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Introduction 

Magnetic nanomaterials due to their various features different from the ordinary bulk matter in their 

mechanical, thermal, magnetic, optical properties, are attracting more and more attention in both theoretical 

research and practical applications in various fields.  

Magnetic nanoparticles (MNPs) are a very important branch of magnetic nanomaterials due to their 

nanoscale sizes, being relatively long in vivo half-life and limited agglomeration. These make them ideal for 

biomedical applications such as magnetic labeling, hyperthermia cancer treatment, targeted drug delivery, 

and contrast enhancement agents in magnetic resonance imaging (MRI). In drug delivery applications, MNPs 

can be determined with high accuracy [1]. It would be of interest to localize and characterize MNPs at the 

nanoscale for biological applications. However, very limited studies exist on detecting and characterizing the 

magnetic signals of nanoparticles in biological science.  

Many methods in surface structure analysis are used as nano-characterization techniques, such as 

transmission electron microscopy (TEM), scanning electron microscopy (SEM), field electron microscopy 

(FEM), field ion microscope (FIM), low energy electron diffraction (LEED), Auger electron spectroscopy 

(AES), photoelectron spectroscopy (ESCA) and electron probe. These techniques detect the surface or 

interface to show the physical and chemical properties at the nanoscale. But any kind of these techniques has 

the limitations of one kind or another. For example, LEED and X-ray diffraction method require that the 

sample has a periodic structure; the resolution of optical microscopy and SEM are insufficient to distinguish 

surface atoms; high-resolution TEM is mainly used for thin bulk samples and interfacial studies to detect the 

magnetic properties, but the sample preparation process to get cell sections for TEM analysis is time 

consuming, and only a small part of cell section can be analyzed; FEM and FIM can only detect the tip 

radius of less than 100 nm of the atomic structure in two-dimensional geometry. Most commonly, studies 

which analyze the magnetic nature of MNPs use a superconducting quantum interference device (SQUID) and 

vibrating sample magnetometer (VSM). But due to low sensitivity and ultimately poor accuracy neither is an 



appropriate technique to measure the magnetic moment of individual MNPs, whatever in air or in liquid 

environment.  

Proper characterization and monitoring the properties of MNPs system are important for their potential 

applications. Currently, one of the most common methods for intracellular imaging of magnetic nanoparticles 

is fluorescence microscopy [2]. A disadvantage of this technique is that nanoparticles must first be labeled with 

fluorescent probes in order to be visualized. Due to the inherent limitations, the resolution of optical 

instruments is restricted by the wavelength of the light [3]. In 2010, Sun et al. conjugated fluorescent probes to 

the surface of magnetic nanoparticles to map cellular uptake pathways [4]. Relative to fluorescence 

microscopy, two-photon microscopy (TPM) offers improved resolution to study cellular interactions with 

magnetic nanoparticles, requiring the particles to be labeled with a two-photon fluorescent dye [5]. However it 

has been known that the imaging depth in TPM cannot be increased indefinitely, meanwhile optimization of 

the two-photon excitation efficiency is limited by the degree of damage the specimen can tolerate [6]. Due to 

the relatively poor resolution and reliability of these techniques, scanning probe microscopes (SPM) emerged 

out. SPM is a generation of scanning tunneling microscope based on a variety of new probe microscopes, 

such as atomic force microscopy (AFM), lateral force microscopy (LFM) and electrostatic force microscope 

(EFM). Among these techniques magnetic force microscope (MFM), a label-free in vitro detection method 

for magnetic materials, has the capability to detect nanoscale magnetic domains and simultaneously obtain 

atomic force microscopy topography images. Due to its ability to localize, characterize and distinguish 

magnetic materials from other materials at the nanoscale, as well as the advantage of three-dimensional 

information, MFM offers the great potential for the in vivo research.  

The scope for MFM lies in detecting the presence of magnetic nanomaterials and spatially localizing 

magnetic domains. It is likely that magnetic nanomaterials (occur in clusters or aggregates) are embedded in 

a biological matrix to different depth, and surrounded by bio-molecules. The development and application of 

MFM for detecting MNPs hold great promise in biology. Spatially localizing magnetic plaques, at nanometer 



resolution in ambient atmospheric environment, will provide a better understanding of the deposition 

mechanism of magnetic material derivatives in the biological tissues.  

