaxivity of Mn@HFn-HT, whereas the 

Mn entrapment in Mn@HFn-RT induced a substantial decrease in T1 

value leading to enhanced relaxivity. The improved performance of the 

latter sample could be explained supposing that the metal complexation 

induced a different interaction between Mn(II) and water: indeed, it has 

been reported that CAs dynamics significantly affect the relaxivities59.  
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For this reason, protein binding to paramagnetic metal ions was already 

exploited to improve CAs efficiency by slowing molecular tumbling and 

promoting a fast exchange rate of the coordinated water molecules60. 

 

 

Figure 25. T1 relaxation time measured with a 0.47 T NMR relaxometer of three 
different solutions containing the same amount of Mn ions. Reported values are 
a mean of three replicates ± SD. **** P < 0.0001 (Student’s t-test) vs MnCl2. 

T1-weighted images of Mn@HFn-RT and Mn@HFn-HT were then 

acquired with a 7 T MRI imaging system using a Gd-based CAs as 

reference. At the same concentration of paramagnetic metal (0.1 mM), 

Mn@HFn-RT displayed the brightest signal even compared to the 

clinically approved Gd-DTPA (Figure 26a). However, this experiment, 

likewise the above collected data, was not enough to establish the 

superiority of Mn@HFn-RT over Mn@HFn-HT in terms of CAs power. 

Since the injectable protein amount is actually the limiting factor in in vivo 

applications, it is also useful to compare these CAs in terms of HFn 

concentration rather than Mn ion dosage. Thus, the latter experiment was 

repeated normalizing the sample on HFn concentration.  

**** 

**** 



 73 

As reported in Figure 26b, under this condition, Mn@HFn-RT and 

Mn@HFn-HT were almost equivalent in brightness. This probably 

happened because the lower relaxivity power of Mn in Mn@HFn-HT was 

balanced by the higher encapsulation efficiency of this formulation. 

Indeed, despite the Mn oxidation, the absolute amount of Mn(II) in 

Mn@HFn-RT and Mn@HFn-HT was comparable and hence the contrast 

ability was reasonably similar. 

 

Figure 26. a) T1-weighted images of Mn@HFn-RT, Mn@HFn-HT and Gd-DTPA 
obtained with the same concentration of paramagnetic metal (0.1 mM). b) T1-
weighted images of Mn@HFn-RT and Mn@HFn-HT obtained using the same 
concentration of HFn (0.1 mg/mL). 

 

b) 

a) 
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4.3 Characterization of the manganese core 

To better characterize the samples, TEM images of Mn@HFn-RT and 

Mn@HFn-HT were acquired without uranyl-acetate staining. With this 

technique it was possible to investigate the inner core exclusively175. 

Comparing the image of empty HFn with the ones loaded with Mn, there 

was an evident difficulty to focus the microscope in the control sample 

because of its low electron density (Figure 27e). On the contrary, it was 

possible to observe well-defined spots when the shell incorporated Mn, 

particularly in Mn@HFn-HT (Figure 27a and Figure 27c). To confirm that 

the dots were given by the metal core, Mn@HFn-RT and Mn@HFn-HT 

were analyzed with a double concentration of HFn, and an effective 

increment of spots correlated with the amount of protein was visible 

(Figure 27b and 27d). The results suggested that Mn was well entrapped 

inside the protein shell and, when loaded at 65 °C, it assumed a 

conformation which produced a high electron density. 
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Figure 27. TEM images of unstained samples. The representative images of a) 
Mn@HFn-RT (0.05 mg/mL of HFn); b) Mn@HFn-RT (0.1 mg/mL of HFn); c) 
Mn@HFn-HT (0.05 mg/mL of HFn); d) Mn@HFn-HT (0.1 mg/mL of HFn); e) HFn 
(0.1 mg/mL of HFn). 
 

a b

 

c

 

d

 

e
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Successively, an electron paramagnetic resonance experiment was 

conducted to obtain information concerning Mn complexation. Mn@HFn-

RT and Mn@HFn-HT were analyzed, and solutions of MnCl2 left at RT 

(MnCl2-RT) or heated for 2 h at 65 °C (MnCl2-HT) were used as controls. 

