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Abstract 

The early identification of the insurgence of a malignant cancer and the 

selective targeting of the tumor with specific drugs are still an open 

frontier for cancer diagnosis and treatment. The ultimate goal is to 

improve the therapy efficiency and to reduce the side effects usually 

encountered with conventional chemotherapy. Worldwide, mammary 

carcinoma represents the second most recurrent type of malignant tumor 

in adult women and the fifth cause of death among cancer types. In the 

context of this thesis, I have designed and developed multifunctional 

hybrid nanoparticles consisting of an inorganic iron oxide core, useful as 

source of signal for magnetic resonance imaging (MRI), and an organic 

shell, including bioactive ligands for the pharmacological effect combined 

with specific cell targeting, and a molecular dye as fluorescence signal 

emitter. The nanoparticle characteristics were optimized in terms of size, 

morphology, surface charge, stability, fluorescence emission and 

capability to enhance the MRI contrast. In addition, specific biomolecular 

ligands based on anti-HER-2 monoclonal antibody have been developed 

and novel strategies for their conjugation to nanoparticles were explored. 

The resulting hybrid nanocomplexes were tested both in vitro and in vivo 

to evaluate their toxicity, endocytosis, degradation pathways, and the 

efficient recognition of cell-surface biomarkers. Next, these nanoparticles 

proved to be highly effective in selectively targeting breast cancer cells in 

transplanted mice bearing HER-2-positive tumors. A multifaceted 

bioanalytical approach, combining fluorescence, magnetic relaxivity, 

transmission electron microscopy, and histological experiments in vivo 

and ex vivo, has demonstrated that these nanoprobes prevalently 

accumulated at the tumor by an active targeting route. The nanoparticles 

were endocytosed by the tumor cells following a lysosomal pathway of 

degradation, while did not result in permanent damage of healthy 

tissues. The principal outcome of this work was the development of a 

versatile and reliable biotechnological platform based on finely 

structured, multifunctional nanosized probes useful for the interrogation 

of biological systems.  
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Introduction 

 

 

 

The growing impact of nanotechnology on biomedical science in view of a 

potential routine clinical application has raised numerous questions, 

which will require the joint efforts of interdisciplinary research groups to 

be adequately faced. Of course, when using nanoparticles for targeted 

cancer diagnosis, one of the main issues to be considered concerns the 

design and optimization of effective functionalization strategies to 

achieve a reliable receptor/cell targeting. However, the first step consists 

in the evaluation of those factors related with the interaction of the cell 

with heterogeneous nanomaterials before, during and after their 

adhesion and incorporation. For this reason, we have designed a 

nanotechnology platform using different complementary technologies 

capable of providing compelling evidence on many of these key factors, 

including the mechanisms of adhesion and internalization, the 

degradation pathways, cytotoxicity, capability of nanomaterials of 

providing suitable diagnostic signals useful for biomedical purposes, and 

more. As a leading case to assess the utility of our multitask approach, 

we chose the mammary carcinoma, a metastatic solid tumor, which 

threatens millions of adult women every year worldwide. 
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An attractive possibility to detect mammary carcinomas in the early 

stages of their development in a noninvasive way can be envisaged in 

developing tracing agents that can be delivered and detected via 

magnetic nanoparticles. Thanks to their unique magnetic properties, 

magnetic nanoparticles now find large application in many fields of 

biomedical research, including use as magnetic resonance imaging 

contrast agents, heating mediators for cancer thermotherapy, magnetic-

force-based drug and gene delivery systems, and tools for selective 

separation and detection of biomolecules.  

In the past, major concerns about magnetic nanoparticles have been 

cellular toxicity, tendency to a rapid clearance after delivery in the 

circulatory system, and low intracellular labeling efficiency. In 

particular, these nanoparticles need to fulfill several criteria in order to 

be used as diagnostic materials in humans, including high resolution, 

accuracy and sensitivity of detection, which may be provided by using 

magnetic nanoparticles coated with protein-targeting biomarkers 

overexpressed by breast cancer cells, e.g., the human Epidermal Growth 

Factor Receptor 2 (HER-2) receptor. In addition, they must be nontoxic 

and able to interact in a physiological way with biological tissues without 

aggregating while being delivered. Eventually, since membrane receptors 

are endocytosed as part of their normal response to ligand binding, 

magnetic nanoparticles have to follow physiological pathways when 

internalized by the cell. So far, only preliminary evidence has been 

reported about these latter factors, which are critical for clinical use.  

A further fundamental feature concerns the nanoparticle capability to be 

confined at the diseased site. When a sharp tissue distribution is desired, 

targeted contrast agents are designed in such a way that they localize to 

specific cell types through active binding mechanisms, which exploit the 

conjugation of the signal enhancer with suitable molecular ligands. 

Among them, most used are folate, small peptides, and antibodies, which 

stimulate specific recognition with the associated tumor cell receptor. 

When ligands are complex molecules, such as proteins, their proper 

orientation on the surface of nanoparticles becomes a crucial factor for 

maximizing the affinity for their molecular counterparts. Thus, the 

ultimate challenge is represented by the development of reliable 
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strategies for the conjugation of targeting biomolecules, especially 

monoclonal antibodies (IgGs), to magnetic nanoparticles. The available 

approaches can be collected in three general categories: 1) 

passive/electrostatic physical adsorption, 2) tight immobilization 

exploiting the selective recognition of biological counterparts, and 3) the 

formation of covalent chemical connections. Although these approaches 

may offer different solutions and all have been successfully employed in 

several circumstances, they share the same basic limitation, that is a 

non-site-specific binding to IgG molecule, which affects the targeting 

efficiency of the antibody. As a matter of fact, the actual conservation of 

the targeting bioactivity of immobilized IgGs is not obvious and remains 

a crucial issue, which must be addressed in designing a successful 

targeted nanoprobe. Most of the current approaches directed to the 

conjugation of antibodies to nanoparticles are usually designed to answer 

to the specific requirements of the experiment of interest. However, in 

view of clinical translation of a new generation of nanoscale targeted 

diagnostics, versatile multitask nanoprobes would be highly desired to 

improve and simplify sample handling and reduce the costs of Public 

Health. 

Finally, in view of a potential application in the treatment of human 

cancer, several capital questions, mostly concerning toxicity, 

biodistribution and targeting efficacy of nanoconjugates in vivo, remain 

open, as documented by the large number of papers on this topic 

appeared in the last years in top journals. In particular, antibody-

functionalized nanoparticles, sometimes referred to as the second 

generation targeted nanoconjugates, while being universally recognized 

as a powerful tool for the investigation at the cellular level, have been 

seriously questioned as regard to their effective potential in vivo. Indeed, 

it is commonly believed that alternative factors, including opsonization, 

macrophage-mediated transport and passive delivery in general, might 

strongly affect the targeting efficiency and final destiny of nanoparticles 

and, in most cases, become the predominant factor. The last step of the 

present work was focused on the optimization of a IgG-nanoconjugate to 

perform an accurate study of nanoparticle-membrane receptor in vivo. 

Our results strongly supported the assumption that active targeting is 

indeed possible in vivo, allowing for tumor localization, and can induce 
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receptor downregulation, interfering with cell-signaling processes, and 

thus opening the possibility to utilize IgG-conjugated nanoparticles for 

adjuvant and neoadjuvant therapy accompanying chemical treatments 

and/or surgical intervention.  

In summary, the general scope of this thesis was to develop a 

comprehensive approach for the investigation of the different crucial 

aspects involved in the interaction of hybrid bioinorganic nanoparticles 

with biological systems for potential biomedical applications. Several 

issues, including nanoparticle synthesis, biofunctionalization, toxicity 

and use as diagnostic and therapeutic agents both in vitro and in vivo, 

have been thoroughly examined and optimized. By taking advantage of 

the interdisciplinary view offered by synergistic chemical, physical and 

biochemical approaches, we have designed a new generation of 

multifunctional hybrid nanosystems suitable to explore new frontiers in 

the diagnosis and therapy of cancer disease, as illustrated in the 

representative scientific platform depicted in the above block diagram. Of 

course, the clinical application in human treatments is the final goal of 

this and related research. However, to reach such objective is necessary 

not only to design a suitable system for practical use, but also to assess 

and optimize the essential characteristics for specific effects such as 

safety, capability to get to the specific target, to provide useful signal 

amplification and to avoid the immunogenic system. For this reason, in 

order to have a feedback on the diagnostic and therapeutic potential of 

the developing nanosystems and to focus the research on a specific 

purpose, this project has been planned and developed in collaboration 

with groups of medical doctors working at Sacco Hospital, Milan. 
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In recent years, nanoparticles have played an increasing role in 

biomedical research and clinical applications. The use of nanotechnology 

is gaining interestin biology and medicine and the unique 

chemical/physical properties of nanomaterials are being exploited in the 

field of nanomedicine for basic research investigations as well as in 

clinical practice for both diagnosis and treatment of several diseases. 

Possible applications include drug delivery nanosystemsand cell 

targeting, magnetic resonance imaging (MRI) contrast enhancement, 

gene therapy, biomarker identification, targeted hyperthermia and many 

others.1-5 
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Figure 1. Figure 1. Figure 1. Figure 1. Potential of nanomedicine.6 

 

1.1.1.1.     NanotechnologyNanotechnologyNanotechnologyNanotechnology    aaaannnndddd    medicmedicmedicmedical applicationsal applicationsal applicationsal applications    

Nanotechnology is defined as the intentional design, characterization, 

production, and application of materials, structures, devices, and systems 

by controlling their size and shape at the nanoscale (1 to 100 nm).7 

Because nanomaterials are similar in scale to biological molecules and 

systems, yet can be engineered to have various functions, nanotechnology 

is potentially useful for medical applications. The field of nanomedicine 

aims to use the properties and physical characteristics of nanomaterials 

for the diagnosis and treatment of diseases at the molecular level. 

Nanomaterials are now being designed to aid the transport of diagnostic 

or therapeutic agents through biological barriers, to gain access to 

specific functions, to mediate molecular interactions, and to detect 

molecular changes in a sensitive and highthroughput manner. In 

contrast to atoms and macroscopic materials, nanomaterials have a high 

ratio of surface area to volume as well as tunable optical, electronic, 

magnetic, and biological properties. In addition, they can be engineered 

to have different sizes, shapes, chemical compositions, surface chemical 

characteristics, and hollow or solid structures. These properties are being 

incorporated into a new generation of drug delivery vehicles, contrast 
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agents, and diagnostic devices, some of which are currently undergoing 

clinical trials or have been approved by the Food and Drug 

Administration (FDA) for use in humans, others are in the proof-of-

concept stage in research laboratories. 

 

    

Figure Figure Figure Figure 2.2.2.2.    Nanomaterials commonly used in medicine.    LiposomesLiposomesLiposomesLiposomes contain amphiphilic 

molecules, which have hydrophobic and hydrophilic groups that self-assemble in water. 

DendrimersDendrimersDendrimersDendrimers are branched nanostructures; each terminus contains reactive chemical 

functional groups that allow the addition of multiple monomers to increase the size of the 

nanostructure. Gold nanoparticlesGold nanoparticlesGold nanoparticlesGold nanoparticles are solid metal particles that are conventionally coated 

with drug molecules, proteins, or oligonucleotides. Quantum dotsQuantum dotsQuantum dotsQuantum dots are semiconductor 

nanocrystals endowed with strong photoluminescence usually consisting of a core-shell 

structure (e.g., CdSe coated with zinc sulfide with a stabilizing molecule and a polymer 

layer coated with a protein). FullerenesFullerenesFullerenesFullerenes and carboncarboncarboncarbon nanotubesnanotubesnanotubesnanotubes have only carbon-to-carbon 

bonds. These nanostructures are commonly named according to the number of carbon 

atoms that form the structure (e.g., a C60 fullerene contains 60 carbons).1    
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Nanomaterials generally consist of metal atoms, nonmetal atoms, or a 

mixture of metal and nonmetal atoms, commonly referred to as metallic, 

organic, or semiconducting nanostructures, respectively. The surface of 

nanomaterials is usually coated with polymers or biorecognition 

molecules to achieve an improved biocompatibility and selective binding 

with biological molecules. The final size, composition, shape (spherical, 

rod-like, star-like, wires, octahedral, cubic, etc.) and morphological 

characteristics (full, hollow, porous, etc.) of nanomaterials depend on the 

salt and surfactant additives, reactant concentrations, reaction 

temperatures, and solvent conditions used during their synthesis. A 

common feature of all nanomaterials is their large ratio of surface area to 

volume, which may be orders of magnitude greater than that of 

macroscopic materials. For example, cutting a 1 cm cube into 1021 cubes 

that are each 1 nm on a side will result in the same overall volume and 

mass, but the surface area will be increased by a factor of 10 million. 

Thus, the advantage of using nanomaterials as carriers is that their 

surface can be coated with a large number of active molecules, which can 

be delivered using only small volumes of formulation.8 

 

1.11.11.11.1 Nanomaterials for in vivo Nanomaterials for in vivo Nanomaterials for in vivo Nanomaterials for in vivo investigationinvestigationinvestigationinvestigation    

A handful of nanomaterials are being studied in clinical trials or have 

already been approved by the FDA for use in humans,9-11 and several 

proof-of-concept studies of nanomaterials in cell culture and small animal 

models for medical applications are under way.12-14 A number of these 

nanomaterials are designed to target tumors in vivo and are intended for 

use either as drug carriers or as contrast agents for molecular imaging. 

Nanomaterials infused into the bloodstream can accumulate in tumors 

owing to the “enhanced permeability and retention” (EPR) effect, as the 

vasculature of immature tumors presents fenestrations with pores 

ranging from 200 to 600 nm, allowing for the extravasation of 

nanoparticles from the blood into the tumor tissue.15 The infusion of 

antineoplastic drugs exploiting nanomaterials as carriers results in an 

increased accumulation of drugs at the tumor, as compared with 

conventional administartion. In addition, the high ratio of surface area to 

volume favors high surface loading of therapeutic agents; when using 
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organic nanomaterials, their hollow or porous core allows the 

encapsulation of hundreds to thousands of drug molecules within a single 

carrier nanoparticle. As the carrier degrades to some extent, the drug 

molecules are released, and the rate of degradation can even be 

controlled and finely tuned according to the polymer or coating 

composition. These delivery nanovehicles can also be coated with 

polymers, such as polyethylene glycol, to increase their half-life in the 

blood circulation, to prevent opsonins from adhering to the nanomaterial 

surface, and reduce the rapid metabolism and clearance of the 

nanoparticulate. Moreover, the use of nanomaterials for drug delivery 

may minimize adverse effects by preventing the nonspecific uptake of 

therapeutic agents from healthy tissues.16,17 Nanoparticles are further 

attractive as sensitive contrast agents for cancer imaging. For instance, 

in magnetic nanoparticle-enhanced MRI, a contrast can be observed 

between tissues with and those without having captured 

superparamagnetic iron oxide nanoparticles, owing to a difference in the 

precession frequency of the water protons in proximity of paramagnetic 

nanodipoles. The use of magnetic nanoparticles as contrast agents for 

MRI, as compared with conventional MRI, was associated with 

substantial increases in both diagnostic sensitivity (90.5% vs. 35.4%) and 

specificity (97.9% vs. 90.4%) in the detection of metastatic tumors.18 

Magnetic nanoparticles are also being studied in clinical trials for 

imaging of hyperplasia, adenoma, and more specifically, primary lung 

cancer, in which a decrease in the function of the reticuloendothelial 

system affects the amount of nonspecific phagocytic uptake. 
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FiguFiguFiguFigure re re re 3.3.3.3.    Nanomaterials used as labels to amplify detection signals in diagnostic devices. 