The background on magnetic materials and nanoparticles is presented in chapter 1 and AFM/MFM 

experimental apparatus and technique is illustrated in chapter 2. In the last three chapters of the thesis the 

results of three different typologies of experiments are reported. The studies I have conducted are developed 

in the framework of the research activities of the laboratory of Scanning Probe Microscopy of EMiNaLab 

(coordinator prof. Marco Rossi), at the Department of Basic and Applied Sciences for Engineering of 

Sapienza University of Rome.  

In particular, in Chapter 3, we investigate bacterial biofilms at the first time, which are colonies of microbes 

embedded in a self-produced exopolysaccharides extracellular matrix presenting a major concern in health 

care. We will demonstrate an approach based on magnetic force microscopy to perform accurate 

measurement of the thickness of soft thin films - although it may easily extended even to stiff films - 

deposited on periodically patterned magnetic substrates. By detecting the biofilm thickness MFM will 

provide a novel method to study the thin film.  

In the second part of the thesis, MFM is applied to visualize and quantitatively measure magnetically labeled 

vesicular system. Vesicles containing magnetic nanoparticles as magnetic target carrier can be used for a 

wide range of biological application. The encapsulation of drugs in vesicles can minimize drug degradation 

and inactivation by increasing drug bioavailability and targeting to the pathological area. Many different 

non-contact techniques have been proposed. Nevertheless, MFM has never been used to study vesicular 

systems embedding MNPs, either qualitatively or quantitatively. MFM will be illustrated to evaluate the 

amount of MNPs incorporated in single vesicle, together with discussion on its merits and possible sources 

of uncertainty. 

In the last part of the thesis, we developed the capability of AFM/MFM to detect magnetically labeled 

materials of biological interest, which are magnetoferritin, APTES functionalized Fe3O4 nanoparticles and 



cells labeled Fe@Au nanoparticle. AFM/MFM will allow us to detect magnetic nanoparticles within 

submembranes and without severe deformation of samples. In our study, We expect to demonstrate the 

potential of MFM for the study of magnetic properties of different nano-biosystems, illustrating our 

approaches which aim at deducing quantitative information from MFM characterizations. Such a research is 

useful for future applications of MFM, indicating the potential to image magnetic nanoparticles unlabelled and 

unmodified in living cellular systems. 

The overall target of the thesis is to develop and standardize reliable innovative protocols, using scanning 

probe microscopy-based techniques that could be implemented in rapid and early theranostic methods. 
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Chapter 1  

Magnetic Nanomaterials 

 

This chapter provides introduction on magnetic nanomaterials, which are the objects of the magnetic 

characterization performed in this study. Three aspects are discussed, namely, magnetic materials, magnetic 

nanoparticles and their biomedical applications.  

Nanomaterials are significantly different from the corresponding bulk materials, because they exhibit new 

characteristics (such as increased mechnical strength, chemical reactivity or thermal conductivity). These are 

mainly due to the large area to volume ratio and quantum effects of nanomaterials. Nanomaterials find 

applications in a wide number of fields, from optical, electronic, chemical microsystems, as well as in biological 

systems. Among the wide variety of nanomaterials, magnetic nanomaterials have a wide range of applications. 

Magnetic nanomaterials are different from the conventional magnetic materials mainly due to the characteristics 

associated with the physical properties at nanoscale, i.e. single magnetic domains and superparamagnetism.  

Before the introduction of magnetic nanomaterials, let us have a look at the basic characteristics of magnetic 

materials. 

1.1  General Properties of Magnetic Materials   

Magnetic materials, in general, are classified into three types: diamagnetic, paramagnetic and ferromagnetic 

materials. The first has a diamagnetic magnetic susceptibility χ negative and the value is very small in the order 

of 10-6-10-5. The middle type is characterized by a paramagnetic susceptibility positive and the order is about 

10-2-10-4. A relatively small number of substances, ferromagnetic materials, present values of χ very high, in the 

order of tens of thousands. 