The buffer of all the sample was HEPES 20 mM, and the intensity of the 

spectra was normalized to allow a comparison. Both Mn@HFn-RT and 

MnCl2-RT displayed the presence of six clearly resolved resonance lines 

centered at g = 2.0 with hyperfine coupling constant of about 95 G 

(Figure 28). These features were consistent with a Mn(II) complex in an 

octahedral or distorted octahedral arrangement. In particular, Mn(II) ions 

rotational freedom was restricted probably due to the coordination with 

the two nitrogen atoms from the piperazine moieties of HEPES in MnCl2-

RT sample, while, in the case of Mn@HFn-RT, due to the coordination 

with the protein functionalities. Thus, the coordination sphere of Mn(II) 

appeared very similar for both Mn@HFn-RT and MnCl2-RT. However, the 

samples subjected to the heating step enabled a discrimination between 

their behaviors. In fact, the spectral features of MnCl2-HT displayed a 

remarkable drop in the intensity and almost disappear, while those of 

Mn@HFn-HT showed an appreciable increase. These results seemed to 

suggest a more stable complexation of Mn(II) species by the protein, 

also slightly promoted by the temperature increase.  
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Figure 28. EPR spectra at 130 K of Mn@HFn-RT, Mn@HFn-HT, and solutions of 
MnCl2 left at RT (MnCl2-RT) or heated for 2 h at 65 °C (MnCl2-HT). All the 
samples were in HEPES 20 mM buffer.  

4.4 Cell viability  

As required prior to the in vivo experiments, the cellular toxicity of 

Mn@HFn nanocomplexes was investigated. It was conducted a 

preliminary study by flow cytometry to assess the expression of TfR1 on 

two human tumor cell lines respectively from mammary gland and cervix: 

HCC1954 and HeLa. Both demonstrated to possess high levels of 

receptor, in particular HeLa cells (Figure 29). 

Mn@HFn-RT 

Mn@HFn-HT 

MnCl2-HT 

MnCl2-RT 



 78 

     

Figure 29. TfR1 expression in HeLa and HCC1954 cells evaluated by flow 
cytometry after double antibody immunostaining. Cells immunodecorated with 
the secondary antibody only were used as control. Reported values are the 
mean ± SD (n = 3). 

HCC1954 cells were chosen as TfR1-expressing cell line to conduct 

further in vitro and in vivo experiments, nevertheless it was decided to 

investigate the viability in the presence of the nanocomposite also of 

HeLa cells, to be aware of possible side effects in cells presenting 

extremely high tendency to uptake HFn. For this purpose, the viability 

assay was performed incubating both cell lines with Mn@HFn-RT and 

Mn@HFn-HT at the same protein concentration (0.1 mg/mL) and the 

cellular viability was evaluated at 24, 48 and 72 h. Unloaded HFn was 

used as control to assess any protein nanocarrier-related effect, whereas 

MnCl2 was tested at two different concentrations corresponding to the 

Mn ions amount contained in Mn@HFn-RT and Mn@HFn-HT samples (32 

μM and 174 μM, respectively). According to ISO 10993-5, percentages 

of cell viability above 80% are considered as non-cytotoxicity; within 

80%–60% weak; 60%–40% moderate and below 40% strong cytotoxicity 
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respectively176. The results showed in Figure 30 revealed that in both cell 

lines the viability was slightly affected by Mn@HFn-RT while in cells 

incubated with Mn@HFn-HT the cellular toxicity was significantly higher. 

This effect could be attributable to increased metal concentration, which 

could alter the normal cell cycle. The latter hypothesis was confirmed 

comparing this data with the controls (HFn and MnCl2): indeed, the 

protein itself didn’t impair the cellular growth, while free Mn(II) ions 

displayed a concentration-dependent effect on cell viability. It was 

interesting also to analyze the differences between the two cell lines: 