Nanomaterials such as gold nanoparticles can be coated with biorecognition molecules to 

target either a patient’s DNA or a protein sample. In this picture, gold nanoparticles are 

coated with a complementary oligonucleotide (single-stranded DNA) that recognizes the 

variant gene sequence captured on a surface. Once nanoparticles are bound to the surface, 

the detected signal (e.g., RAMAN absorption) associated to bimolecular counterparts is 

amplified by means of a silver nitrate reduction reaction. This technique, commonly 

referred to as Surface Enhanced Raman Scattering (SERS),19 has been reported to have 

sensitivity equivalent to that of the polymerase chain reaction assay for genic analysis.1 

 

Nanoparticles can be also employed as labels for measuring molecules of 

interest in biological samples. To this aim, nanomaterials can be used to 

either simplify/amplify the readout or to lower substantially the 

detection threshold of a diagnostic device. Nanoparticles are used in 

lateral-flow in vitro diagnostic assays (LFA), such as the urine pregnancy 

test, for detecting protein markers (e.g., human chorionic gonadotropin 

[hCG]).20 This allows an easier readout of the signal at the point of care 

without the need for a more complex instrumentation. A number of FDA-

approved LFAs for measuring human immunodeficiency virus (HIV), 

malaria, and cardiac markers are also available. Although this technique 

is simple to use and can be carried out rapidly (one complete assay takes 

less than 1 h), it suffers from poor detection sensitivity (millimolar to 

micromolar, depending on the biomarker). Gold nanoparticles are also 
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used in highthroughput genomic detection devices without the need for 

polymerase chain reaction (PCR) amplification but with a sensitivity on 

the same order of that of PCR-based assays (Figure 3).21 This technology 

has been approved by the FDA for genetic screening to determine drug 

sensitivity and to detect genetic mutations. This approach does not suffer 

from the problems often associated with conventional fluorescent probes 

for microarray labeling, such as photobleaching (a loss of signal after 

exposure to light), and can detect multiple markers with a high 

sensitivity (95%) and low detection threshold (down to 10−18 M). A 

modification of this approach called the bio-barcode assay is currently 

being validated for the detection of proteins associated with prostate 

cancer.22 

 

1.21.21.21.2 Nanomaterials for theranosticNanomaterials for theranosticNanomaterials for theranosticNanomaterials for theranosticssss    

The term “theranostic” defines the combination of diagnostic and 

therapeutic capabilities into a single agent, and identifies the ongoing 

efforts in clinics to develop more specific and personalized therapies for 

various diseases.23 The rationale arose from the fact that several diseases 

are broadly heterogeneous and all existing treatments are effective for 

only limited patient subpopulations and at selective stages of disease 

development. The close marriage between diagnosis and therapy could 

provide therapeutic protocols that are more specific to individuals and, 

therefore, more likely to offer improved prognoses. The emergence of 

nanotechnology has offered an unprecedented opportunity to draw 

diagnosis and therapy closer. Nanoparticle-based imaging and therapy 

have been investigated separately, and understanding of them has now 

evolved in nanoplatforms that can codeliver therapeutic and imaging 

functions. These nanoparticles possess unique optical or magnetic 

properties and have been previously studied in the imaging setting and 

have achieving successful outcomes in several circumstances. These have 

laid the foundation for the current exploits, since the imaging probes can 

be easily upgraded when loaded with appropriate therapeutics. It has 

been shown that various kinds of therapeutics, including those based on 

small molecules, proteins and nucleotides can be conveniently tethered 

onto nanoplatforms. The large capacity even allows for the loading of a 



CHAPTER 1 BACKGROUND 

8 

 

second or third functionality, a feature that encourages the formation of 

an all-in-one nanosystems with comprehensive features (Figure 4). 

 

 

Figure Figure Figure Figure 4.4.4.4.    Applications of theranostic nanomedicine formulations. Theranostic 

nanomedicines can be applied for various different purposes, most notably for imaging drug 

delivery (A-D), drug release (F-H), and drug efficacy (I-L). (A) Gamma camera imaging of 

biodistribution and tumor accumulation of a passively tumor-targeted iodine131-labeled 

HPMA copolymer in a Copenhagen rat bearing a Dunning AT1 tumor in its right hind limb. 

(B) Gamma camera image showing effective active drug targeting to the liver using an 

iodine123-labeled galactosamine-modified HPMA copolymer containing doxorubicin (i.e., 

PK2) in a patient suffering from hepatocellular carcinoma. (C,D) Functional SPECT 

imaging (C) of the tumor and liver localization of iodine123-labeled PK2 combined with 

anatomical CT imaging (D), exemplifying that the majority of the liver-targeted polymeric 

prodrug does not localize to the (dark) tumorous region in the middle of the SPECT and CT 

image. (E,F) MR-based visualization and quantification of manganese and doxorubicin 

release from temperature-sensitive liposomes (TSL). The color-coded Mn2þ-enhanced T1 

map obtained at 45 min after the i.v. injection of TSL into a rat bearing a preheated 

fibrosarcoma tumor is shown in (E). (F) Amount of released doxorubicin calculated and 

correlated on a pixel-by-pixel basis from the image in (E), exemplifying release in the 

periphery of the tumor. (G,H) Release of Gd-DTPA from PLGA-based nanoparticles 

containing iron oxide, Gd-DTPA and 5-FU. (G) Subtraction image of precontrast minus 

postcontrast T1-map (in red; showing Gd-DTPA release; note that the Gd-DTPA-signal is 

quenched in close proximity to iron oxide), overlaid on a T2*-weighted image, showing the 

tumor accumulation of the particles (in black). (H) A 3D image depicting T2*-weighted 

signals overlaid with quantitative T1 values (yellow, 50 µM; red, 500 µM), enabling 

quantification of drug release. (I,J) Accumulation of Gd-labeled polypropylene 

diaminobutane dendrimers in a healthy mouse liver (I) and in a liver containing several 
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metastatic lesions (J), exemplifying the suitability of these particles to visualize liver 

metastases. (K) Biodistribution of indium111-labeled PEGylated liposomes in a Kaposi 

sarcoma patient. Localization to a large tumorous mass in the lower left leg and to several 

metastatic lesions can be clearly observed, exemplifying the possibility of such formulations 

for predicting and monitoring treatment responses. (L) Maximal intensity projection of an 

MR angiography scan of a Dunning AT1 tumor obtained at 30 min after the i.v. injection of 

a 25 kDa sized gadolinium-labeled HPMA copolymer. Such MR angiography-based 

approaches are considered to be highly useful for noninvasively assessing the efficacy of 

nanomedicine based antiangiogenic interventions.23 

    

2.2.2.2. Magnetic nanoparticle design for medical diagnosis and therapyMagnetic nanoparticle design for medical diagnosis and therapyMagnetic nanoparticle design for medical diagnosis and therapyMagnetic nanoparticle design for medical diagnosis and therapy    

In the last decade, several investigations with different types of 

crystalline iron oxides have been carried out in the field of nanosized 

magnetic particles (mostly single domains of about 5-20 nm) in diameter 

of maghemite (γ-Fe2O3), and magnetite (Fe3O4), among which magnetite 

is a very promising candidate since its biocompatibility has already been 

established.24 With proper surface coating, the magnetic nanoparticles 

can be dispersed in suitable solvents, forming homogeneous suspensions, 

called ferrofluids.25,26 Such a suspension can interact with an external 

magnetic field and be positioned to a specific area, facilitating magnetic 

resonance contrast enhancement. Nanosized crystals exhibit unique 

physical and chemical properties that are not found neither at atom nor 

at bulk level. Quantum size effects and the large surface area of 

magnetic nanoparticles dramatically change some of the magnetic 

properties and exhibit superparamagnetic character and quantum 

tunneling of magnetization, because each particle can be considered as a 

single magnetic domain.27 Based on their unique mesoscopic physical, 

chemical, thermal, and mechanical properties, superparamagnetic 

nanoparticles offer a high potential for a broad spectrum of  biomedical 

applications: 

- cellular therapy, including cell labeling and targeting, tools for 

cell-biology basic research to separate and purify cell populations 

- tissue repair 

- drug delivery 



CHAPTER 1 BACKGROUND 

10 

 

- magnetic resonance imaging  

- hyperthermia 

- magnetofection 

-  

 

Figure 5.Figure 5.Figure 5.Figure 5.    Biomedical applications of magnetic nanoparticles. 

 

For these applications, nanoparticles must have combined properties of 

high magnetic saturation, biocompatibility and interactive functions at 

the surface. The surfaces of these particles could be modified through the 

creation of few atomic-thick layers of organic polymer or inorganic 

metallic (e.g., gold) or oxide surfaces (e.g., silica or alumina), suitable for 

further functionalization through the attachment of various bioactive 

molecules.28 As magnetic nanoparticles accumulate at the target site, 

e.g., in a tumor tissue, they can play an important role in the detection of 

malignancies through MRI or electron microscopy imaging to localize 

them and measure their binding or as drug carrier for anti-cancer drugs. 

Magnetic nanoparticles having suitable surface characteristics have a 

high potential for use in a lot of in vitro and in vivo applications. In all 

these cases, superparamagnetism is the key feature because magnetic 

nanoparticles do not retain any magnetism after removal of the external 

magnetic field. Thus, the utility of this class of nanoparticles depends 

upon several parameters, including high superparamagnetic 
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susceptibility for an effective magnetic enrichment,29 magnetic core size, 

which should be possibly monodisperse in the range 6-15 nm, 

superparamagnetic behavior,30 tailored surface chemistry. 

 

 

Figure Figure Figure Figure 6.6.6.6.    Therapeutic strategies using magnetic nanoparticles. Functionalized magnetic 

nanoparticles accumulate at the tumor tissues via drug delivery system (DDS). Magnetic 

nanoparticles can be used as a tool for cancer diagnosis by MRI. Hyperthermia can then be 

induced by exposure to an alternating magnetic field. Hence, magnetic nanoparticles can be 

used for simultaneous cancer therapy and diagnosis.31 

 

2.12.12.12.1 Chemical Chemical Chemical Chemical ssssynthesis of ynthesis of ynthesis of ynthesis of superparasuperparasuperparasuperparamagnetic iron oxide magnetic iron oxide magnetic iron oxide magnetic iron oxide 

nanoparticles nanoparticles nanoparticles nanoparticles     

The wet chemical strategy for preparing monodisperse nanoparticles 

involves the separation of nucleation step from growth of nanocrystals. A 

burst nucleation event first occurs when the monomer concentration 

quickly increases over a critical supersaturation without further 

formation of nuclei afterwards. The produced nuclei then grow at the 

same rate, resulting in monodisperse nanosized crystals. Once formed, 

these nanoparticles have a high surface area and agglomerate rapidly to 

minimize their surface energy. Thus, a suitable capping agent has to be 

used to stabilize these nanoparticles and prevent them by forming 

aggregates. Numerous synthetic methods have been developed to 
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synthesize magnetic nanoparticles, including coprecipitation,32 sol-gel 

synthesis,33 microemulsion synthesis,34 sonochemical reaction,35 

hydrothermal reaction,36 thermal decomposition,37 electrospray 

synthesis,38 and laser pyrolysis.39 Coprecipitation of Fe3+ and Fe2+ ions is 

a classical method used to prepare iron oxide nanoparticles on a large 

scale by aging a stoichiometric mixture of inorganic salts in aqueous 

solution. A set of experimental parameters, such as pH, reaction 

temperature, and precursor, have been studied to control nanoparticle 

morphology, size, and yeld. The solvothermal process exploits a high-

pressure reaction to obtain highly crystalline magnetic nanoparticles. 

However, when using these two methods, it is difficult to produce 

magnetic nanoparticles with a narrow size distribution. High 

temperature decomposition of metal complexes is now routinely applied 

to prepare magnetic nanoparticles with better-controlled size and 

morphology.40 A typical thermal decomposition method requires the 

presence of a metal complex and a surfactant in an organic solvent with a 

high-boiling point. In the reaction, the precursors are either added via a 

hot-injection process or directly heated up from a homogeneous 

mixture.41 In the hot-injection process, the thermally unstable metal 

complexes are rapidly injected into a hot solution in the presence of 

surfactants to create an instantaneous nucleation event, followed by a 

controlled growth process. In the heating up procedure, all the precursors 

are mixed and heated, magnetic nanoparticles are made by tailoring 

reaction temperature and precursors concentration. Oleic acid and 

oleylamine are two surfactants commonly used for nanoparticle 

stabilization and for the control of nanoparticle size and morphology. The 

metal precursors are usually metal acetylacetonates and metal oleates. 

For example, iron(III) acetylacetonate, Fe(acac)3 , was mixed with 1,2-

hexadecanediol, oleic acid, and oleylamine in dibenzyl ether and the 

mixture was heated up to 300 °C to make monodisperse Fe3O4 

nanoparticles with a narrow size distribution in the range 4-8 nm with 5-

10% dispersity. Iron(III) oleate was used to prepare monodisperse iron 

oxide nanoparticles on a large scale. The first example of synthesis of 

size-controlled monodisperse Fe3O4 nanoparticles obtained through a 

heating up procedure of Fe(acac)3 in the presence of oleic acid and 

oleylamine, was reported in 2002 by Sun et al.42 Rockemberger et al. 
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demonstrated for the first time the applicability of hot injection approach 

to the synthesis of γ-Fe2O3 nanoparticles in 1999.43 

 

 

Figure Figure Figure Figure 7.7.7.7. The formation of Fe3O4 nanocrystals. The middle and right panels are TEM 

images of the as-synthesized nanocrystals taken at different reaction times.44 

 

2.22.22.22.2 Surface modification of magnetic nanoparticleSurface modification of magnetic nanoparticleSurface modification of magnetic nanoparticleSurface modification of magnetic nanoparticlessss    

In the preparation and storage of nanoparticles in colloidal form, the 

stability of the colloid is of utmost importance. Ferrofluids are colloidal 

suspensions of magnetic particles which possess a unique combination of 

fluidity and aptitude to interact with a magnetic field. In the absence of 

any surface coating, magnetic iron oxide nanoparticles have hydrophobic 

surfaces with a large surface area to volume ratio. Due to colloidal 

interactions between the particles, these particles agglomerate and form 

large clusters, resulting in increased particle size. Hence, these clusters, 

exhibit strong magnetic dipole–dipole attractions between them and 

show ferromagnetic behavior.45 The adherence of magnetic nanoparticles 

causes a mutual magnetization, resulting in increased aggregation 

properties. For effective stabilization of iron oxide nanoparticles, often a 

very strong requirement of density for coating is desirable. Stabilizers 

such as a surfactant or a polymer are usually added at the time of 

preparation to prevent aggregation of the nanoscale particulate. Most of 

these polymers adhere to the surfaces in a substrate-specific manner.46 

Monodisperse nanoparticles with controlled shapes and sizes are usually 

coated with a long-chain hydrocarbon, leading to a hydrophobic surface. 