Table 1.1 General properties of magnetic materials 
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Classification Magnetic Moment M-H Curve MS,  curve versus 

temperature 

Typical Materials 

Diamagnetism 

orbitral electron's 

motion of Larmor 

gyration 

 

MS and magnetic 

susceptibility do not 

change with 

temperature. 

Cu, Ag, Au 

 C, Si, Ge 

N, P, As, Sb, Bi 

S, Te, Se 

F, Cl, Br 

He , Ne, Ar, Kr, Xe, Rn 

etc. 

Paramagnetism 

 

  

Pt, Rh, Pd 

Li, Na, K 

Be, Mg, Ca etc. 

Ferromagnetism 

 

  

Fe, Co, Ni, Gd, Tb, Dy  

FeSi, NiFe, CoFe, SmCo, 

NdFeB, CoCr, CoPt etc. 

M: magnetization; Ms: saturation magnetization; H: magnetic field strength; χ: magnetic susceptibility; T: temperature;  

TC: Curie temperature. 

The following briefly introduces the three magnetic properties. 

a) Diamagnetism - It arises from changes in the orbital motion of the electrons in the presence of an applied 

magnetic field. An induced magnetic moment is directed anti-parallel to the magnetic field applied, which is 

known as Larmor precession. In a demagnetized material, the directions of magnetization of the individual 

domains are all the various possible. All substances have a diamagnetic behavior, since all atoms have electrons 

belonging to the outer shell that encases the action of an applied magnetic field. The diamagnetic behavior is 

quantitatively very small, but not masked by other possible effects preponderant. The magnetic susceptibility of 
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this type of material (diamagnetic susceptibility) is therefore negative, small and being independent of the 

temperature. 

b) Paramagnetism - It occurs for a non-zero magnetic moment due to unpaired electrons in partially filled 

orbital. Paramagnetic materials have a small, positive susceptibility to magnetic fields. These materials are 

slightly attracted by a magnetic field and the material does not retain the magnetic properties when the external 

field is removed. Paramagnetic properties are due to the presence of some unpaired electrons, and from the 

realignment of the electron paths caused by the external magnetic field. Unlike ferromagnets, paramagnets do 

not retain any magnetization in the absence of an externally applied magnetic field to manifest the rotation of 

the magnetic moments in the direction of the field. The paramagnetic substances are therefore characterized by a 

positive susceptibility, such phenomenon is counteracted by thermal agitation which tends to restore the 

orientation random. Such behavior is summarized in the experimental Curie law. The magnetization of a 

paramagnetic material, therefore, for field shortly intense and temperatures not very low, grows proportionally 

with the applied field and tends to a constant value. When in fact all the elementary magnetic moments are 

aligned with the external field, the magnetization intensity reaches the saturation value and may not further 

increase. The magnetic susceptibility of this kind of material is therefore paramagnetic positive (χ> 0, in the 

order of 10-2-10-4 ) and temperature dependent. 

 

 

 

Figure 1.1 M-H curve for ferromagnetic materials and its variations in hysteresis curves towards superparamagnetic 

http://en.wikipedia.org/wiki/Ferromagnetism�
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behavior (M: magnetization; B: magnetic flux density) 

c) Ferromagnetism - Ferromagnetic materials are usually made up of several regions called Weiss domains or 

regions, spontaneously magnetized. In the absence of an external magnetic field, the individual domains are 

oriented along directions of easy magnetization; magnetic materials are sorted in fact by magnetocrystalline 

anisotropy, which is derived from the coupling spin-orbit. The alignment of the dipoles along specific 

crystallographic directions, defined as "preferential axes of magnetization", is energetically favored over other 

possible directions of orientation. This property is an intrinsic characteristic of the material. 

The spontaneous magnetization within the domains is due to the presence of strong interactions between the 

atomic moments. These interactions are produced by exchange forces between the electrons and result in an 

alignment of elementary magnetic moments of the material even in the absence of an applied magnetic field 

from the outside. The postulation of the interaction between the magnetic moments is due to Weiss, which, in 

1907, suggested that such an interaction could be represented by a field of magnetic induction internal Bm, 

proportional to the intensity of magnetization, and the hypothesized existence of domains.  