HCC1954 displayed constant values over the time, that are above 85% 

for Mn@HFn-RT and around 50% for Mn@HFn-HT. Instead, HeLa cells 

were more affected by the two nanocomposites at 24 h (75% and 43%, 

respectively), and the values improved over the time reaching 94% and 

66% at 72 h. It was possible that the higher amount of TfR1 caused an 

increased uptake in the first hours, provoking a more pronounced 

toxicity, that might produce a cell response with a consequent 

amelioration with time. Altogether, these results pointed out that, despite 

the encapsulation reaction conducted at higher temperature remarkably 

increased the Mn ion loading efficacy, Mn@HFn-HT did not improve the 

contrast power compared to Mn@HFn-RT, in contrast it exhibited a more 

pronounced negative implications on cell viability. Therefore, the non-

cytotoxic Mn@HFn-RT was selected as the most promising CAs 

nanocomplex and the next experiments were thus conducted with this 

sample. 
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Figure 30. Cell Viability of TfR1-expressing cells (a) HCC1954 and (b) HeLa, 
treated with Mn@HFn-RT (0.1 mg/mL of HFn), Mn@HFn-HT (0.1 mg/mL of HFn), 
free protein (0.1 mg/mL of HFn) and free Mn2+ (32 μM and 174 μM of MnCl2). 
The values are the mean ± SE (n = 6) normalized on cell proliferation of 
untreated cells. *** P = 0.0001; **** P < 0.0001 (Student’s t-test). 

 

**** 

a) 

b) 
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4.5 Study of Mn@HFn-RT contrast power stability 

Mn@HFn-RT stability in aqueous solution was checked under different 

incubation conditions. Briefly, aliquots were kept at 4 °C, RT, 37 °C, or 

37 °C with the addition of 10% fetal bovine serum (FBS) and the 

relaxation time was monitored every day for one week (Figure 31a). The 

incubation at 4 °C proved to be the best option to maintain the Mn@HFn-

RT relaxivity unaltered. In contrast, an increase in temperature 

contributed to slightly enhance the relaxation time, with consequent 

decrease in relaxivity. Interestingly, when kept at 37 °C in the presence 

of FBS, a situation more similar to the physiological environment, the 

magnetic properties of the nanocomplex were more robust and the 

relaxation power was stably maintained for a week. It should be 

mentioned that the lower value observed in the first time point of FBS 

incubating samples was due to the different medium rather than to a 

change in the nanocomplex relaxivity: indeed, T1 relaxation time of 

HEPES buffer with or without FBS is 3370 ± 70 ms and 3730 ± 80 ms, 

respectively. Overall, this data suggested that the developed Mn 

nanoformulation was moderately stable and this assumption was further 

confirmed when the best storage condition was investigated. Indeed, 

after three weeks at 4 °C or -20 °C, the relaxation time of the 

encapsulated Mn was not significantly affected (Figure 31b).  
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Figure 31. a) T1 relaxation time measured with a 0.47 T NMR relaxometer on 
Mn@HFn-RT samples left for one week respectively at 4 °C, RT, 37 °C and 37 
°C in the presence of FBS 10%. Each point is the average of two samples 
measured twice ± SD. b) T1 relaxation time measured with a 0.47 T NMR 
relaxometer on Mn@HFn-RT samples left for three weeks respectively at 4 °C 
and -20 °C. Each point is the average of two samples measured twice ± SD. 
 

Finally, a study was conducted to assess the possible release of Mn from 

Mn@HFn-RT. Considering the issues experienced in separating free from 

the encapsulated Mn, the experiment was performed exploiting the 

dialysis principle. At pre-determined time points, aliquots of the dialysate 

(the buffer outside the dialysis membrane) were withdrawn and T1 

relaxation time was measured. The decrease of the latter value is an 

indirect indication of Mn that passed through the dialysis membrane after 

being released by HFn. To rule out any interference given by interaction 

between the protein and the free metal ions, a solution with the same 

moles of HFn and Mn(II) was used as a control (MnCl2 + HFn). As 

reported in Figure 32, the two dialysates exhibited a significant difference 

already in the first hours. Their gap was even more evident after 24 h, 

where the relaxation time of Mn@HFn-RT dialysate was 3130 ± 40 ms, 

b) 
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while in the dialysate of MnCl2 + HFn it decreased until 2510 ± 30 ms. 

Although we observed an initial slight decrease, T1 relaxation time of 

Mn@HFn-RT dialysate maintained constant values over time, whereas, in 

the MnCl2 + HFn sample, the reduction trend was more pronounced and 

continuous. Taken together, T1 relaxation time of Mn@HFn-RT did not 

change substantially because the metal was unable to move freely, 

suggesting an effective and stable entrapment inside the core of the 

protein. However, it should be noted that the decrease in T1 relaxation 

time of MnCl2 + HFn dialysate was not as high as observed when MnCl2 

was tested (~950 ms), indicating that the protein was able to interact with 

the metal ions to some extent.  