To make these nanoparticles biocompatible for biological applications, 

their surface needs to be functionalized, which is usually accomplished 

by two alternative approaches, 1) surfactant addition or 2) surfactant 
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exchange. Surfactant addition is achieved by means of the adsorption of 

amphiphilic molecules that contain both a hydrophobic segment and a 

hydrophilic component. The hydrophobic segment forms a double layer 

structure with the original hydrocarbon chain anchored to the 

nanoparticle surface, while the hydrophilic groups are exposed to the 

outer layer of the nanoparticle, conferring it water solubility. In contrast, 

the surfactant exchange approach involves the direct replacement of the 

original surfactant with a new bifunctional surfactant. This bifunctional 

surfactant has one functional group available for binding to the 

nanoparticle surface tightly via a strong chemical bond and the second 

functional group at the other end has a polar character so that the 

nanoparticle can be dispersed in water or be conjugated to a further 

molecule.  

 

 

Figure Figure Figure Figure 8. 8. 8. 8. Strategies for NP surface modification.47 

 

There are various kinds of materials that can be chosen for coating 

nanoparticles.48,49 Polymer coating materials, including lipids, proteins, 

dendrimers, gelatin, dextran, chitosan and PEG are often chosen for this 

purpose.50 Bifunctional molecules, such as dimercaptosuccinic acids 

(DMSA), dopamine, and silanes, were also investigated for use in 

nanoparticle functionalization. For example, dopamine was found to be a 

stable anchor on the Fe3O4 nanoparticle surface. In 2007, Messersmith 

and coworkers published an approach inspired by the adhesive proteins 



CHAPTER 1 BACKGROUND 

15 

 

secreted by mussels for attachment to wet surfaces.51 Mussels are 

promiscuous fouling organisms and have been shown to attach to 

virtually all types of inorganic and organic surfaces, including classically 

adhesion-resistant materials such as poly(tetrafluoroethylene) (PTFE). 

Clues to mussels adhesive versatility may lie in the aminoacid 

composition of proteins found near the plaque-substrate interface, which 

are rich in 3,4-dihydroxy-L-phenylalanine (DOPA) and lysine amino 

acids. In addition to participating in reactions leading to bulk 

solidification of the adhesive, DOPA forms strong covalent and 

noncovalent interactions with substrates. DOPA and other catechol 

compounds behave as binding agents for coating inorganic surfaces, 

including the electropolymerization of dopamine onto conducting 

electrodes; however, coating of organic surfaces has proven much more 

elusive. Silanes were employed to exchange the hydrophobic ligands on 

ferrite magnetic nanostructures. The end group of silanes, including 

isocyanine, acrylate, thiol, amino, and carboxylic groups, offer extensive 

chemistry for the modification of nanostructures. The use of dopamine 

and saline as stabilizers often need to be combined with PEG or other 

polymers to offer long-term nanoparticle stabilization in biological 

solutions. Besides PEG, chitosan, alginate, and dextran can also be 

utilized to disperse the nanostructures and offer them long-term stability 

and biocompatibility. A shell does not only serve to stabilize and protect 

the magnetic nanoparticles against degradation, but can also be used for 

further functionalization with specific components, such as catalytically 

active species, drugs, specific binding sites, or other functional groups.  
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Figure 9Figure 9Figure 9Figure 9.... (A) Photograph of a mussel attached to commercial PTFE. (B, C) Schematic 

illustrations of the interfacial location of Mefp5 and a simplified molecular representation 

of characteristic amine and catechol groups. (D) The amino acid sequence of Mefp5. (E) 

Dopamine contains both amine and catechol functional groups found in Mefp5 and was 

used as a molecular building block for polymer coatings.51 

 

2.32.32.32.3 Targeted nanoparticlesTargeted nanoparticlesTargeted nanoparticlesTargeted nanoparticles    

It is obvious that future developments of magnetic nanoparticles will be 

in the direction of active targeting through molecular imaging and cell 

tracking. Therefore in the case of cancer diagnosis, the next challenge 

resides in the generation of suitably functionalized surfaces of these 

particles. The development of long-circulating nanoparticles is the first 

requirement for active targeting. The most satisfactory strategy consists 

in using macrophage-evading nanoparticles, with long plasma half-life in 

order to increase the probability of attaining the desired target. The 

design of such “stealth” nanoparticles requires the consideration of a 

multitude of physico-chemical and physiological factors, affecting 

circulation time. In particular, their surface protection by a barrier of 

hydrophilic oligosaccharide groups is thought to prevent the opsonin 

adsorption and therefore to avoid the macrophage recognition. Among 

the physico-chemical factors, which are known to have an effect on the 

opsonization process, the size, the surface charge density and the 

hydrophilicity/hydrophobicity balance have been widely investigated, 

either in liposome or in polymeric nanoparticle systems.52 The main 

conclusion is that the smaller, the more neutral and the more hydrophilic 
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the carrier surface, the longer its plasma half-life. Concerning the size 

effect, the available data suggest that surface curvature changes may 

affect the extent and/or the type of opsonin adsorption. It is generally 

assumed that surface features are more important than those related to 

the core, because the surface is in direct contact with blood and organs. 

For hydrophobic carriers, many studies have concerned the development 

of core-corona structures where the corona is made of hydrophilic 

macromolecules for creating polymer brushes, acting as a steric surface 

barrier and reducing opsonin adsorption. Among the natural or artificial 

macromolecules, linear dextrans, PEG and their derivatives are widely 

used. Linear dextrans have been used frequently as plasma expanders in 

medicine: drugs conjugated to dextran remain in the blood circulation for 

extended periods of time, proportional to the average molecular weight of 

the macromolecule. The clearance rate of dextran-coated liposomes is 

dependent on the density of dextran molecules. Other biological 

macromolecules have been investigated, e.g., polysialic acid, heparin and 

heparin-like polysaccharides, but, because of their high cost and/or the 

possible immunological consequences associated with bacterial-made 

macromolecules, efforts have been directed to the design of synthetic 

hydrophilic macromolecules, including “block copolymers”. The strength 

of polymer adsorption and the resultant polymer conformation is 

dependent on the proportion and on the size of the hydrophobic block 

(e.g., polypropylene oxide, PPO) that is flanked on both sides by two 

hydrophilic chains of polyethylene oxide (PEO) block.53 In addition, the 

physico-chemical properties and the curvature of the nanoparticle 

surface play a role. The nanoparticle stealth behaviour is believed to be a 

function of the thickness and of the density of the PEO layer. 

Nevertheless, in order to avoid the possible depletion of copolymers in 

the blood compartment, great efforts have dealt with the covalent 

anchorage of PEO macromolecules onto the carrier surface. Such a route 

is well known in galenical pharmacology, where drugs (small molecules, 

peptides, proteins, antibodies and oligonucleoides) are conjugated to PEO 

macromolecules in order to improve their circulation lifetime and 

bioavailability and decrease their immunogenicity, renal clearance rate 

and dosing frequency. This process is so widely used that it is called 

PEGylation. Polyethylene glycol (PEG) is the α,ϖ-dihydroxyl derivative of 

PEO and is a flexible polyether, hydrophilic (but also soluble in some 
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organic media), not biodegradable and easily excreted from living 

organisms by physiological routes. Its functional end-groups are 

available for derivatization leading to numerous possibilities for covalent 

attachment onto preformed functional surfaces or anchoring during the 

synthesis of polymeric particles. PEG has been shown to be the most 

effective polymer for suppressing protein adsorption, the optimal 

molecular weight varying between 2000 and 5000 Da. Lastly, regardless 

of the active targeting strategy, long circulating carriers present also a 

great interest as circulating reservoirs for drugs or therapeutic agents 

with short elimination half-lives or for blood-pool imaging in nuclear 

medicine. Moreover, long-circulating particles escape from the circulation 

is normally restricted to sites where the capillaries have open 

fenestrations, such as in the sinus endothelium of the liver, or when the 

integrity of the endothelial barrier is perturbed by inflammatory 

processes (e.g., rheumatoid arthritis, infarction, infections) or by some 

kinds of tumors. Therefore the idea of exploiting such vascular 

abnormalities for extravasating and accumulating nanoparticles in these 

inflammatory sites or tumors is particularly attractive. Such a strategy 

can be considered both as an active and a passive targeting strategy, as it 

is independent of the mononuclear phagocyte system mediation.  

 

 

Figure Figure Figure Figure 10.10.10.10. Typical macromolecules used as hydrophilic coating for mononuclear phagocyte 

system-evading nanoparticles.54 
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Ligand conjugation is the second requirement for active targeting. To 

increase the probability of redirecting long-circulating nanoparticles to 

the desired target site, their surface has to be modified with ligands that 

specifically bind to surface epitopes or receptors present on the target 

cells, for istance, by molecular recognition processes involving antibody-

antigene interactions. In principle, these ligands have to be not 

macrophage-recognizable and coupled to the surface of stealth carriers. 

Such a strategy should open the possibility of targeting specific cell types 

or subsets of cells within the vasculature and even elements of vascular 

emboli and thrombi. In cancer therapy, active targeting could allow for 

the selective destruction of cancer cells. Among these ligands, often 

recurring are oligosaccharides, oligopeptides, folic acid, antibodies and 

their fragments. Due to the unique specificity of monoclonal antibodies 

for their molecular counterparts and to the possibility to produce 

immunoglobulins for almost every known marker receptor, this class of 

proteins is usually considered the preferred choice for active targeting 

and grate effort has been devoted to the development of antibody-

functionalized nanocarriers. However, antibody coupling has at least two 

drawbacks: 1) the overall size of the antibodies (typically in the range 15-

20 nm), which cause particles to diffuse poorly through biological 

barriers, and 2) their immunogenicity, i.e. the property of being able to 

elicit an immune response within an organism. For this reason, the 

coupling of small non-immunogenic ligands to polymeric carriers has 

been also investigated. Therefore, for tumor targeting, folic acid, 

antibodies or peptides could be grafted to PEGylated nanoparticles in 

order to take advantage of the frequent overexpression of the specific 

receptors onto the surface of human cancer cells. Interestingly, 

nanoparticles conjugated with antibodies appeared to interact more 

efficiently with their receptors than free antibodies. Thus, not only do 

nanoparticles conjugated with biological molecules selectively target 

cancer cells, but they could also improve the internalization of the 

encapsulated drugs into the targeted cancer cells.  
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2.42.42.42.4 Biomedical aBiomedical aBiomedical aBiomedical applications of magnetic nanoparticles pplications of magnetic nanoparticles pplications of magnetic nanoparticles pplications of magnetic nanoparticles     

2.4.1 Magnetic Resonance Imaging  

Superparamagnetic iron oxide nanoparticles can play an important role 

as MRI contrast agents, to better differentiate healthy and pathological 

tissues.55 In vivo molecular imaging has been identified by the National 

Cancer Institute of the United States of America as an outstanding 

opportunity for studying diseases noninvasively at the molecular level.56 

The aim is to visualize molecular characteristics of physiological or 

pathological processes in living organisms before they manifest in form of 

anatomic changes. MRI offers several advantages over alternative 

techniques, including lack of irradiation, possibility to generate 3D 

images, excellent spatial resolution with optimal contrast within soft 

tissues, and a very good signal-to-noise ratio. Paramagnetic (e.g., 

gadolinium, europium, neodynium, and manganese-containing materials) 

and superparamagnetic (iron oxide nanocrystals in the form of γ-
Fe2O3,and Fe3O4) compounds can be used as MR contrast materials. A 

first important difference between these two classes of contrast 

enhancers is that while paramagnetic species enhance the signal in T1-

weighted images resulting in a positive contrast, magnetic nanoparticles 

provide strong signal enhancement in T2-weighted images (negative 

contrast), owing to a different contrasting mechanism.57,58 Unfortunately, 

in most cases, antibody-conjugated gadolinium complexes proved to be 

largely unsuccessful due to the relatively low sensitivity of MRI and the 

low density of cell target receptors, thus requiring administration of 

excessive gadolinium doses. However, Gd-contrast materials may induce 

severe adverse effects with lethal outcome that have been observed in 

patients with compromised renal function and subsequent deposition in 

different organs/tissues and release of highly toxic Gd3+ leading to a 

nephrogenic systemic fibrosis. This drawback can be partially overcome 

by using magnetic nanoparticles based on iron oxide, which have been 

demonstrated to induce large increments in transverse relaxation rate 

upon binding with a 106 signal amplification over Gd-DTPA.59 For this 

reason, superparamagnetic iron oxide nanoparticles are gaining much 

attention in view of their usefulness as contrast agents for MRI. The first 

and major prerequisite of targeted contrast agents is the identification of 

cell- and/or disease- and/or function-specific biomarkers. Ideally, the 
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biomarkers should be solely and abundantly expressed on the desired cell 

types. Furthermore, disease-specific biomarkers should be clearly 

different from healthy status. Biomarkers for targeted contrast agents 

are cell surface receptors, phospholipids of the outer leaflet of the cell 

membrane, and enzymes. Targeted magnetic nanoparticles are composed 

of at least two components: 1) the magnetic iron oxide core represents the 

imaging or sensing component and 2) the attached molecules represent 

the targeting or affinity component. Magnetic nanoparticles without 

targeting components are rapidly engulfed by monocytes and 

macrophages. Thereby, they can be used to image monocytes and 

macrophages and their phagocytic aptitude in vivo.  

 

2.4.2 Monitoring stem cell migration and tissue repair 

Stem cells transplants is expected to have tremendous potential for the 

treatment of many degenerative diseases because of their capability to 

perform multiple cell cycle divisions and of their differentiation 

efficiency.60 Several clinical trials are ongoing with different types of 

stem cells. Mesenchymal stem cells are used for the reparation of 

damaged tissues, regeneration of bone defects and spinal cord injury, 

stroke and myocardial infarction, while neural stem cells are 

investigated for the neural lineages generation of the nervous system. On 

this basis, one important issue is to identify and track the stem cells 

after their injection in the body, to monitor their motility and to follow 

their localization and expansion thereafter. Among the available in vivo 

imaging techniques useful for stem cell monitoring, MRI is particularly 

promising since it can provide high spatial resolution images without 

compromising the patient care. T2 contrast agents based on iron oxides 

offer a powerful labeling for the in vivo visualization of stem cells. 

Magnetic nanopaticle sizes for utilization in stem cell labeling can vary 

from ultrasmall (within 35 nm) to micron-sized. The nanoparticles can be 

coated by different polymers, including polyethylene glycol, silica, 

dextran and polystyrene, to increase the stability of the suspension 

avoiding the cell toxicity caused by the formation of large aggregates. 