The phenomenological theory of Weiss is an explanation in quantum theory, which shows the existence of 

another type of interactions between the electrons, in particular of electrostatic type, by virtue of their spin. 

These interactions are called "exchange interaction" and are derived from the limitations imposed by the Pauli 

exclusion principle in respect of the spins of electrons when the charge distributions associated with the states 

occupied by two electrons begin to overlap.  

The introduction of molecular field postulated by Weiss makes a more generalized version of the Curie law, that 

is law of Curie-Weiss: χ=C/(T-Tc) where the term Tc indicates the "Curie temperature", which is an intrinsic 

feature of each substance. This law describes the phenomenon experimentally, that a ferromagnetic material 

heated to a temperature above the temperature of Curie (T> Tc) loses its ferromagnetic properties and behaves as 

a paramagnet. That happens because the energy of thermal agitation becomes predominant compared to the 

energy of interaction between the dipoles which facilitates the alignment, thereby producing a random 
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orientation.    

Figure 2.1 shows a first magnetization curve for a sample and the relative polycrystalline ferromagnetic 

hysteresis loop and its variations towards superparamagnetic behavior. Each region of the curve can be 

associated with a different process responsible for the growth of the intensity of magnetization and energy loss, 

whose overall contribution gives rise to hysteresis. In the first section of curve (low values of the applied field) 

the increase of magnetization is due to the movement of the Bloch walls. These displacements have irreversible 

character, linked to the fact that the Bloch wall moving. The movement of the wall "barriers to high-energy" is 

associated with phenomena of dissipation. Therefore it is substantially reversible. The maximum magnetization 

reached by the material is called saturation magnetization. The increase of magnetization is only due to the 

process of rotation of dipoles towards the direction of the applied magnetic field. The energy expended is the 

energy required to overcome the energy barrier magnetocrystalline.  

1.2 Magnetic Nanoparticles 

1.2.1 Basics of Nanomagnetics  

Magnetic nanomaterials have many interesting properties respect to the bulk magnetic materials, such as 

quantum size effects, small size effects, macroscopic quantum tunneling effect, surface effect, etc.. Magnetic 

nanoparticles are very attractive among investigated nanomaterial systems, owing to the fact that their magnetic 

properties dramatically depend upon their size and their shape. Concerning size effects, the magnetic properties 

of magnetic nanoparticles are dominated by two important features----single domain and superparamagnetic 

property, both features will be discussed briefly here.  

a) Single-domain Particle - The microscopic interpretation of magnetic properties lies in the orbital and spin 

motions of electrons, which are associated with a magnetic moment. The interaction between the atoms causes 

magnetic order below a certain critical temperature. Bulk materials can be classified on the basis of these 

interactions and their influence on the materials behavior at different temperatures. In bulk magnetic particles, it 

is well known that their structures are multidomains in magnetism. The magnetization regions in which all 
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magnetic moments of the constituent atoms are pinned in the same direction, and are separated by domain walls. 

The reason for such an arrangement arises from the decreasing of magnetostatic energy of the materials when a 

large domain is broken up into several smaller domains. The formation of the domain walls is a process driven 

by the balance between the magnetostatic energy, which increases proportionally to the volume and the 

domain-wall energy. If the sample size reduced, there is a critical volume. This critical diameter typically lies in 

the range of a few tens of nanometers and depends on the material. It is influenced by the contribution from 

various anisotropy energy terms. A single-domain particle is uniformly magnetized with all the spins aligned in 

the same direction. The magnetization will be reversed by spin rotation since there are no domain walls to move. 