 

Figure 32. Mn release test in HEPES buffer 20 mM performed with a 0.47 T NMR 
relaxometer. Dialysate MnCl2, Mn@HFn-RT and a mix of HFn and MnCl2 and 
were checked, and T1 relaxation time was expressed as a function of time. Each 
point is the average of four measurements ± SD. 
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4.6 In vitro cellular binding and uptake of Mn@HFn-RT 

If the previous data demonstrated that the Mn-based contrast enhancer 

showed superior contrast ability compared to the approved products 

and long-term stability in physiological solution, the next objective was to 

establish the Mn@HFn-RT capability to be internalized selectively by 

TfR1+ cells. Firstly, it was performed a flow cytometry analysis primarily 

investigating its binding efficiency (Figure 33). Mn@HFn-RT labeled with 

FITC (FITC-Mn@HFn-RT) was incubated at 4 °C for 45 min with either 

HCC1954 cells or TfR1low cell line (NIH-3T3), used as a negative 

control177. The experiment was conducted with FITC-Mn@HFn-RT alone 

or in the presence of the competitor transferrin (Tf). The nanocomplex 

concentration was adjusted to avoid reaching 100% positive cells in 

HCC1954 samples to better appreciate the difference between the 

different cell lines. The results revealed that the nanocomplex bound to 

the cell membrane was significantly higher in HCC1954 cells (38.4%) 

compared to NIH-3T3 cells (3.5%) and that in the former sample the 

binding capability decreased when coincubating the cells with Tf (27%), 

indicating that TfR1 played a fundamental role in the process. However, 

an incomplete inhibition was observed with Tf, likely attributable to the 

fast recycling of TfR1178. An additional hypothesis is that the multivalent 

HFn had a higher chance to bind TfR1 compared to the monovalent Tf179.  
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Figure 33. NIH-3T3 and HCC1954 cells were incubated with FITC-Mn@HFn-RT 
(0.05 mg/mL) with or without transferrin (1 mg/mL) for 45 min at 4 °C and then 
processed with flow cytometry (n = 3). Data represent the percentages of cells 
in the positive region and the values are the mean ± SD (n = 3). **** P < 0.0001 
(Student’s t-test). 

Next, another experiment was conducted to measure the uptake of FITC-

Mn@HFn-RT, incubating the nanocomplex at 37 °C with seeded cells and 

analyzing them at different time points (1, 5, 24 h) by flow cytometry. The 

results showed in Figure 34 confirmed the selective uptake of Mn@HFn-

RT by cells overexpressing the TfR1 receptor (i.e., HCC1954 cells), and 

the time dependence of the process.  

**** 

ns 
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Figure 34. NIH-3T3 and HCC1954 cells were incubated with FITC-Mn@HFn-RT 
(0.1 mg/mL) at different time points at 37 °C and then processed with flow 
cytometry (n =3). Data represent the percentages of cells in the positive region 
and the values are the mean ± SD (n = 3). 

Since the flow cytometry signal may indicate both cellular binding and 

internalization, the same experiment was performed with confocal 

microscopy, where the uptake of FITC-Mn@HFn-RT by HCC1954 cells 

was finally confirmed. In fact, the green spots generated by FITC 

emission signal were abundantly presented only inside treated cells 

(Figure 35). Moreover, to prove that the protein was also able to bring the 

metal content inside the cells, an ICP-OES experiment measured the Mn 

abundance in HCC1954 cells incubated with Mn@HFn-RT for 24 h. 

Despite the intracellular level of Mn is finely controlled and may not reflect 

exactly the actual amount of delivered metal, the Mn content found in the 

treated sample (11.6 ng of Mn/million cells ± 0.72) was 7.3 times higher 

than the value recorded for untreated cells (1.58 ng of Mn/million cells ± 

0.19), suggesting a substantial intake of Mn ions upon cell exposure to 

Mn@HFn-RT. 
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Figure 35. Representative confocal image of HCC1954 cells untreated (b) or 
incubated (a) for 5 h at 37 °C with FITC-Mn@HFn-RT (0.1 mg/mL; green). Nuclei 
were stained with DAPI (blue), while the cell membrane with WGA labeled with 
555 Alexa (red). The scale bar corresponds to 20 μm.	 