Different preparations may affect the labeling efficiency of nanoparticles, 

which determines the interactions between nanoparticles and cells. The 
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typical nanoparticle uptake follows an endocytosis pathway that can be 

induced by mere incubation of the nanoparticle suspension in the cell 

medium, which, in turn, can be improved by application of an external 

magnetic field. The addition of adjuvants as transfection agents or 

nanoparticle functionalization with antibodies exploiting a ligand-

receptor specific interaction, could be of help with some cell types. In 

alternative, it is possible to induce a temporary membrane permeability 

by electroporation or ultrasound pulses. Several magnetic nanoparticle-

based contrast enhancers were successfully applied to in preclinical 

trials.61 

 

2.4.3 Drug delivery  

Most pharmacological approaches to cancer therapy are based on 

chemotherapeutic substances, which generally exhibit high cytotoxic 

activities but poor specificity for the intended biological target. This 

practice mostly results in a systemic distribution of the cytotoxic agents 

leading to the occurrence of well-documented side effects associated with 

chemotherapy. Besides magnetic force delivery, two alternative 

“physiological” routes can be followed by magnetic nanoparticles, which 

are common to all kinds of nanoparticulates. The passive targeting route 

takes advantage of the biological function of the reticuloendothelial 

system (RES), a cell family of the immune system comprising circulating 

monocytes, bone marrow progenitors and tissue macrophages, which is 

deputed to the first clearance activity in mammalian organisms. Once 

unprotected particles are immersed in the blood stream, an array of 

plasma proteins recognizes them as invading entities and immediately 

adsorb on their surface. The parameters affecting the extent of 

opsonization are essentially related to the physical properties of the 

nanoparticle surface, including size, shape, charge and aggregation state. 

Large objects are rapidly cleared and highly charged particles have a 

tendency to attract opsonins. Consequently, magnetic nanoparticles 

coated by these plasma proteins are rapidly endocytosed by the RES 

cells, resulting in their removal from circulation and accumulation in 

organs with high phagocytic activity, such as liver and spleen. Particle 

size is a key parameter as magnetic particles smaller than 4 µm 
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accumulate in the liver (70-90%) and spleen (3-10 %) quickly. Particles 

larger than 250 nm are usually filtered to the spleen; particles in the 

range 10-100 nm are mainly phagocytosed through liver cells, while 

nanoparticles below 5.5 nm can be cleared by renal route.62 Therefore the 

optimal particle size for drug delivery treatments ranges between 10 to 

100 nm, as these will have the longest blood circulation time. It has been 

suggested that also the shape can play a role.63 Hence, passive 

nanocarriers can be used to deliver drugs for the treatment of hepatic 

diseases, such as liver metastases, and to favor the internalization of 

antibiotics by phagocytic cells of the RES for the treatment of 

intracellular infections. Magnetically assisted targeting will have the 

advantage of increasing the local concentration of the administered drug, 

while the overall dose can be reduced. The movement of magnetic 

nanoparticles inside a matrix or fluid depends directly on a multitude of 

factors such as the external magnetic field, the temperature and the 

viscosity of the medium, the fluid flow, the interaction between 

nanoparticles and fluid components and the size and shape of the 

nanoparticles. The dynamics of nanoparticle transport in vivo through a 

vein or artery to an area of interest are far from being fully understood 

and modeled but there are nowadays several studies in this direction. In 

contrast with the passive delivery route, active targeting has the 

advantage of improving the accumulation of chemotherapeutics at the 

tumor site, but requires multiple synthetic steps to tailor the chemical 

properties of nanoparticles in order to achieve a suitably bioengineered 

magnetic nanocarrier. In principle, it is always necessary to stabilize the 

nanoparticle dispersion in the aqueous environment. As described in 

Paragraph 2.3, coating the nanoparticles with a suitable polymer shell, 

including organic (PEG, dextran, chitosan, polyethyleneimine, and 

phospholipids) or inorganic (silica) is the first step. Whatever the 

stabilizer, the next requirement is to reduce significantly the possible 

interactions with opsonins and with the RES, by conjugating the 

magnetic nanoparticles with an appropriate protein-repellent molecular 

species, such as PEG. The final step consists in functionalizing such long-

circulating nanoparticles with targeting ligands having high selectivity 

for specific cancer cell receptors. The full-armed magnetic drug delivery 

nanosystem is obtained by loading a cytotoxic cargo at some stage of the 

above synthetic steps.64 
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Figure 11.Figure 11.Figure 11.Figure 11.    Magnetic drug targeting. Magnetic drug nanocarriers decompose in the target 

zone and release the drug.65 

 

2.4.4 Cellular labeling and cell separation 

Cell labeling with ferro/paramagnetic substances is an increasingly 

common method for cell separation.66 Current techniques utilize either of 

the following two approaches: attaching magnetic particles to the cell 

surface or internalizing biocompatible magnetic particles by fluid phase 

endocytosis, receptor-mediated endocytosis or phagocytosis. One strategy 

for the efficient and specific cell labeling with magnetic particles is to 

modify the nanoparticle surface with a ligand that is efficiently taken up 

by the target cells via receptor-mediated endocytosis. A variety of 

potential ligands have been conjugated to the nanoparticle surfaces to 

facilitate receptor-mediated endocytosis of the nanoparticles. Targeting 

agents have been demonstrated to preferentially target cell surface, 

because the receptors for these ligands are frequently overexpressed on 

the surface of mammalian cells. Many of these ligands are stable, and 

generally poorly immunogenic. In the absence of any system to inhibit 

endocytosis, most nanoparticles are endocytosed by cells and eventually 

sequestered in digestive vacuoles inside the cell. Once the particles are 

endocytosed, they are probably removed from the contact with specific 

cell surface receptors and become ineffective. As a result of these events, 
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the cells are at high risk of apoptosis from overload with particles. If the 

particles can be prevented from leaving the cell surface, they remain in 

contact with their specific receptors and are expected to leave the cell in 

a state of prolonged stimulation while protecting the cells from damages 

triggered by endocytosis. 

 

 

FigFigFigFigure 1ure 1ure 1ure 12.2.2.2. Schematic representation of derivatization of superparamagnetic iron oxide 

nanoparticles with targeting ligands and their adhesion to cells. The derivatized 

nanoparticles act as cellular labels that are targeted at the membrane receptors expressed 

on cells surface without being internalized.24 
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FigFigFigFigure 1ure 1ure 1ure 13.3.3.3.    Scanning electron microscopy (SEM) (a-f) and transmission electron microscopy 

(TEM) (g-l) images of human fibroblasts (a,g, control) and incubated with (b,h) uncoated 

magnetic nanoparticles, (c,i) PEG-coated nanoparticles, (d,j) lactoferrin-derivatized 

nanoparticles, (e,k) ceruloplasmin-derivatized nanoparticles and (f,l) insulin-conjugated 

nanoparticles. Uncoated magnetic particles show vacuoles in cell body and distorted cell 

membranes. PEG-coated nanoparticles were internalized in huge amounts without being 

toxic, while protein-coated nanoparticles were not endocytosed and were found at the 

cellular membranes (see arrows).23 
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2.4.5 Hyperthermia 

Another interesting application of magnetic nanoparticles is in cancer 

thermotheraphy, which is considered as a supplementary treatment 

associated with chemotherapy, radiotherapy, and surgery.67 The idea of 

using magnetic induction hyperthermia is based on the fact that when 

magnetic nanoparticles are exposed to a variable magnetic field, heat is 

generated by the magnetic hysteresis loss. The amount of heat generated 

depends on the nature of magnetic material and of magnetic field 

parameters. Magnetic particles embedded around a tumor site and 

placed within an oscillating magnetic field will heat up to a temperature 

dependent on the magnetic properties of the material, the strength of the 

magnetic field, the frequency of oscillation and the cooling capacity of the 

blood flow in the tumor. Cancer cells are sensitive to temperature 

increase and are killed when the temperature raises above 43 °C, 

whereas the normal cells can survive at higher temperature values. Heat 

could be generated by applying an appropriate magnetic field. The size of 

the magnetic crystals commonly employed in hyperthermia is 

submicrometric, thus the powders or bulk of these biomaterials have 

comparable properties. These materials are not only biocompatible, but 

also bioactive and could be useful for bone tumors. Choosing high-power 

magnetic nanocrystals combined with appropriate external magnetic 

field, very small amounts of nanoparticles in the order of tenth of 

milligram may easily be used to raise the temperature of biological tissue 

locally up to cell necrosis. It has been shown that hyperthermia greatly 

enhances cytotoxicity of radiation and drug treatment with brain tumor 

cell lines, which were also confirmed in vivo by multimodel hyperthermia 

studies with rat, rabbits and dogs.68 Concomitantly, Yanase M. et al. 

have suggested that hyperthermia produced by magnetic nanoparticles 

can activate the immune response against cancer cells triggered by 

massive release of heat shock proteins from those treated cells. (Figure 

14).  
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FigureFigureFigureFigure    11114. 4. 4. 4. Antitumor immune response induced by hyperthermia using magnetite 

nanoparticles. (A) Rats photographed at the 28th day after the magnetic cationic liposomes 

injection. Rat glioma T-9 cells (1×107 cells) were transplanted subcutaneously into the left 

femoral region of F344 rats. On the 9th day after transplantation into the left side, another 

aliquot of the T-9 cell suspension (1×107 cells) was transplanted subcutaneously into the 

right femoral region. The magnetic cationic liposomes were injected into the left tumor 

only, on the 11th day after the first transplantation. When hyperthermic treatment was 

repeated three times at 24 h intervals, both tumors had disappeared by the 28th day after 

the magnetic cationic liposomes injection.69 

 

The efficiency of this type of thermotherapy has been demonstrated on 

several types of cancers including brain cancer,70,71 prostate cancer,72,73 

and breast cancer.74,75 Research in this area has also led to industrial 

developments. In addition to the company Nanobacterie, there are at 

least three companies that develop cancer therapy using the heat 

generated by magnetic nanoparticles when the latter are exposed to an 

alternative magnetic field (AMF).76 The patents that have been published 

by these companies describe various ways of using the heat generated by 

chemically synthesized magnetic nanoparticles to carry out AMF cancer 

therapy.77  

 

2.4.6 Magnetofection  

Magnetofection is a method in which magnetic nanoparticles associated 

with vector DNA are transfected into cells under the influence of an 

external magnetic field. For this purpose, magnetic nanoparticles might 

be coated with a polycationic polymer, such as polyethyleneimine which 

readily associates with negatively charged DNA since the magnetic 
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particles are positively charged due to polyethyleneimine coating. 

Whether viral or nonviral vector is exploited, magnetofection has been 

shown to enhance the efficiency of delivery up to several thousand times. 

For magnetically assisted nucleic acid transfection, magnetofection is 

unusually rapid, simple and yields transfection level saturation at low 

doses in vitro. Furthermore, since these magnetic particles do not rely on 

receptors or other membrane-bound proteins for cell uptake, it is possible 

to transfect cells that normally are non-permissive.  

 

3.3.3.3. Final considerationsFinal considerationsFinal considerationsFinal considerations    

Most of the work included in this thesis exploits a new generation of 

targeted magnetic nanoparticles. The preferred molecular receptor 

investigated is the Human Epidermal Growth Factor Receptor 2 (HER2), 

which is considered one of the most relevant biomarkers for the diagnosis 

of metastatic breast cancer. Mammary carcinoma is the second most 

common type of malignant tumor in adult women after lung cancer, as 

more than one million women are diagnosed with breast cancer every 

year. Despite the advances in diagnosis and treatment, which have 

resulted in a decrease in mortality in recent decades, breast cancer 

remains a major public health problem. Among the most significant 

unresolved clinical and scientific problems are the occurrence of 

resistance to clinical treatments, their toxicity, and how to predict, 

prevent and overcome them. However, the heterogeneity of human breast 

cancer in terms of genetic features, molecular profiles and clinical 

behavior represents a constraint obstructing the discovery of a resolution 

to the disease. It is currently considered that the chances of success of a 

therapy may increase if the tumor cells are selectively removed before 

they can evolve to their mature stages up to metastases production. A 

rationale for this resides in the common development story that has been 

recently generalized for solid tumors.78 A typical cell in the human body 

is 10 µm in diameter. Hence every 1 cm3 of solid tissue contains 

approximately 109 cells; the entire human body is estimated to contain 

approximately 1014 cells. Because a malignant clone evolves from a single 

cell, theoretically one would need a sensitivity of 10–14 to detect the 

genesis of a tumor. However, solid tumors typically display Gompertzian 



CHAPTER 1 BACKGROUND 

30 

 

kinetics, with a first phase starting from the single cell stage 

characterized by a slow growth profile up to 105 cells, where a sudden 

rise of the curve slope occurs in correspondence of a switch from a 

diffusion-limited nutrition to a neovascularization. This threshold is 

usually termed “angiogenic switch”. Finally, a second lag phase 

culminates in death of the patient at approximately 1012 cell (see Figure 

15). The goal of cancer imaging should be to detect and/or image the 

smallest possible number of tumor cells, ideally early then the angiogenic 

switch. Unfortunately, the present detection threshold for solid tumors is 

approximately 109 cells (1 g ≈ 1 cm3) growing as a single mass. Hence 

from an imaging standpoint, the term remission literally means that 

there are somewhere between zero and 109 malignant cells in the patient 

body. This level of uncertainty is unacceptable to both the patient and 

the radiologist. 

Therefore, novel and more sensitive diagnostic tools are being developed, 

with the aim of improving the early and noninvasive detection of rising 

malignancies and the accuracy of tumor tissue localization. Meanwhile, 

there is an emerging use of targeted therapies in oncology, depending on 

the expression of specific proteins or genes present in the tumor cells. In 

current studies, various types of nanoparticles conjugated with the anti-

HER2 monoclonal antibody (mAb), the so-called Trastuzumab (Tz), are 

investigated extensively due to promising results in biological and 

preclinical applications. In the review paper from our group included in 

the publication section, we present a critical insight into the preparation 

and use of different kinds of Tz-functionalized nanoparticles, with an 

emphasis on the therapeutic and diagnostic (theranostic) potential of this 

generation of hybrid nanoparticles, exploiting the multifaceted 

mechanisms of action of Tz against malignant cells. (ARTICLE 1ARTICLE 1ARTICLE 1ARTICLE 1) The 

state-of-the-art reported in such critical review article represents a 

starting point from which I moved the first steps of my work.  
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Figure 15.Figure 15.Figure 15.Figure 15. Gompertzian growth curve of a solid tumor and its relationship to cancer 

detection and imaging. Number of malignant cells (ordinate) as a function of time 

(abscissa). The transition from first lag to log phase of growth, associated with the 

transition from diffusion-limited nutrition to neovascularization, is labeled "angiogenic 

switch." Remission is shown as the uncertainty of cell number ranging from zero to the 

current clinical threshold for cancer detection (approximately 109 cells growing as a single 

mass).78 
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1111....    Design and synthesis of magnetofluorescent nanoparticles and Design and synthesis of magnetofluorescent nanoparticles and Design and synthesis of magnetofluorescent nanoparticles and Design and synthesis of magnetofluorescent nanoparticles and 

preliminary studies on preliminary studies on preliminary studies on preliminary studies on labelinglabelinglabelinglabeling    of cancer cellsof cancer cellsof cancer cellsof cancer cells        

The first approach of my study consisted in the investigation of toxicity, 

mechanism of endocytosis, and degradation pathways of multifunctional 

nanoparticles for possible clinical translation as tumor diagnostics. Three 

different models of nanoscale magnetofluorescent particle (MFN) systems 

were designed and fabricated in a multilayer fashion. The magnetic core 

consisted of a magnetic nanoparticle (MNP) cluster prepared by 

conventional approaches either as a water dispersion of bare magnetite 

nanocrystals (MNP1, 7 ± 3 nm) or as surfactant-coated, highly 

monodisperse 5 nm magnetite nanoparticles (MNP2) obtained by 

solvothermal decomposition. The MNP cluster was embedded in a silica 

shell of tunable thickness and coated by a fluorescent layer, which also 

provided surface amino groups ready for further conjugation. In order to 

obtain quite uniform MFNs, two main strategies were followed: 1) a sol-

gel process using an aqueous dispersion of as-synthesized uncoated Fe3O4 

nanoparticles (MFN1) and 2) a reaction confinement within the 

submicrometer domain of a water-in-oil microemulsion system using 
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hydrophobic monocrystalline Fe3O4 nanoparticles as the starting 

material (MFN2).  