Consequently, this means that a magnetic nanoparticle with a diameter lower than the size of the possible 

smallest magnetic domain, could only consist of a single domain, which, in turn, results in a narrowing of the 

magnetic hysteresis curve compared to the bulk material, also the process is shown in Figure1.1. 

b) Superparamagnetism - Superparamagnetism means that the thermal energy may be enough to change the 

magnetization spontaneously by exceeding the energy barrier in a single domain structure of the magnetic 

particle. Since superparamagnetic nanoparticles do not have a permanent magnetic moment they will have no 

hysteresis loop. In a study by Schreiber et al. in 2008, the superparamagnetic nature of those magnetic 

nanoparticles being studied was confirmed and demonstrated by showing that the superparamagnetic 

nanoparticles could possess a stable dipole moment at room temperature in externally applied magnetic fields on 

the order of a few hundred gauss [7]. In general, the smaller the size of the magnetic particles is, the lower its 

transition temperature from ferromagnetic to superparamagnetic behavior will be. A paramagnet with very low 

net magnetic moment shows even in the absence of an external magnetic field, though a giant magnetic moment 

develops inside of the particle due to individual atomic magnetic moments. When the particle size decreases, the 

ambient thermal energy kBT can overcome the energy barrier KeffV and the magnetization of the particle can be 

easily flipped [8]. Theoretically, magnetic anisotropy energy E(θ) = KeffVsin2θ, where V is the particle volume, 

Keff is the anisotropy constant and θ is the angle between the magnetization and the easy axis. The magnetic 

moment of each magnetic particles can rotate randomly. The lack of magnetization after removal of external 
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fields maintains the colloidal stability and agglomeration resistance, resulting in its important role in biomedical 

applications.  

1.2.2 Classification of Magnetic Nanoparticles  

Magnetic nanoparticles are a class of particular magnetic nanomaterial that can be manipulated under the 

influence of an external magnetic field. Such particles commonly consist of magnetic elements such as iron, 

nickel and cobalt and their chemical compounds like magnetite (Fe3O4), Maghemite (γ-Fe2O3) etc. Magnetic 

nanoparticles are of great interest for researchers from a wide range of disciplines nowadays. In most cases, the 

particles range from 1 to 100 nm in size and may display as single domain particles and superparamagnetism, 

meanwhile the properties in chemical and biological aspects. Depending on the structure of magnetic 

nanoparticles, they can be classified into four groups, as summarized in Table 1.2. 

Table 1.2   Classification of magnetic nanoparticles 

Classification Features Examples Application 

Magnetic 
Monometallic 
Nanoparticles 

1) larger magnetization; 
2) unstability ( easy to be 
oxided ); 
3) nanocrystalline 
ferromagnet is extremely 
sensitive to its shape. 

1) zero valent iron in permeable reactive 
barrier ; 
2) iron nanoparticles; 
3) soft magnetic material like Co; 
4) six of the nine rare earth elements are 
ferromagnetic. 
 

1) applied in catalysis and 
other chemical processes, 
biology, microelectronics 
or nanoelectronics; 
2) applied  ultrahigh 
density magnetic recording 
media, exchange coupled 
nanocomposite magnets, 
microwave devices, and 
biomedicines; 
3) used in magnetic 
cooling systems.  

Magnetic 
Oxide 

Nanoparticles 

1) high saturation 
magnetization; 
2) high magnetic 
susceptibility; 
3) low toxicity. 

1) nanoscale oxide particles of transition 
metals; 
2) magnetite (Fe3O4) and maghemite 
(γ-Fe2O3).  

1) used in magnetic 
resonance tomagraphy; 
2) used in designing 
ceramic, magnetic, electro 
chromic and 
heterogeneous catalytic 
materials. 

Magnetic 
Alloy 

Nanoparticles 

1) chemial stability and high 
magnetocrysstallinbe 
anisotropy; 
2) high saturation 
magnetization and resistance 
against oxidation. 

FePt, FeNi, FeCo, CoCr etc. 
 

1) used as magnetic 
storage media and 
permanent magnets; 
2) used in high density 
information storage. 

Magnetic 
Core–shell 

Nanoparticles 

1) enhanced colloidal 
stability and 
biocompatibility; 
2) higher magnetic moment 
and surface function. 