4.7 Relaxivity test in vitro 

After the evidence of Mn@HFn-RT uptake by TfR1+ cells, a new kind of 

experiment was set up to start evaluating its potentiality as CA in vitro. 

HeLa cells were incubated with Mn@HFn-RT (0.1 mg/mL of HFn) for 24 

h, then they were collected, resuspended in a solution of medium and 

Matrigel, and immediately inserted in a relaxometer tube before the 

solidification of the gel. This methodology was essential to maintain the 

cells suspended homogeneously inside the tube, avoiding their 

precipitation, to be detectable by relaxometer; however, the Matrigel 

semi-solid consistence provoked an overall increase of T1 relaxation 

time, with values near to the detection limit, causing an evident difficulty 
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in detecting a possible parametric effect given by Mn@HFn-RT. 

Nevertheless, comparing the cells incubated with CAs with the untreated 

ones, it was still possible to observe a statistically significant variation in 

terms of T1 relaxation time, supposedly due to the presence of Mn inside 

the cells (Figure 36). Despite the weak outcome attributable to the 

technical limitations of this last experiment, all the data previously 

collected ensured to continue investigating on Mn@HFn-RT. 

 

Figure 36. T1 relaxation time of cells untreated or incubated with Mn@HFn-RT 
for 24 h. The results are the mean of three experiments ± SD. *** P < 0.005 
(Student’s t-test). 

4.8 In vivo imaging of cancer lesions with Mn@HFn-RT 

Thanks to the encouraging results obtained in vitro, it was possible to 

establish the Mn@HFn-RT CA efficacy in vivo. To this aim, HCC1954 

breast cancer cells were subcutaneously inoculated into six nude mice. 

When the tumors reached size reached in the range 100-200 mm3, mice 

were intravenously injected with Mn@HFn-RT (50 mg/kg of HFn; 1.2 
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mg/kg of Mn) and T1-weighted images acquired at pre-determined time 

points (pre-injection, 1, 5 and 24 h post injection).  

The signal intensity (SI) of the tumor region was measured, normalized 

versus the one detected in proximal muscle, and the brightness variation 

was evaluated versus the images captured before the treatment (PRE). 

As pointed out by the representative images in Figure 37, the tumor mass 

and their borders were well defined and recognizable especially 1 h after 

the administration of Mn@HFn-RT.  

 

Figure 37. Representative T1-weighted MRI images of a mouse acquired 
respectively before (PRE) and after (1 h and 5 h) the injection of Mn@HFn-RT 
(50 mg/kg of HFn). The arrows indicate the muscle (m) and the tumor (T) region.  

The visual evidence was further confirmed by the quantification of the 

signals (Figure 38) where a significant enhancement (+25% vs. the pre-

injection value) was observed at the first time point, and the tumor 

brightness progressively decreased with time becoming negligible at 24 

h. These results suggested that HFn was efficiently accumulated in the 

tumor region and Mn was able to produce a hyperintense signal, 

facilitating the identification of cancerous lesions.  
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Figure 38. Intensity of the bright signal quantified in the tumor region normalized 
on the brightness of the muscle. The values are the mean of at least three mice 
± SE. * P < 0.05; *** P < 0.005 (Student’s t-test) vs PRE. 

The effectiveness of Mn@HFn-RT CA was even more surprising 

considering the modest amount of Mn injected (1.2 mg/kg) and the fact 

that the enhancement concerned a tumoral tissue. Indeed, as reported 

in literature for Mn based nano-CAs, dosages comparable to Mn@HFn-

RT (0.5 – 3 mg/kg of Mn) were used to monitor the efficiency of CAs in 

clearance organs (liver, kidney or bladder180,181,83,160). When the contrast 

enhancement was checked in tumor regions, the administered doses 

required to get a clearly detectable signal was usually almost 5-7 times 

higher182. For example, Chen et al. reported a normalized SI in a glioma 

bearing mice equal to 70%, after the injection of MnO-TETT-FA NPs (8 

mg/kg of Mn)85. Also Mi et al. designed PEGMnCaP NPs able to produce 

an efficient SI (+60%), using a Mn administration 10 times superior 

compared to our experiment183. Two different MRI in vivo studies, in 
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which the dosages reached 25 mg/kg of Mn, were also conducted with 