 

 

 

 

 

Scheme 1. 

 

Both MFN1 and MFN2 nanoparticles were evaluated in terms of size, 

morphology, zeta potential, fluorescence efficiency, capability of 

enhancing T2 relaxivity of water protons, and stability in water 

suspension.  

 

 

Figure 1Figure 1Figure 1Figure 16666.... TEM images of A) MFN1 and B) MFN2 in ethanol. In both cases, an outer, less 

contrasted shell is visible, attributable to the presence of an external silica layer that 

incorporated the organic fluorophore. 
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Figure 1Figure 1Figure 1Figure 17777.... Magnetic and optical properties of as-synthesized MFNs. A) Relaxometric 

analysis of MFN1 (full dots) and MFN2 (empty dots). The inverse of experimental T2 values 

obtained at different MFN concentrations are plotted versus µg mL–1 MFNs. Both MFN1 

and MFN2 are fitted by a line and the T2 relaxivities are given by the respective line slopes. 

B) Relative fluorescence emission of MFN1 (dashed line) and MFN2 (continuous line). 

 

Combining the magnetic, fluorescence, colloidal stability, and 

morphological characteristics, we selected MFN2 as the best candidate 

for biological evaluation. The mechanism of internalization, the 

intracellular fate, and the toxicity in MCF7 adenocarcinoma cells were 

studied. Besides the well-documented size effect,79 the anionic charge 

proved to be a crucial factor for particle internalization, as nanoparticle 

penetration through the cell membrane could be modulated by surface 

charge. Ultrastructural analysis of transmission electron micrographs 

combined with evidence from confocal microscopy suggested that 

nanoparticles could be internalized by clathrin-mediated endocytosis and 

macropinocytosis. 
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Figure 1Figure 1Figure 1Figure 18888.... Ultrastructural images of MCF7 MFN2 interaction. A) Nanoparticles adhere to 

the cytoplasmic membrane at 30 min incubation and initial macropinocytosis is 

demonstrated by extension of plasma membrane (star symbol) surrounding nanoparticles. 

B,C) After 1 h, nanoparticle uptake takes place by processes consistent with 

macropinocytosis (B) and clathrin-coated, vesicle-mediated internalization (C, arrow). D) At 

5 h, a large amount of vacuoles (arrows) containing non-clustered nanoparticles are present 

in the cytoplasm of MCF7 cells (N = nucleus). Scale bars A-C: 100 nm, D: 1 µm.  

 

Moreover, the endocytic pathways of MFN2 was characterized by 

investigating colocalization of the particles with different markers of 

endocytic compartments, namely the recycling endosome marker 

transferrin receptor, the early endosome marker EEA1, the Golgi marker 

GM-130, and the lysosomal marker cathepsin D. Nanoparticles were 
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found in EEA1-positive endosomes and in lysosomes, indicating that they 

followed a physiological pathway of endocytosis.  

 

 

Figure 1Figure 1Figure 1Figure 19999. Intracellular localization of MFN2 in MCF7 cells. Images reveal the localization 

of MFN2, identified by their green fluorescence versus that of the early endosome marker 

EEA1, the recycling endosome marker TfR, the lysosomal protein Cat D, and the Golgi 

marker GM-130, labeled using secondary, TRITC-conjugated Abs (red). Scale bar: 10 µm. 

 

Magnetorelaxometric analysis demonstrated that nanoparticles enable 

the detection of 5 × 105 cells mL–1 after treatment with particle dosages 

as low as 30 mg mL–1. In summary, nanoparticles appeared to be a 

valuable and safe bimodal contrast agent that can be developed for 

noninvasive diagnosis of breast cancer. (ARTICLE 2ARTICLE 2ARTICLE 2ARTICLE 2)    
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Table 1. Table 1. Table 1. Table 1. Relaxivity measurements on labeled MCF7 cells[a] 

 T2 (ms) [b] 

Concentration 

[cells mL–1] 

MCF7 

unlabeled 

MFN2 

[30 µg mL–1] 

MFN2 

[50 µg mL–1] 

MFN3 

[50 µg mL–1] 

5.0 × 106 2153 ± 16 851 ± 12 616 ± 10 1091 ± 15 

1.0 × 106 2408 ± 21 1832 ± 15 1793 ± 14 2248 ± 22 

5.0 × 105 2622 ± 23 1983 ± 14 1969 ± 16 2338 ± 22 

2.5 × 105 2646 ± 29 2630 ± 27 2603 ± 24 2656 ± 32 

 

[a] Data are the mean ± SD of three different relaxivity measurements. [b] T2 values 

correspond to progressive dilutions of an initial cell concentration after incubation with 

different concentrations and kinds of nanoparticles. 
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2222....    Magnetic nanoparticles for biomarker detectionMagnetic nanoparticles for biomarker detectionMagnetic nanoparticles for biomarker detectionMagnetic nanoparticles for biomarker detection    in biological samplesin biological samplesin biological samplesin biological samples 

Along with the physico-chemical characterization of the above mentioned 

magnetic nanoparticles, we studied in depth their magnetic properties 

looking forward to their potential application as contrast agents for MRI. 

To assess their capability to offer a robust contrast agent diagnostic 

device, we measured the spin–spin relaxation time (T2) induced by our 

core-shell magnetic nanoparticles on the adjacent water protons in 

aqueous suspension. These biocomposite nanomaterials can provide a 

powerful tool for the investigation of biointeractions, which are 

fundamental for cell functionality as well as for modern diagnostic 

techniques and new therapeutic outlooks. In this context, we have 

focused on the development of a novel biosensor (magnetic switch 

nanosensor, MNS) based on the use of the same kind of magnetic 

nanoparticles suitably functionalized with surface ligands selective for 

recognition of plasma proteins. The interaction of specific ligands 

conjugated to magnetic nanoparticles with soluble protein markers 

induce a reversible alteration of nanoparticle microaggregation state, 

which can be sensitively measured as changes in T2 relaxation time of 

water protons of the medium in which the recognition occurs. In addition, 

as this detection method does not involve optical readout, the 

measurement does not require optically purified samples and, for this 

reason, it might be applied directly to extracted sera. The technique 

sensitivity and the efficiency of the as-synthesized silica-encapsulated 

magnetic nanoparticles (SMNP, Scheme 2) suggested their potential 

application for the rapid and sensitive detection of a biological analyte in 

solution. To assess the minimal useful SMNP concentration for 

biosensing analysis, we first evaluated the range of concentrations within 

which the signal was suitably stable. (Figure 20) 
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Figure Figure Figure Figure 20202020.... T2 relaxometry analysis of SMNP. The inverse of experimental T2 values 

obtained at different SMNP concentrations is plotted versus particle concentration (µg mL–

1). The experimental data are fitted by a line in the range of 20-250 µg mL–1. The T2 

relaxivity is indicated by the line slope. Inset: magnification of the selected region, point 

fitting in the range of 3-13 µg mL–1. 

 

As a proof of concept of the efficiency and reliability of MNS, we 

examined the accurate detection of anti-HSA (human serum albumin) 

antibodies in fluid samples by protein-functionalized magnetic 

nanospherical probes. HSA is the most abundant serum protein in the 

human circulatory system. It is well documented that a few largely 

widespread diseases consist of anomalous concentrations of anti-HSA 

antibodies as a consequence of pathological changes of the systemic 

condition that cause the extracellular proteins to become antigenic. The 

alterations in the conformation and the biological properties of HSA are 

usually triggered by protein oxidation due mainly to the undesired 

presence of reactive oxygen species. Indeed, protein oxidation phenomena 

are generally associated with cellular functional disruption along with 

many other protein conformational changes. There are several studies 

that provide evidence that such protein oxidation is often associated with 

cellular disorder observed during aging and age-related 

neurodegenerative diseases, including Alzheimer and Parkinson 

diseases.80 Although the circulating autoantibodies exhibit reactivity 

against both native and modified proteins, modified HSA appears to be 

highly immunogenic compared with native HSA.81 A number of studies 
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point to type 1 diabetes mellitus, familial dysautonomia, and liver failure 

as the main pathologies in which a remarkable occurrence of anti-HSA 

Abs is observed, with the concentration of anti-HSA Abs in diabetic 

patients being 5–20 times greater than in healthy subjects. For this 

reason, the application of a method, such as MNS, for the rapid, 

sensitive, and selective detection of anti-HSA Abs in solution could be 

highly beneficial for clinical practice.  

 

 

 

 

SchemeSchemeSchemeScheme    2222....  

 

HSA molecules were covalently conjugated to amino functionalized 

SMNP, via glutaraldehyde cross linking and the residual CHO terminal 

groups were saturated with lysines. First, we performed a set of 

measurements to evaluate the temporal changes of water T2 relaxation 

time induced by MNS in the presence of 100 pM target complementary 

polyclonal Ab (pAb).  
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Figure 2Figure 2Figure 2Figure 21111.... Time course of changes in water T2 using MNS in the presence of 100 pM anti-

HSA pAbs and schematic of the particle aggregation sequence in response to the 

addition/subtraction of anti-HSA pAbs.  

 

Once the optimal parameters were adjusted, the method proved to be 

very sensitive, providing concentration- and time-dependent responses. 

Furthermore, we demonstrated that the developed immunoassay was 

able to quantitatively determine the biomarker concentration from the T2 

linear correlation, thereby supplying a rapid, yet accurate, assay with 

sensitivity in the femtomolar range (Figure 22).  

 

t0 tm tM t1 = tm t2 t0

T2 T2 T2 T2
T2
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Figure Figure Figure Figure 22222222.... Time-dependent changes in T2 resulting from the aggregation states induced by 

different anti-HSA concentrations: (A) 1 µM; (B) 100 nM; (C) 10 nM; (D) 1 nM; (E) 100 pM;  

(F) 10 pM; (G) 1 pM; (H) 100 fM.  
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A further major advance of our MNS-based method is that the T2 

relaxometry experiment can be used to determine concentrations of a 

specific target quantitatively when its concentration is not known a 

priori. We obtained a standard calibration curve by plotting log(T2-T20) 

vs. log[Ab], where the Ab concentration is expressed in µg mL–1 and T20 is 

a fitting parameter useful for linearization. The high susceptibility and 

stability of these magnetic nanoparticles, as well as their accessible 

synthetic preparation, make these nanosensors a promising new tool for 

versatile and effective analysis of biological samples. (ARTICLE 3ARTICLE 3ARTICLE 3ARTICLE 3)    

 

 

Figure 2Figure 2Figure 2Figure 23333. . . . Logarithmic plot of relaxometric analysis of MNS incubated with different 

concentrations of anti-HSA pAb.  
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3333....    Antibody functionalization of nanoparticleAntibody functionalization of nanoparticleAntibody functionalization of nanoparticleAntibody functionalization of nanoparticlessss    for selective targetingfor selective targetingfor selective targetingfor selective targeting    of of of of 

cancer cellscancer cellscancer cellscancer cells    

After the toxicity investigation and the interaction/internalization 

studies of the nanoparticles with cells, the subsequent step was the 

nanoparticle functionalization with biomolecules in order to achieve a 

selective targeting to the cancer cells. We optimized the characteristics of 

the magnetic nanoparticle hybrid system in order to present the lowest 

molecular weight, reduce the nanoparticle overall size and increase the 

stability in aqueous medium. Highly monodisperse magnetite 

nanocrystals were synthesized in organic media and transferred to the 

water phase by ultrasound-assisted ligand exchange with an 

iminodiacetic phosphonate (PMIDA). The resulting water soluble 

magnetic nanoparticles were characterized by transmission electron 

microscopy (TEM), dynamic light scattering (DLS), and 

magnetorelaxometry, which suggested that this method allowed us to 

obtain stable particle dispersions with narrow size distribution and 

unusually high magnetic resonance T2 contrast power (Figure 24).  

 

 

Figure 2Figure 2Figure 2Figure 24444.... (a) T2 relaxometry analysis of newly synthesized magnetic nanoparticles. Inset: 

nanoparticle phase transfer from organic solvent (MNC0 in chloroform) to aqueous solution 

(MNC1). (b) Hydrodynamic size distribution histograms of oleic-coated Fe3O4 nanoparticles 

(dashed line) and after ligand exchange (continuous line). Diameters were measured by 

DLS in chloroform and water, respectively. Inset: TEM images of as synthesized 

nanoparticles in hexane (top) and after the surfactant exchange in PBS (bottom). Scale bars 

50 nm. 
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These nanoparticles were conjugated to a newly designed recombinant 

monodomain low molecular-weight fragment of protein A (spaBC3), 

which exhibited a convincingly strong affinity for human and rabbit IgG 

molecules (we used Tz). SpaBC3, designed to present a terminal cysteine 

tripod, was produced in E. coli, purified by combined His-tag and GST 

technologies (Figure 25). 

 

 

    

    

    

    

Figure 2Figure 2Figure 2Figure 25555.... a) SDS-PAGE of spaBC3 purified fractions. Purified protein (4 µg) was loaded 

after elution with PreScission protease (left). After purification with Ni-NTA agarose to 

remove GST contaminants, the same amount of spaBC3 was loaded on SDS-PAGE with or 

without 0.1 M dithiothreitol (DTT) in running buffer (right and middle, respectively). (b) 

SpaBC3 binding assay. SpaBC3 (250 ng) was filtered through PVDF membrane and 

incubated with rabbit IgG or Tz. IgG removal was obtained by Na-citrate incubation. GST 

protein (C–, 250 ng), as negative control, and rabbit IgG or Tz (250 ng), as positives, were 

used. The presence of rabbit IgG or Tz was revealed by antirabbit or antihuman secondary 

antibodies conjugated to HRP, respectively. 