Fe/Fe3O4@Au/Ag; Fe/Fe3O4@Si/SiO2; 
Fe/Fe3O4@C 

biomedical applications, 
catalysis, environment 
protection etc.  

http://en.wikipedia.org/wiki/Nanoparticle�
http://en.wikipedia.org/wiki/Iron�
http://en.wikipedia.org/wiki/Nickel�
http://en.wikipedia.org/wiki/Cobalt�
http://en.wikipedia.org/wiki/Chemical_compounds�
http://en.wikipedia.org/wiki/Superparamagnetism�


 

 20 

a) Magnetic Monometallic Nanoparticles - They display optical, electronic, catalytic properties and larger 

magnetization compared to metal oxides. Recent studies have demonstrated the effect of zero valent iron 

nanoparticles for the transformation of halogenated organic contaminants and heavy metals. Ferromagnetic 

nanoparticles with controlled size and shape have potential applications in advanced materials and devices. But 

there is a very vital disadvantage of monometallic nanoparticles, that is they are not stable in ambient 

atmospheric condition as well as in liquid environment since of its easy oxidation. 

b) Magnetic Oxide Nanoparticles - They have extensive applications, such as used as magnetic recording 

media, catalysts, pigments, gas sensors, optical devices and degenerator of pollution [9-10]. Nanoscale oxide 

particles of transition metals are gaining continuous importance for various applications these years. Cobalt 

monoxide has played an important role in the discovery of the exchange shift of the hysteresis curve. Studies of 

Co3O4 nanoparticles have been undertaken by a few groups [11-13]. The distribution and resulting contrast of 

these particles are highly dependent on their synthetic route, shape, and size. Regarding the choice of magnetic 

particle for biomedical application, the iron oxides magnetite (Fe3O4) and maghemite (γ-Fe2O3) are the most 

studied to date because of their generally appropriate magnetic properties and biological compatibility. Among 

all iron oxides, Fe3O4 nanoparticles possess the most interesting properties due to the presence of iron cations in 

two valence states, Fe2+ and Fe3+, in the inverse spinal structure. Fe3O4 nanoparticles have attracted much 

interest not only in the field of magnetic recording media but also in the areas of drug delivery systems, medical 

applications [14-18]. In 2011, superparamagnetic Fe3O4 nanoparticles were used as the stabilizer to prepare 

magnetic pickering emulsions [19]. Fe3O4 nanocrystals confined in mesocellular carbon foam (MSU-F-C) are 

synthesized by a “host–guest” approach and tested as an anode material for lithium-ion batteries (LIBs) [20]. A 

report of Fe3O4 nanoparticles synthesized for application in wastewater purification was demonstrated in 2009 

[21]. Its potential application to biomedical field will get more attention in the future research. And with 

nanocharacterization techniques, Fe3O4 has been detected by different methods, like transmission electron 

microscopy (TEM), electron spectroscopy for chemical analysis (ESCA), ultraviolet visible spectroscopy 

(UV–Vis), and X-ray diffraction (XRD) [22]. However, the characteristics images are not developed enough to 
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get more information. In this thesis, magnetite Fe3O4 nanoparticles will be studied by a novel technique----MFM, 

as will be discussed in the following chapters. 

c) Magnetic Alloy Nanoparticles - Co or Fe nanoparticles are difficult to obtain because of their sensitivity to 

oxidation in the atmosphere, which diminishes their magnetic properties. This makes magnetic alloy 

nanoparticles particularly interesting. Alloy nanoparticles present compositionally ordered structures with two 

or more metals coaggregate, with properties that differ from those of bulk alloys or nanoparticles of the 

individual components. Such as the ordered Co–Fe alloys are soft magnetic materials with negligible 

magnetocrystalline anisotropy. Fe–Ni nanoparticles have a much lower saturation magnetization than the 

corresponding bulk samples over the whole concentration range.  

d) Magnetic Core–shell Nanoparticles - They have a special advantage of biocompatibility with functionalized 

shell. The magnetic core usually is coated with a layer of a nonmagnetic, antiferromagnetic, or 

ferro/ferri-magnetic shell [23]. The shell has mostly disordered structural, while the core is magnetically 

ordered. A nonmagnetic coating is used routinely for magnetic core stabilization and surface functionalization 

for biomedical applications. An antiferromagnetic coating over a ferromagnetic core leads to exchange bias (a 

shift of the hysteresis loop along the field axis), and improvement in the thermal stability of the core.  