benefit for the tumor SI of up to 30%86 and 40%, respectively87. Our 

enhancement was around 25%, but such contrast enhancement was 

referred to a 20 times lower metal administration, with predictable much 

higher CA safety. Indeed, even if there were not certified toxic effects of 

Mn CAs in patients, exposure to high concentration of Mn is expected to 

cause side effects88. The unusual high efficiency of Mn@HFn-RT in 

enhancing the tumor contrast compared to conventional CAs could be 

attributable to the particular structural features of our nanocomplex, 

including the elevated intrinsic relaxivity (28.3 mM–1 s–1), which allowed 

few atoms of Mn to produce a strong relaxation process, the dimensions 

of the nanocomposite (~12 nm), favorable to promote EPR passive 

accumulation in the tumor region38, and the high affinity of HFn for TfR1 

receptor, which also fostered active targeting to cancer cells139. 

4.9 Biodistribution evaluation of Mn@HFn-RT 

In a previous work184, the biodistribution studies conducted using a 

different tumor model revealed that HFn was mainly cleared by liver and 

kidneys, and thus it was decided to monitor the SI also in these organs. 
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Figure 39. Representative T1-weighted MRI images of a mouse acquired before 
(PRE) and after (1 h and 5 h), respectively, the injection of Mn@HFn-RT. The 
arrows indicate the liver (L). 

Notably, in the liver (Figure 39 and 40a), after an initial strong contrast 

enhancement (ca. +60% vs. PRE) at 1 h post injection, the SI decreased 

drastically at 5 h (+20% vs. PRE), while in kidneys the enhancement was 

maintained at the same levels over time (around +40% at 5 h vs. PRE) 

(Figure 40b). Both the results suggested that Mn@HFn-RT was 

progressively eliminated and it is likely that immediately after the 

administration, the nanocarrier was mainly captured by the mononuclear 

phagocyte system, while at longer circulation times it was primarily 

excreted by urine.  
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Figure 40. Intensity of the bright signal quantified in a) liver and b) kidney 
normalized on the brightness of the muscle. The values are the mean of at least 
three mice ± SE. * P < 0.05 (Student’s t-test) vs PRE. 

These data were confirmed with a final biodistribution experiment 

performed with fluorescent ferritin. HFn was easily functionalized with 

Alexa660 by coincubation and the resulting AF660-HFn was tested on 

mice bearing HCC1954 cells. In particular, in vivo epifluorescence (Epf) 

analysis of bladder monitored at predetermined time points after AF660-

HFn i.v. injection, showed a strong Epf at 1 h, that lowered and became 

negligible after 24 h (Figure 41). The timing supported the investigation 

conducted at early time point analysis in MRI experiment, where the peak 

of intensity was observed after 1 h.  
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Figure 41. a) Epf images of representative mice HCC1954 tumors acquired 1 
h, 4 h and 24 h after intravenous injection into the tail vein of 5 mg/kg of AF660-
HFn. The color scale indicates the averaged epifluorescence expressed as 
radiant efficiency [(p/sec/cm2/sr)/ (mW/cm2)], where p/sec/cm2/sr is the number 
of photons per second that leave a square centimeter of tissue and radiate into 
a solid angle of one steradian (sr). b) Averaged Epf intensity of the bladder 
region of interest (ROI). Values reported are the mean of at least three mice ± 
SE. PBS was administered as control. (n.d. = not detectable). 

Moreover, organs dissected from mice were analyzed ex vivo and 

quantified by measuring the Epf intensity (Figure 42), and the major 

accumulation was observed in liver, with a discrete signal also in spleen 

and kidneys. 

a) 

b) 
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Figure 42. a) Epf of isolated spleen (S), kidneys (K), liver (L), brain (B), heart 
(H), lungs (Lu) after intravenous injection into the tail vein of PBS and 5 μg/kg 
of AF660-HFn respectively. The color scale indicates the averaged 
epifluorescence expressed as radiant efficiency [(p/sec/cm2/sr)/ (mW/cm2)], 
where p/sec/cm2/sr is the number of photons per second that leave a square 
centimeter of tissue and radiate into a solid angle of one steradian (sr). b) 
Averaged Epf intensity of the ROI obtained ex vivo after exposure to AF660-
HFn. Values reported are the mean of three mice ± SE, normalized subtracting 
Epf values of PBS administered as control. 
 