 

SpaBC3 was conjugated to MNC1 through an appropriate protocol: 

carboxylate functionalities were converted into amine ends by reaction 

with a bifunctional diamino-linker; the amino functionalities on the 

particle surface allowed the conjugation with N-succinimidyl-3-[2-

pyridyldithio]-propionate (SPDP) resulting in the thiol-reactive pro-

functional MNC3 (Scheme 3). MNC3 were the ideal building block for 

bioconjugation with thiol-engineered protein A variant, as PDP 

functionality is very reactive toward sulfhydryl ends of organic and 

biological thiol-containing molecules by formation of stable disulfide 

bridges. Owing to the nature of antibody-protein A binding, tight 

antibody immobilization occurred through the Fc fragment thus taking 

full advantage of the targeting potential of bound IgGs.  
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Scheme 3.Scheme 3.Scheme 3.Scheme 3.    

    

As a proof of concept of the utility of our paramagnetic labeling system of 

human IgGs for biomedical applications. Tz was immobilized on hybrid 

magnetic nanoparticles (TMNC). TMNC and the supernatant (unbound, 

ub) were analyzed by western blotting with anti-HER-2 antibody in order 

to reveal HER-2 binding to TMNC (Figure 25b). The nanoparticles were 

then assessed by immunoprecipitation assay (Figure 26).     

 

Figure 2Figure 2Figure 2Figure 26666.... HER-2 receptor is selectively recognized by TMNC. 

Bound and unbound proteins were then eluted in SDS-PAGE 

application buffer, electrophoresed, and immunoblotted using 

either anti-HER-2, anti-Drp1, anti-Akt, and anti-Clnx antibodies. 
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To validate the immunoprecipitation data, the specificity of binding 

between TMNC and HER-2 was observed by confocal laser scanning 

microscopy. Indeed, as HER-2 is a transmembrane receptor, TMNC were 

expected to accumulate in correspondence of the external surface of 

HER-2-overexpressing cells. TMNC were observed in HER-2 positive 

MCF7 cell surfaces, but not in MDA negative control cells, demonstrating 

that they localized selectively in correspondence of transmembrane 

receptors owing to the presence of the specific targeting agent. 

(ARTICLE 4ARTICLE 4ARTICLE 4ARTICLE 4) 

 

Figure Figure Figure Figure 22227777. Confocal laser images of MCF7 and MDA cells cultured with TMNC or free Tz. 

MCF7 and MDA were incubated for 15 min with TMNC (150 µg mL–1; panels d-f and l-n, 

respectively) and Tz (15 µg mL–1; panels a-c and g-i, respectively). Cell membranes were 

stained with DiD oil (blue). TMNC and Tz were labeled with antihuman FITC secondary 

antibodies. Scale bar = 10 µm.  



CHAPTER 2 RESEARCH WORK 

49 

 

4444....    Biofunctionality of Biofunctionality of Biofunctionality of Biofunctionality of protein ligandsprotein ligandsprotein ligandsprotein ligands    conjugated to nanoparticlesconjugated to nanoparticlesconjugated to nanoparticlesconjugated to nanoparticles    

Despite the huge interest for monoclonal antibody nanoconjugates, only 

poor evidence is available on the actual conservation of the protein 

biofunctionality at the molecular structural level, once Tz has been 

covalently conjugated to the nanoparticle. Such difficulty mainly resides 

in the lack of reliable methods capable of providing exhaustive 

information on structural/conformational features sustaining the protein 

functionalities of nanobioconjugate systems. This is indeed a crucial 

point, which urgently needs to be addressed. We investigated the 

possibility to provide a direct evidence on the extent of preservation of 

the structural bioactivity of IgGs immobilized onto the surface of iron 

oxide nanoparticles deduced by accurate analysis of the essential folding 

features obtained by Fourier-transform infrared (FTIR) spectroscopy. As 

a model for this study, PEG-stabilized, Tz-modified magnetite 

nanoparticles (TMNP) were developed. Bare monodisperse magnetite 

nanoparticles were obtained by a coprecipitation approach in water and 

modified on the surface with PEG600 diacid, exploiting the high affinity 

of carboxylate functionality for iron oxide, for ready conjugation with 

amine-containing biomolecules by amide coupling. To examine their 

potential in mAb conjugation, purified Tz was covalently bound via 

amine-bearing lysine residues. 

 

 

Scheme 4.Scheme 4.Scheme 4.Scheme 4.    
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In order to explore the structural properties of the conjugated antibody, 

we applied FTIR spectroscopy to obtain information on protein secondary 

structure (Figure 28). This method in some circumstances has been 

exploited to investigate protein molecules physically adsorbed onto 

nanoscale surfaces.82,83 

 

Figure 2Figure 2Figure 2Figure 28888. . . . Structural characterization of Tz, TMNP and MNP2 by FTIR spectroscopy. (a) 

FTIR absorption spectra in the amide I and amide II regions of (A) free Tz, (B) a mixture of 

free Tz and free MNP2, (C) TMNP, and (D) MNP2. In this spectral region, MNP2 (D) 

displayed only a broad absorption around 1606 cm–1, while TMNP (C) showed the protein 

amide I and amide II bands confirming the success of the bioconjugation. (b) Second 

derivatives of the spectra reported in (a). Spectra were collected at time 0 (continuous 

lines), after 24 h (dashed lines), and after 96 h (dotted lines). The spectra are dominated by 

two components at 1692 cm–1 and 1641 cm–1 assigned to the native β-sheet structure of Tz 

that were found to be stable both in the free and in the bioconjugated protein. 

 

The amide I and amide II bands in the TMNP spectrum, due to the 

absorption of the C=O stretching and N–H bending vibrations, 

respectively, of the protein backbone, confirmed that the conjugation 

reaction occurred successfully. Indeed, unconjugated MNP2 displayed a 

completely different profile in this spectral region. Information on the 
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secondary structure of the protein can be obtained through the analysis 

of the amide I band, as it is the spectral region most sensitive to the 

structural conformation changes of the protein. To check whether TMNP 

were indeed able to maintain the specific targeting capability of Tz for 

HER-2-positive breast cancer cells, we investigated the TMNP binding to 

HER-2 in HER-2-overexpressed MCF7 cells. Immunoprecipitants (IP) 

and the supernatants (unbound) were first analyzed by western blotting 

with anti-HER-2 antibody in order to reveal TMNP binding to HER-2 

receptor. The comparison between TMNP and MNP2 confirmed that the 

conjugation with Tz was necessary to immunoprecipitate HER-2 

membrane receptor in MCF7 whole cell extract (Figure 29). 

 

 

Figure Figure Figure Figure 22229999.... Immunoprecipitation of HER-2 in MCF7 cells. Immunoprecipitation was 

performed using anti-HER-2 antibodies crosslinked to TMNP and MNP2 (as negative 

control). Bound (IP) and unbound (UB) proteins were eluted in SDS-PAGE application 

buffer, electrophoresed and immunoblotted. 

 

The immunoprecipitation data were confirmed by relaxivity 

measurements, which provided evidence on iron oxide capture by MCF7, 

and by immunofluorescence after TMNP incubation with living cells. 

TMNP were observed in MCF7 cell surfaces, demonstrating that they 

localized selectively in correspondence of transmembrane receptors 

(Figure 30).    (ARTICLE ARTICLE ARTICLE ARTICLE 5555)    
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Figure Figure Figure Figure 30303030.... Confocal laser images of MCF7 cells cultured with TMNP or free Tz. MCF7 were 

incubated for 20 min with TMNP (a-c) or Tz (d-f). As negative control, MCF7 were stained 

with secondary antibodies anti-human FITC (g-i). Cell membranes (mb) were stained with 

DiD oil (blue). TMNP and Tz were labeled with anti-human FITC secondary antibodies. 

Scale bar = 10 µm.  
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5.5.5.5.    Enhancement of targeting efficiency of immunoconjugates by multiple Enhancement of targeting efficiency of immunoconjugates by multiple Enhancement of targeting efficiency of immunoconjugates by multiple Enhancement of targeting efficiency of immunoconjugates by multiple 

presentation of scFv fragments on silica nanospherespresentation of scFv fragments on silica nanospherespresentation of scFv fragments on silica nanospherespresentation of scFv fragments on silica nanospheres        

The experiments reported in paragraphs 3 and 4 highlight the 

importance of ligand arrangement on nanoparticle surface to achieve an 

optimal molecular recognition. Next, we moved to the assessment of a 

further parameter, namely multivalency, which is usually responsible of 

enhancing the overall affinity of a molecular species for its biological 

counterpart. Indeed, multiple presentation of ligands on a 3D nanoscale 

surface is expected to result in an increase of binding affinity due to a 

cooperative effect.  

In the context of our breast cancer model, we found that monoclonal 

antibodies are often less effective toward solid tumors, because only a 

small amount of mAbs can indeed accumulate at the tumor tissue, due to 

their high immunogenicity and low penetration. Moreover, mAbs remain 

circulating for an extended time because their large size prevents 

excretion by renal clearance. Recently, recombinant antibodies with 

modified properties have been designed in order to improve tissue 

penetration and biodistribution. Among them, small antibody fragments 

consisting of the variable heavy chain (VH) and light chain (VL) regions 

connected through a synthetic loop, called single-chain fragment variable 

recombinant antibodies (scFv), hold great promise. ScFv display has 

improved biodistribution compared to intact IgGs due to small size 

(typically in the 20-30 kDa range) and absence of a highly immunogenic 

stem. However, a poor retention time and a decreased affinity and 

specificity caused by their monovalent binding strongly limit their 

application in cancer immunotherapy.84 Hence, while immunogenicity is 

remarkably weakened and scFv clearance is accelerated, the binding 

efficacy is often reduced compared to their parent mAb resulting in a 

remarkably lower affinity for the receptor. Multimerization has been 

recently envisaged as a strategy to enhance the functional affinity 

(avidity) of scFv increasing the ka by 2-3 orders of magnitude relative to 

the monovalent fragment. We developed a strategy to enhance scFv 

target binding efficacy that makes use of silica nanoparticles (SNPs) as a 

multimerization scaffold. Uniform 60 nm spherical SNP were 

synthesized and scFv was linked to SNP by two alternative strategies: 1) 

by His-tagged affinity-oriented immobilization (SNP-HT), 2) covalently 
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attached via glutaraldehyde crosslinking resulting in functional SNP-UT 

(Figure 31).  

 

Figure Figure Figure Figure 33331111. a)    Method 1:    SNP functionalized with Ni-NTA groups tightly and specifically 

interact with scFv histidine tag leading to an oriented protein immobilization (SNP-HT). b) 

Method 2: the available amino groups of lysine residues of scFv bind to SNP via the 

aldehydic groups, which have been generated on the surface of nanoparticles by 

glutaraldehyde addition, resulting in a random ligation (SNP-UT). c) TEM (Inset: 

magnification) and d) SEM images of as-synthesized SNP. 

 

To assess the effect of multivalent presentation of scFv on silica 

nanoparticles, SNP-HT and SNP-UT binding toward HER-2 receptor in 

breast cancer cells was evaluated by flow cytometry, which evidenced a 

right-shift of fluorescence signal accounting for an increase in scFv 

binding efficacy upon multimerization due to SNP conjugation (Figure 

32). Moreover, scFv multimerized on SNP via glutaraldehyde 

crosslinking (SNP-UT) exhibited a mean fluorescence intensity value 

very close to that of intact Tz, indicating that there was a significant 

improvement in receptor binding capability, which can be attributed to 

avidity effect. However, the conjugation strategy exploited for scFv 
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multimerization on SNP surfaces (method 1 vs. method 2) did not prove 

to be crucial in enhancing scFv binding efficiency in this case.  

 

 

FigureFigureFigureFigure    33332222. Multivalent presentation of scFv onto SNP-HT and SNP-UT enhances binding 

avidity toward HER-2 receptor. (A) MCF7 cells were incubated with scFv (black), SNP-HT 

(blue), SNP-UT (red), or trastuzumab (Tz; gray continuous) and processed by flow 

cytometry. ScFv incubation with HER-2 cells as negative control (gray dashed line). (B) 

Mean fluorescence intensity (MFI). 

 

The specificity of binding between SNP-HT or SNP-UT and HER-2 was 

assessed by confocal laser scanning microscopy. We expected an 

accumulation of SNP-HT and SNP-UT at the level of the cell membrane 

of HER-2 positive cells only, which would confirm that nanoparticle 

capture occurs via specific membrane receptor-mediated internalization. 

SNP-HT and SNP-UT (Figure 33) were indeed observed on HER-2-

positive MCF7 cell surface but not on HER-2-negative MDA cells, which 

demonstrates that they were both actually capable of specifically 

targeting their transmembrane receptor. Images show that SNP-UT and 

SNP-HT were mostly localized on cell membrane after 1 h incubation, 

although a small amount of nanoparticles were already internalized. 
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Figure Figure Figure Figure 33333333.... Assessment of targeting efficacy of SNP-HT and SNP-UT on HER-2 positive 

cells. Free scFv was used as a positive control. ScFv, SNP-HT, and SNP-UT were revealed 

with FITC-labeled anti-whole mouse secondary antibodies (green, A). Nuclei were stained 

with DAPI (B), membranes (MB) with DiD oil (C). Merge images are shown in D. Scale bar: 

10 µm. 

 

These results suggest that the use of size- and shape-controlled inorganic 

nanoparticles as a multimerization scaffold is capable to improve scFv 

target binding efficacy, reaching an affinity value very close to that of 

native IgG. (ARTICLE ARTICLE ARTICLE ARTICLE 6666)    
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6.6.6.6.    RevRevRevReversible immobilization of biomolecules on hydrophobic ersible immobilization of biomolecules on hydrophobic ersible immobilization of biomolecules on hydrophobic ersible immobilization of biomolecules on hydrophobic 

nanoparticles for the investigation of signaling mechanismsnanoparticles for the investigation of signaling mechanismsnanoparticles for the investigation of signaling mechanismsnanoparticles for the investigation of signaling mechanisms    

In our ongoing studies on possible new strategies for the orientation-

controlled immobilization on nanoparticles, we focused on another class 

of non-peptidic molecules of biomedical interest, namely 

lipopolysaccharide (LPS), of Gram-negative bacteria. These potent 

proinflammatory molecules include a hydrophilic oligosaccharide chain of 

variable length and a hydrophobic, membrane-anchoring moiety, termed 

lipid A. The interaction of LPS with cells of the innate immune system 

leads to the formation and release of endogenous mediators, which 

initiate inflammatory and immune responses essential for optimal 

antibacterial defense. Such a cascade of events is triggered by activation 

of the Toll-like receptor 4 (TLR4) by LPS.  

The design of metal-based nanoparticles that possess a suitable rigid 

size-controlled support for the reversible anchorage of a limited number 

of LPS molecules suggests a novel approach to the development of 

nanoscale vectors for delivery of TLR4 agonists. To provide nanoparticles 

that would more likely make possible the stable and reversible binding of 

a monolayer of LPS monomers, we designed a hydrophobic brush 

nanoparticle (HBNP) system with an outer layer of exposed hydrocarbon 

chains at the surface. A biphasic mixture of HBNPs resuspended in 

hexane and of an aqueous dispersion of LPS, was mildly warmed (40 °C) 

and sonicated to cause the slow evaporation of the organic solvent while 

mixing. This process promoted the formation of LPS-coated magnetic 

nanoparticles (LMNPs, Figure 34). 
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Figure 3Figure 3Figure 3Figure 34444. . . . LPSs extracted and purified or spontaneously released from Gram-negative 

bacteria form large aggregates (micelles, membrane blebs) in an aqueous environment. 