The magnetic core usually discussed in reports are Fe (0) and iron oxide in common, synthesized with single 

shell [24] or mutishell structures [25]. They are coated with different materials from nonmetallic covering 

[26-31] to metallic shell [32-35]. Core-shell magnetic nanoparticles have a range of attractive properties like 

optical, microwave absorbing and tunable plasmonic figures and so on, which are very interesting for 

characterization and biological applications [36-39]. Graphene with Fe3O4 was studied with different nanoforms 

like nanosheets [40], nanoparticles [41]. Dumbbell-like Au-Fe3O4 nanoparticles can be used in catalyzing H2O2 

reduction [42] and delivering nanocarriers for highly sensitive diagnostic and therapeutic applications [43]. 

Besides Fe(0) and iron oxide acting as the magnetic core Nickel and Cobalt were studied too [44-45]. Among 

these reports, many characterization techniques are adopted such as X-ray diffraction (XRD), scanning electron 
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microscopy(SEM), field emission SEM (FE-SEM), transmission electron microscopy (TEM), high resolution 

TEM, Fourier transform infrared spectra (FTIR), thermal gravimetric analysis (TGA), UV–visible absorption 

and fluorescence emission, X-ray photoelectron spectra (XPS), N2 adsorption/desorption, photoluminescence 

(PL) spectra, superconducting quantum interference device (SQUID), electrochemical impedance spectroscopy, 

cyclic voltammetry, X-ray absorption spectrum (XAS), fluorescent microscopy, confocal laser scanning 

microscopy (CLSM), atomic force microscopy (AFM). However, there is no characterization with only one 

method to interpret the characters of core-shell nanoparticles. Core-shell Fe@Au and Fe3O4@Cu@Au 

nanoparticles attract more attention since of their unique properties in optics, stability in vivo and 

functionalizable property [46-47]. We expect to explore the capability of magnetic force microscopy in the 

biological applications with the two types of magnetic nanoparticles, corresponding studies will be shown in the 

chapter 5.         

1.2.3 Characteristics of MNPs 

The magnetic moment of individual MNPs is difficult to be determined due to low sensitivity and ultimately 

poor accuracy. Many methods are available to measure MNPs in a colloidal suspension or dry state [48]. Common 

techniques include dynamic light scattering (DLS), transmission electron microscopy (TEM), analysis of X-ray 

diffraction (XRD) and extended X-ray absorption of fine structure (EXAFS). Scanning electron microscopy 

(SEM) is used to characterize the size and morphology of nanoparticle samples [49]. DLS measures the 

nanoparticle size in suspension with a large range of particle sizes other than the crystallite size in the dry state, 

showing high sensitivity for the presence of agglomerated particles. XRD is applied to study the crystalline 

structure of the nanoparticles, which also can be done using Mossbauer spectroscopy [50]. By showing the 

difference in electron density of the core and shell materials, TEM is the most powerful technique to determine 

crystallite size in the dry state and provide insight into the core-shell structure of coated MNPs [51]. Typically, 

surface charge is characterized by zeta potential analysis with a ZetaMaster and Nanosizer [52], being an 

important parameter in determining the colloidal stability of a suspension of MNPs. Zero field cool and field 

cool analyses are used to determine the blocking temperature on superparamagnetism. There are still various tools 
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and techniques, besides MFM, that can be used to determine the magnetic properties of magnetic nanoparticles. 

Most commonly, studies which analyze the magnetic nature of MNPs use a superconducting quantum interference 

device (SQUID) to confirm the superparamagnetism. Iron digestion method is demonstrated by measuring mass 

or aggregated magnetization of colloidal solutions to determine the iron concentration. Atomic force microscopy 

(AFM) and, by extension, magnetic force microscopy (MFM), are effective in detecting magnetic nanoparticls 

both physical characteristics and magnetic properties.  