a) 

b) 
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Further experiments should be conducted to definitely rule out possible 

toxicity of Mn@HFn-RT in vivo, nevertheless there is evidence in support 

to the hypothesis that this nanocomplex was estimated to prevent 

important safety issues. First, the nanocarrier itself consists of a self-

assembly of multiple peptide subunits derived from a protein already 

present in human body, thus is expected to bypass the recognition by 

immune system and inflammatory response. Secondly, Mn, a natural 

cellular constituent, is administered at very low dosages (around one 

order below the common dosages utilized for in vivo imaging of solid 

tumors). Finally, the rapid clearance of Mn@HFn-RT ensures an efficient 

excretion, also limiting possible time-dependent Mn release from the 

carrier, which is accounted for the main cause of side effect for 

conventional gadolinium-based CAs.  
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5.	Conclusion	

In summary, possible routes to obtain a powerful and non-toxic Mn-

based CA for MRI were investigated. The specific aim of the research 

was the design and validation of an agent capable to detect malignant 

lesions with strong selectivity and higher sensitivity compared to most 

Mn- and Gd-based CAs reported so far. A protocol of biomineralization 

of Mn ions inside the core of HFn protein was set up at two different 

incubation temperatures (RT and 65 °C), and the products were 

characterized in terms of loading, undesired release, relaxivity, colloidal 

and magnetic stability, and capability to affect human cell viability. The 

use of HFn as an excellent biocomplexation template was justified by 1) 

the natural tendency of apoferritin to promote metal(II) biomineralization, 

and 2) by the spontaneous tumor tropism of HFn. Despite the lower 

encapsulation efficiency, Mn@HFn-RT was selected for further 

investigations because, when tested at equal HFn concentrations, it 

proved to be able to enhance the signal brightness at the same level of 

the nanocomplex obtained at 65 °C (Mn@HFn-HT), but, differently from 

the latter, without substantially affecting the cellular metabolic activity. 

Mn@HFn-RT showed superior contrast capability compared to free Mn 

ions, demonstrating that the metal entrapment promoted a faster water 

molecules relaxation. In vitro experiments confirmed the capability to be 
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bound and internalized by TfR1+ cells. Combining the strong contrast 

enhancement of Mn@HFn-RT with the expected improvement in tumor 

targeting due to HFn, suggested that this Mn nanocomplex could be 

developed for T1-weighted MRI imaging of solid tumors. The above-

mentioned results along with the higher relaxivity displayed by this new 

nanoformulation compared to the conventional Gd-based CAs, has 

enabled to explore the potential of Mn@HFn-RT for in vivo experiments. 

Noteworthy, the images obtained after injection of Mn@HFn-RT exhibited 

a well-defined region in correspondence of the tumor mass. This 

confirmed the capability of HFn to bring paramagnetic Mn(II) ions and 

target them properly in the tumor region. Moreover, the results indicated 

that a good contrast was observed with little doses of Mn, presumably 

minimizing possible clinical side effect. MRI experiments and 

biodistribution studies showed a very rapid clearance of HFn, suggesting 

that the best output could be achieved with an early acquisition of the 

images. This rapid contrast effect could avoid long waiting times for both 

the patients and the physicians, making Mn@HFn-RT a promising 

nanoCA for application in the clinical practice. 
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Appendix		

Most of the results presented in this elaborate have converged into a 

paper that is under submission. Moreover, in 2019 I attended the First 

EACR Conference of Nanotechnology in Cancer in Cambridge, where I 

shared this work in a poster. 

During the Ph. D. period I took part to a project concerning the evaluation 

of a Zinc-doped iron oxide nanoparticle, studying in particular its 

properties as effective T2 contrast agent: 

Das, P. et al. Colloidal polymer-coated Zn-doped iron oxide 

nanoparticles with high relaxivity and specific absorption rate for efficient 

magnetic resonance imaging and magnetic hyperthermia. J. Colloid 

Interface Sci. 579, 186–194 (2020). 
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