LPS-coated magnetic nanoparticles (LMNPs) mimicking LPS aggregates are obtained by 

coating a hydrophobic brush nanoparticle (HBNP) with LPS. 

 

DLS analysis and TEM images of LMNPs in water confirmed that the 

recovered hybrid nanoparticles retained their shape and were generally 

organized as small clusters of individual particles. 

 

Figure 3Figure 3Figure 3Figure 35555.... On the left, TEM images of a) HBNPs in hexane and b) LMNPs in distilled 

water. Scale bar: 10 nm. c) The upper colored phase is a HBNP dispersion in hexane, while 

the lower colorless phase is 16.7 µm LPS in Tris–EDTA. d) LMNP aqueous dispersion after 

phase mixing and evaporation of the organic solvent. e) Purification of LMNPs by magnetic 

decantation. On the right, hydrodynamic size distribution of LPS micelles (red line) and of 

purified LMNPs (black line) in PBS buffer obtained by DLS. The micelles were recovered in 

the supernatant solution after magnetic sequestration of LMNPs from the reaction mixture. 
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The bioactivity of LPS bound to LMNPs was assessed by measuring the 

ability of LMNPs to stimulate TLR4-dependent cell activation. 

Increasing concentrations of LMNPs induced a dose-dependent activation 

of transformed HEK293 cells expressing CD14, MD-2, and TLR4, as 

manifested by extracellular accumulation of interleukin-8 (IL-8) from 

treated “HEK-TLR4” cells (Figure 36a) and of secreted embryonic 

alkaline phosphatase from treated “HEK-Blue” cells (Figure 36b). 

 

 

Figure 3Figure 3Figure 3Figure 36666. . . . a) LMNP-dependent IL-8 production in HEK-TLR4 cells. b) Measurement of 

LMNP-induced activation of the transcription factor NF-kB level in HEK-Blue cells. 

 

To further define the ability of LMNPs to stimulate TLR4-dependent 

cellular responses, LMNP-induced activation of cells of the innate 

immune system was investigated using wild-type (wt), CD14–/–, and 

TLR4–/– murine bone-marrow derived dendritic cells (BMDCs) and bone-

marrow derived macrophages (BMDMs). Cell activation was monitored 

by the accumulation of extracellular tumor necrosis factor a (TNF-α) 

during incubation for 24 h. As shown in Figure 37, LMNPs produced 

dose-dependent activation of both cell types derived from wt mice. To 

verify that the biological activity observed for LMNPs was exclusively 

related to the immobilized LPS and not influenced by the inorganic core, 

we tested LPS-free, watersoluble magnetic nanoparticles as a negative 

control. 
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Figure 3Figure 3Figure 3Figure 37777. . . . LMNP- and free LPS-mediated activation of BMDCs (left) and BMDMs (right). 

Cells of the innate immune system were activated with LMNPs and the corresponding 

amounts of free LPS and the release of TNF-α were measured in the supernatant 24 h 

later. Data are means of at least three independent experiments. 

 

Finally, we compared of the dose-dependent activation by LMNPs and by 

LPS of HEK-TLR4 and HEK-Blue cells (Figure 36) and of wt and CD14–/– 

murine BMDMs and BMDCs (Figure 37). It was revealed that the 

LMNPs were about tenfold less potent than LPS when normalized for the 

amount of LPS added. Even at the highest dose tested (4.2 nM), LMNPs 

had no detectable cytotoxic effect, which indicated that the reduced 

potency of LMNPs in inducing TLR4-dependent cell activation was most 

likely due to reduced efficiency of delivery of LPS from LMNPs (versus 

aggregates of LPS) to CD14 and to MD-2-TLR4 and not a general 

cytotoxic effect of the LMNPs. (ARTICLE ARTICLE ARTICLE ARTICLE 7777) 
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7777....    ActivActivActivActive targeting of e targeting of e targeting of e targeting of aaaantibodyntibodyntibodyntibody-engineered multifunctional nanoparticles engineered multifunctional nanoparticles engineered multifunctional nanoparticles engineered multifunctional nanoparticles 

in mice and downregulation of HERin mice and downregulation of HERin mice and downregulation of HERin mice and downregulation of HER-2 expression in breast cancer cells2 expression in breast cancer cells2 expression in breast cancer cells2 expression in breast cancer cells    

TMNC used for HER-2 labeling in MCF7 cell cultures were further 

assessed as to their capability of targeting breast cancer cells in vivo and 

of imaging their localization in living animals. To this aim, we have 

improved the preparation of the hybrid nanocomposites for in vivo 

application. The original procedure for the synthesis of TMNC, presented 

in paragraph 2, involved a nanocrystal controlled nucleation and growth 

by solvothermal decomposition in the presence of oleic acid followed by 

ligand exchange, which led to a dispersion soluble in the aqueous phase. 

However, when we explored the possibility of using TMNC for 

intravenous administration, they invariably exhibited a tendency to 

accumulate at the mouse tail, in correspondence to the site of injection. 

After having thoroughly checked each step of the synthetic procedure in 

terms of particulate stability, we found that the critical step was the 

ligand exchange. Hence, we improved the phase transfer by an 

intermediate reaction with tetramethylammonium hydroxide (TMAOH, 

Scheme 5), which led to the same final antibody nanocomplex 

dramatically reducing the TMNC accumulation at the site of injection, as 

it was capable of diffusing quickly in the bloodstream. Moreover, Tz was 

labeled with Alexa Fluor 688 for fluorescence imaging purpose. 

 

 

Scheme 5Scheme 5Scheme 5Scheme 5    

 

We carefully investigated the TMNC targeting efficiency and 

biodistribution by combining MRI monitoring, highly sensitive 

epifluorescence (Epf) tracking of nanoparticles in mice bearing MCF7 

cells, and accurate tissue analyses. These nanoparticles proved to be 
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highly effective in selectively targeting the tumor mass, resulting in a 

detectable increase in contrast by MRI. Indeed, a remarkable decrease in 

T2-weighted axial maps was observed in the tumor region at 24 h. 

 

 

Figure Figure Figure Figure 33338888.... Monitoring of TMNC uptake in vivo by MRI. The axial T2-weighted MR images 

have been obtained from MCF7 tumor-bearing mice (a) before and (b) 24 h after the 

injection of nanocrystals.  

 

Epf images of supine mice, obtained with a CCD camera at 5 h, 24 h, and 

1 week after injection, confirmed a localization of TMNC in 

correspondence of the HER-2-positive tumors (Figure 39). We observed 

the same behavior with perfused mice, which suggested that TMNC 

diffused in the extravascular region of the tumor tissue.  



CHAPTER 2 RESEARCH WORK 

63 

 

 

Figure Figure Figure Figure 33339999.... CCD camera images of (a) mice bearing MCF7 xenografts and (b) of the isolated 

tumors at 5 h, 24 h, and 1 week postinjection of TMNC. Epifluorescence intensity images 

and spectrally unmixed fluorescence images are reported on left and right, respectively. (c) 

Averaged epifluorescence intensity of isolated tumors. Mean ± SE (standard error) of three 

different samples for each experimental time.  

 

The maximal Epf emission in xenografts, as confirmed by isolated 

tumors, was observed at 5 h, while the signal intensity in the tumor 

unexpectedly decreased after 24 h. The fall of fluorescence observed by 

CCD images reflected the degradation of the organic corona, subsequent 

to the receptor-mediated TMNC internalization. Therefore, we predicted 

that fluorescence signal associated with the presence of Tz in TMNC 

would rapidly decrease, while in contrast, iron oxide would progressively 

accumulate inside the tumor tissue (Figure 40).  
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Figure Figure Figure Figure 40404040....    Mechanism of TMNC internalization and degradation in HER2-positive MCF7 

cells. In a first step, TMNC binds to HER-2 membrane receptors, inhibiting homodimer 

formation. Next, the TMNC-HER2 complex formation triggers the local membrane 

invagination, followed by the complex incorporation within internal early endosomes, which 

evolve in late endosomes and, eventually, in lysosomes, where the organic corona is rapidly 

degraded. This process results in a reduced surface expression of HER-2 receptor. 

 

Spectrofluorimetric assays performed on lysates of the same tumors 

analyzed by the CCD camera provided support to the latter 

interpretation, as tissue depth was not an issue in this case. 

Fluorescence intensity, normalized to the overall mass of proteins in each 

lysate, once again was maximal at 5 h and progressively decreased over 

time. The same samples were also analyzed by magnetic relaxation 

measurements to assess the relative amount of iron due to the presence 

of magnetic nanocrystals incorporated in the tumor tissue. The gradual 

increment in relaxivity (1/T2)over time was an index of the progressive 

accumulation of iron in the tumor (Figure 41).  
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Figure Figure Figure Figure 41414141.... Fluorescence intensity (a) and inverse relaxation time (b) of MCF7 lysates, at 5 

h, 24 h, and 1 week postinjection of TMNC.  

In accordance with the putative mechanism of TMNC internalization 

illustrated in Figure 40, immunohistochemical analysis provided 

evidence that nanoparticles were able to saturate HER-2 monomers 

expressed on cell surface of the tumor tissue, thus eliciting the rapid 

receptor degradation, which is expected to strongly interfere with 

signaling processes promoted by this receptor accounting for a direct 

involvement of HER-2 in the mechanism of TMNC internalization 

(Figure 42). 

 

 

Figure Figure Figure Figure 44442222.... Immunohistochemistry of tumor section extracts (a) before and (b-d) after 

treatment with TMNC. (a) Strong and diffuse membrane c-erb-2 immunostaining in all of 

the neoplastic cells. (b-d) No c-erb-2 expression is recovered in most of the neoplastic 

elements, with only a few c-erb-2-positive cells with diffuse (panel b) or focal (panels c and 

d) weak pattern of distribution in the tumor at 5 h, 24 h, and 1 week, respectively 
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A confocal microscopy examination of tumor cryosections indicated that 

TMNC came into contact with the plasma membrane of cells to be 

subsequently internalized (Figure 43). Within 24 h, TMNC was 

endocytosed by tumor cells, as indicated by the presence of labeled spots 

deep in the cytoplasm and nearby the nucleus. Fluorescence intensity 

appeared strongly reduced in tumors isolated after 1 week. 

 

Figure Figure Figure Figure 44443333.... Confocal laser scanning micrographs of cryosections obtained from MCF7 tumors 

at 5 h, 24 h, and 1 week postinjection of TMNC, and then counterstained with DAPI for 

nuclei detection. Autofluorescence sample (AF) is a MCF7 tumor from noninjected mice. 

The confocal images of nanocrystals (red) have been overlaid on the corresponding bright-

field images reporting nuclei (blue). A high magnification of representative cells can be 

observed in the insets. Scale bars = 10 µm. 

 

TEM images provided compelling evidence that TMNC was captured by 

the plasma membrane of MCF7 cells within the first 5 h followed by 

membrane invagination, which likely reflects the binding to the target 

receptors activating the process of internalization (Figure 44). After 24 h, 

TMNC was recovered inside the cytoplasm, compartmentalized in 

endosomes and lysosomes, suggesting that it was subjected to a typical 

endocytic pathway upon incorporation by the cell. 
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Figure Figure Figure Figure 44444444.... TEM images of MCF7 tumors isolated at (a,b) 5 h, (c,d) 24 h, and (e) 1 week 

postinjection of TMNC. At 5 h, two nanocrystals (arrows) are interposed between the 

membranes of two adjacent cells. At a higher magnification (inset), it is evident the close 

interaction of nanocrystal with membrane (arrows), which invaginates at the binding site 

level. At 24 h, nanocrystals are compartmentalized (arrows) in endosomes (c) and lysosomes 

(d) and, after 1 week, only in lysosomes (e). m, mitochondria; N, nucleus; d, desmosome. 

Scale bars = 1 µm (a,c,d,e), 100 nm (b and insets). 
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To evaluate the biodistribution of injected TMNC in mice, some model 

organs have been monitored by a CCD camera (Figure 45). The Epf 

images of liver, kidneys, spleen, and lungs were determined 5 h, 24 h, 

and 1 week after TMNC injection. The results obtained confirmed a 

preferential distribution of TMNC in liver and kidneys after 5 h, and an 

appreciable fluorescence was also recovered in lungs, although no 

significant labeling was observed in ex vivo imaging, probably due to a 

deeper penetration of labeled nanocrystals in this tissue. We observed 

the progressive decrease of intensity in liver and kidneys: after 1 week 

from TMNC injection, the fluorescence intensity of liver and kidneys was 

reduced to about one-third and one-fifth, respectively, of the values 

recorded at 5 h. 

 

 

Figure Figure Figure Figure 44445555.... (a) Averaged epf intensity of isolated liver, kidneys, spleen, and lungs. (b) 

Fluorescence intensity and (c) inverse relaxation time of organ lysates at 5 h, 24 h, and 1 

week postinjection of TMNC. 

 

Finally, in order to investigate the possible toxic effects of TMNC on non-

target organs, we performed a histopathological examination of liver, 

kidneys, spleen, and lungs isolated 5 h, 24 h, and 1 week after TMNC 

injection. No histological lesions were found in liver, kidneys, and spleen 

at all observed times, while in lungs an initial inflammation process was 

recovered, which reversed rapidly afterwards (Figure 46). (ARTICLE ARTICLE ARTICLE ARTICLE 8888) 
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Figure Figure Figure Figure 44446666.... Histopathological analysis of tissue samples. No histological lesions in liver, 

kidneys, and spleen. A mild inflammatory interstitial infiltrate in all lung samples; a mild 

hyperplastic reaction of the bronchial epithelium is observed in 24 h lung sample. 
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The design of ideal targeted nanoparticles needs careful optimization of 

fundamental features including uniform size and shape, surface charge, 

optical and magnetic properties, and efficient functionalization with 

suitable homing ligands to improve the signal amplification and target 

selectivity toward malignant cells. We devoted great effort to the 

development of novel strategies for the biofunctionalization of 

nanoparticles with proteins to improve the targeting efficiency of 

nanoparticles toward cell receptors. Protein orientation on the surface of 

nanoparticles becomes a crucial factor for maximizing the affinity for 

their molecular counterparts. We reasoned that the bioorthogonal 

ligation approach could be particularly promising for this purpose, as it 

involves two different active chemical functionalities placed on the 

respective ligand pairs, which are joined together. In this light, we are 

focusing on the investigation of different models based on the interaction 

between recombinant proteins made by a molecule of biomedical interest 

(protein, antibody, antibody fragment, etc.) in fusion with a small peptide 

sequence (capture module) which covalently and selectively binds the 

nanoparticle functionalized with a substrate analogue or inhibitor in 

order to generate an oriented and stable functionalization. The 

advantages of this approach are: 

- stable and highly specific binding 

- attachment of protein with uniform orientation 
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- reduced risk of protein degradation or denaturation because of the 

occurrence of a spontaneous biological interaction instead of a chemical 

coupling 

 

 

Figure Figure Figure Figure 44447777....    Covalent immobilization via enzymatically active fusion protein 

 

In the course of the last part of this project, we have just finished two 

works focusing on this protein conjugation strategy. In this section, the 

results of these works are presented, the first exploiting an alkyne-

nitrone cycloaddition reaction, while the second taking advantage of the 

SNAP-tag technology. 
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1.1.1.1. SiteSiteSiteSite-sssspecific pecific pecific pecific cccconjugation of sconjugation of sconjugation of sconjugation of scFvsFvsFvsFvs    to to to to nnnnanoparticles by anoparticles by anoparticles by anoparticles by bbbbioorthogonal ioorthogonal ioorthogonal ioorthogonal 

sssstraintraintraintrain-ppppromoted romoted romoted romoted aaaalkynelkynelkynelkyne-nnnnitrone itrone itrone itrone ccccycloadditionycloadditionycloadditionycloaddition    

We have explored a new method based on a single-step bioorthogonal 

reaction as an efficient variant of the copper-free “click” cycloaddition, for 

the reliable surface functionalization of magnetofluorescent 

nanoparticles with proteins. This approach has several advantages 

compared with other methods: 1) the reaction is fast and versatile, 2) a 

complete control on the site of conjugation of the protein (and 

consequently on the protein orientation on the nanoparticle) can be 

achieved with a precision of a single aminoacid, 3) the reaction works 

best in a biocompatible environment and 4) the reaction is byproduct-

free, thus each step of purification is simple and efficient. We validated 

the method using a scFv mutant of the anti-HER2 antibody against 

breast cancer cells, demonstrating that the resulting scFv-functionalized 

nanoparticles were able to selectively bind to the specific membrane 

receptors expressed on target-positive cancer cells.  

Copper catalyzed azide-alkyne cycloaddition (CuAAC), which has been 

exploited for protein immobilization on iron oxide nanoparticles is 

versatile,85 but requires metal catalysts that are toxic for cells and 

unsuited for several kinds of proteins, which strongly limits its 

applicability.86 The strain-promoted nitrone-alkyne cycloaddition 

(SPANC) modification of CuAAC, in which the terminal alkyne is 

replaced by a highly reactive cyclooctyne, does not require Cu(I) catalysis 

and has provided excellent results. The reaction requires an N-terminal 

serine residue in the peptide sequence, which can be easily converted to 

reactive nitrone and in situ reacted with a ring-strained cyclooctyne-

bearing ligand. The kinetics of the reaction can be improved by 

introducing electron-withdrawing substituents adjacent to the triple 

bond of the ring-strained cyclooctyne. 
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Scheme Scheme Scheme Scheme 6666.... Synthetic strategy and cell labeling. 

Nanoparticles, obtained by solvothermal decomposition in organic 

solvents, were transferred to water phase by mixing with an amphiphilic 

polymer, which was previously reacted with fluoresceinamine. These 

highly stable nanoparticles were functionalized with amino groups for 

the reaction with a SH-terminated PEG5000 carbamate linker, reactive 

for the scFv1 previously oxidated on the n-terminal serine.  
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Scheme Scheme Scheme Scheme 7777.... Synthesis of scFv-functionalized nanoparticles. a) FITC-PMA; b) EDBE, 

EDC·HCl, 2 h, c) SPDP, 4 h, r.t. ; d) L1L1L1L1, 2 h, r.t. ; e) scFv1, 1 h, r.t., 14 h at 4 °C 

 

The functionalized nanoparticles were assessed by flow cytometry to 

evaluate their affinity and target selectivity in labeling MCF7 breast 

cancer cells expressing HER-2 membrane receptors. We have evidence of 

a remarkable right-shift of fluorescence signal for both nanoparticles 

concentrations with HER-2+ cells, which was not observed with MDA 

cells. These results suggest that nanoparticles accumulate selectively on 

MCF7 cells and that nanoparticle-HER-2 recognition is concentration-

dependent (Figure 48).  
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Figure Figure Figure Figure 44448888.... MCF7 cells were incubated 1 h at 37 °C with 20 µg mL–1 (gray line) and 100 µg 

mL–1 (black line), respectively, of nanoparticles. As a negative control, MDA cells were 

treated with nanoparticles (dashed line). 

    

The specificity of binding between nanoparticles and HER-2 was 

validated by confocal laser scanning microscopy. We observed an 

accumulation of nanoparticles and scFv1 at the cell membrane of HER-2+ 

cells only, which confirmed that nanoparticle capture by cells was 

actually mediated by specific membrane receptor interaction. 
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Figure Figure Figure Figure 44449999.... HER-2+ cells (MCF7; A, E, K, N) and HER-2– cells (MDA; B, F, I, O) were 

incubated 1 h at 37 °C with nanoparticles (100 µg mL–1). ScFv1 incubation with MCF7 and 

MDA cells was used as positive (C, G, L, P) and negative controls (D, H, M, Q), respectively. 

ScFv1 was revealed by a FITC-conjugated antibody to whole murine IgG (C, D). Nuclei 

were stained with DAPI (E, F, G, H) and membranes were stained with DiD oil (K, I, L, M).  

Merge images were showed in panels N, O, P and Q. Scale bar = 10 µm 

 

To evaluate the potential of the synthesized nanoparticles as magnetic 

contrast agents in living cells, we performed a set of T2 relaxation 

experiments on MCF7 and MDA cells. The treated samples as well as 

unlabeled MCF7 and MDA cells (controls) were analyzed by relaxometric 

measurements. All the treated MCF7 cells exhibited a significant dose-

dependent fall in T2 compared to the control, confirming the capture of 
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paramagnetic iron by cultured. In contrast, MDA cells did not provide 

evidence of T2 decrease attributable to the interaction with nanoparticles 

at all the concentration tested. 

 

 

Figure Figure Figure Figure 50505050.... Relaxivity measurements on treated and untreated (NT, controls) MCF7 and 

MDA cells. Data are the mean ± S.E. of three different relaxivity measurements. T2 values 

refer to 5×105 cells after incubation with different concentrations of nanoparticles. 

 

Finally, we investigated the cellular toxicity and cell proliferation of 

nanoparticles. Nanoparticles were found to be non-toxic at 20 and 50 µg 

mL–1 in MCF7 after 24 h of exposure, while induced about 15% mortality 

at 100 µg mL, probably due to the high particulate concentration in 

suspension. No differences were observed between untreated and 

nanoparticle-treated cells in terms of proliferation, further confirming 

the low toxicity of thes–1e particles (Figure 51). These experiments 

suggested a good profile of safety in cultures for TMFN. (ARTICLE 9ARTICLE 9ARTICLE 9ARTICLE 9) 
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Figure Figure Figure Figure 55551111....    A) Cell death assay with TMFN. MCF7 cells. Cell death was assessed to 

measure the exposure of Annexin V and the incorporation of 7-aminoactinomycin D, 

evaluated by flow cytometry. The percentage of cell death in untreated population was 

substracted. B) Cell proliferation assay with TMFN. MCF7 cells were treated with TMFN  

Cell proliferation was tested by measuring the conversion of MTT into formazan. CTRL 

represents untreated control. 
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2.2.2.2. Protein Protein Protein Protein ooooriented riented riented riented lllligation on igation on igation on igation on nnnnanoparticles anoparticles anoparticles anoparticles eeeexploiting xploiting xploiting xploiting geneticalgeneticalgeneticalgenetically ly ly ly 

encoded fusion encoded fusion encoded fusion encoded fusion with with with with OOOO6666-AlkylguanineAlkylguanineAlkylguanineAlkylguanine-DNA DNA DNA DNA ttttransferase ransferase ransferase ransferase     

The second approach attempted in this explorative insight was a new 

method based on the genetic encoding of mutants of human O6-

alkylguanine-DNA alkyltransferase, also referred to as SNAP-tag, for the 

reliable biofunctionalization of nanoparticles. The genetic encoding of the 

targeting protein produced in N-terminal-linked fusion with SNAP, 

reacted quickly, effectively and in a site-directed manner with guanine 

derivatized multifunctional nanoparticles (MFN2). This resulted in the 

formation of a new covalent bond between the protein and the 

nanoconjugate (SSMFN) with release of a guanine molecule (Scheme 8). 

 

 

Scheme 8. Scheme 8. Scheme 8. Scheme 8. Mechanism of SNAP-mediated immobilization of scFv on MFN2. 

    

As a proof of concept of the potential of this method, we designed a 

bimodular genetic fusion (SNAP-scFv) comprising a bioactive scFv 

mutant selective for HER-2 receptor in breast cancer cells as a targeting 

module, and SNAP as MFN2 capture module (Scheme 9).  
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Scheme 9.Scheme 9.Scheme 9.Scheme 9. Synthesis of MFN2. 

 

We have demonstrated the utility of this method for protein 

nanoconjugation and cellular imaging by evaluating the effects of the 

treatment of HER-2-positive breast cancer cells with SSMFN. HER-2-

positive MCF7 cells were used as model to assess the targeting efficiency 

of SSMFN. Flow cytometry performed on HER2-positive MCF7 treated 

with SSMFN evidenced a concentration-dependent signal right-shift 

associated with labeled cells. In contrast, HER-2-negative MDA cells 

remained unlabeled after SSMFN treatment at the highest concentration 

(Figure 52). 
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Figure 5Figure 5Figure 5Figure 52222. . . . MCF7 cells were incubated 1 h at 37 °C with 20 µg mL–1 (gray line) and 100 µg 

mL–1 (black line) of SSMFN. As a negative control, MDA cells were treated with 100 µg mL–

1 of SSMFN (dashed line). 

 

Next, confocal laser scanning microscopy confirmed the specificity of 

binding between SSMFN and HER-2 receptors. SSMFN and SNAP-scFv 

colocalized at the cell membrane of HER2-positive cells only, which 

confirmed that SSMFN adhesion to cell membrane was actually 

mediated by specific interaction with HER-2 (Figure 53). 
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Figure 5Figure 5Figure 5Figure 53333. . . . HER-2+ cells (MCF7, D) and HER-2– cells (MDA, C) were incubated 1 h at 37 °C 

with SSMFN (100 µg mL–1). SNAP-ScFv incubation with MCF7 and MDA cells was used as 

positive (B) and negative controls (A), respectively. SNAP-scFv was revealed by a FITC-

conjugated secondary antibody against whole murine IgG (green). Membranes were stained 

with DiD oil (red). Scale bar = 10 µm. 

 

Finally, cellular death experiments performed on MCF7 cell after 

incubation with SSMFN at 20, 50 and 100 µg mL–1, demonstrated that 

SSMFN were non-toxic in this range of concentrations, which is 
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significant for in vitro and in vivo applications (Figure 54A). MTT assay 

showed a proliferation profile similar to that of untreated cells both at 20 

and 100 µg mL–1 (Figure 54B). 

 

 

FigureFigureFigureFigure    55554444. . . . A) Cell death assay with SSMFN. MCF7 cells were treated with SSMFN  for 24 

h. Cell death was assessed by measuring the exposure of Annexin V and the incorporation 

of 7-aminoactinomycin D evaluated by flow cytometry. The percentage of cell death in 

untreated population was subtracted. The results are expressed as means ± S.D. of the 

mean of 3 individual experiments. B) Cell proliferation assay with SSMFN. MCF7 cells 

were treated with SSMFN  for up to 48 h. Cell proliferation was tested by measuring the 

conversion of MTT into formazan. CTRL represents untreated control. The results are 

expressed as means ± S.D. of the mean of 5 individual experiments. 

 

Our method proved to be rapid, efficient and potentially applicable to 

most proteins, especially to the increasingly popular scFv targeting 

ligands, without apparent loss of biological activity, which usually 

represents a severe obstacle in the fabrication of bioinspired hybrid 

materials. Another feature of attractiveness of our method is that it 

makes use of hydrophobic nanoparticles, which have been rendered 

water-soluble by coating with a suitable amphiphilic polymer. In this 

way, the same approach can be immediately extended to several kinds of 

nanomaterials, including gold, quantum dots, and many others that are 

prepared by solvothermal decomposition methods in organic solvents. 
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3.3.3.3. ConclusionConclusionConclusionConclusion    

Cellular processes are commonly regulated by the presence of 

simultaneous alternative pathways at the physiological level. Such 

redundancies represent the main strategy exploited by the cells to 

perpetuate their survival, resulting in a wide range of advantageous 

possibilities to facilitate the persistence of normal cells. However, in the 

early stages of malignancies, this “multiple choice” system may cause the 

catastrophic fate of the host organism, as degenerated cancer cells are 

allowed to increase their proliferative potential in the same way. Indeed, 

tumor cells are able to bypass the proliferation check-point by 

“contriving” new mechanisms for the control of their life maintenance 

and for the development of their abnormal growth, thus becoming 

substantially immortal. Based on this rationale, several modern 

advanced therapeutic approaches for cancer treatment are focusing on 

the assumption that the inhibition of a single proliferation pathway with 

a suitable therapeutic agent may exhibit only limited efficacy. Actually, 

to enhance the probability of success of the therapy, it is imperative to 

selectively remove the tumor cell before it can evolve to its superior 

stages up to the metastases production. In the latter stages of cancer 

evolution, tumor cells acquire the ability to evade the proliferation 

inhibition by pharmacological agents. Therefore, under this scenario 

there is a growing need to develop novel and more sensitive diagnostic 

tools which should improve the early identification of rising malignancies 

and the accuracy of tumor tissue localization in order to improve the 

positive outcome of surgical interventions. 

The main scope of this work was the development of organic/inorganic 

hybrid nanoparticles functionalized with active biomolecules for the 

molecular receptor recognition in cancer cells. The occurrence of a 

targeted ligand-receptor interaction can be sensitively detected by 

conjugating selective molecular probes with a metallic nanoparticle 

resulting in the amplification of a physical signal which would 

theoretically enable to localize one individual malignant cell. Thanks to 

the multifaceted properties of magnetic nanomaterials, we selected iron 

oxide nanocrystals as model nanoparticle for the investigation of new 

conjugation strategies and for the interaction of the resulting 

nanobiocomplexes with superior biological systems. As a proof of concept 
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of the utility of our nanobiotechnology platform we focused on the 

conjugation of a monoclonal antibody currently in use for clinical 

immunotherapy of breast cancer, the commercial trastuzumab and its 

engineered variants, for which the natural receptor is well-documented 

(the human epidermal grow factor receptor 2, HER-2).  

The combination of individually FDA-approved molecular entities and 

non-toxic nanomaterials leads to nanovectors ideally ready for in vivo 

testing. If the ongoing trials on the first generation of hybrid 

nanoparticles based on trastuzumab conjugates will demonstrate 

successful, some of these systems may become a good candidate to be 

developed as theranostic nanoclinics, since the diagnostic technique 

mainly required for their use (MRI) is already a frequently used medical 

tool for standardized clinical protocols. 

The novel bioconjugation strategies explored within this work should be 

generalized by validating them with alternative molecular ligands and 

different kinds of nanoparticles, thus extending the field of applicability 

of our approach. The forthcoming work will be the optimization of the in 

vivo administrations of theranostic agents in superior animals models, 

including primates, as the final goal of this project remains the clinical 

translation of molecular nanoclinics to be used in combination with, or 

even in replacement of, the current invasive diagnostic and therapeutic 

techniques for the treatment of human breast cancer. 
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