1.3 Biomedical Application of Magnetic Nanoparticles 

Magnetic nanoparicles could be used as materials for magnetic recording and microwave absorption in industry, 

as well as the in water treatment and adsorption desulfrization with magnetic nanoparticles for environment 

protection. Magnetic nanoparticles, by virtue of their size and magnetic characters, lead themselves to a variety 

of applications. Here we focus on the application for biomedical science. The large surface area of the magnetic 

nanoparticles, useful for the attachment of extractable species and selected biological molecules, allows for 

targeting of selected species or for delivery to a selected location in an applied external magnetic field. The 

conjugation of biological molecules (amino acids, DNA, simple peptides, polysaccharides, lipids) on the surface 

of magnetic nanoparticles is of certain interest for the design of magnetic markers in biological and medical 

experiments.  

Magnetic nanoparticles offer many attractive possibilities in biomedical application. Nanoparticles with 

controllable sizes ranging from a few nanometers up to tens of nanometers can be used as tiny probes without 

biological interference, since of the small dimension like that of virus, protein or gene. Moreover, functional 

nanoparticles interact with the inside and the surface of biological molecules, providing a new controllable 

tagging method. Magnetic nanoparticles, being manipulated by an external magnetic gradient with the intrinsic 

penetrability of magnetic fields into human tissue, open up many applications involving the transport and 

immobilization of magnetically tagged biological entities, as well as delivery of anticancer drugs to a targeted 

region of the body. Magnetic nanoparticles, by responding to a time-varying magnetic field, are related to the 
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transfer of energy from the exciting field to the nanoparticle, such as hyperthermia agents by delivering thermal 

energy to targeted tumors. These, and many other potential applications, are available in biomedicine as a result 

of the special properties of magnetic nanoparticles.          

a) Biocompatibility of Magnetic Nanoparticles - Magnetic nanoparticles, having a very small size and large 

surface area, can be easily modified thanks to many reactive functional groups (such as carboxy, amino, 

mercapto, biotin, monoclonal antibodies). This gives magnetic nanoparticles more special properties. In order to 

interact with biological target, a coating layer acting as a bioinorganic interface should be attached to the 

nanoparticle. Coatings with antibodies, biopolymers, or monolayers of small molecules can make the 

nanoparticles biocompatible, providing a link between the nanoparticle and the target site with increased 

colloidal stability.  

b) Magnetic Separation - Magnetic separation technology causes very little mechanical stress. On the other 

hand, it is nonlaborious, not expensive, and often highly scalable. Being used to separate biological important 

substances, magnetic separation is fundamentally different from centrifugation and filtration, which rely on 

physical or chemical differences between the entities being separated. Instead, magnetic separation relies on the 

tagging of these biological entities with MNPs and the subsequent exposure to magnetic fields suitable to 

automation and miniaturization. Magnetic separation has been successfully applied to many aspects of medical 

and biological research, showing sensitive selection of rare tumor cells from blood, and efficient separation of 

low numbers of target cells. For example, the enhanced detection of malarial parasites in blood samples utilizes 

the magnetic properties of the parasite or labeled red blood cells with a magnetic fluid. Combining with optical 

sensing magnetic separation has been used to perform magnetic enzyme-linked immunosorbent assays. 

Magnetic separation has proven to be successful in research as well as therapeutics, mostly due to its high 

sensitivity and ability to separate a low number of target entities [53]. In 2007 Jing et al. tested 

immune-magnetically labeled cells from fresh leukocyte fraction of peripheral blood by magneto-phoresis of 

magnetic nanoparticles [54].   
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c) MRI Contrast Enhancement - Both quantum dots and magnetic nanoparticles can be targeted to tumors, 

whose MRI images show different magnetic resonance signals under the applied magnetic field. Small 

superparamagnetic iron oxide nanoparticles (SPIONs) have been developed into nanometer sizes and can be 

used in real-time MRI and positron emission tomography (PET) for target drug delivery. These SPIONs contrast 

agents have been commercially available and approved for use with MRI patients [51]. Typically, SPIONs 

contrast agents shorten the T2 relaxation rates and allow MRI to differentiate between different organs in the 

body [55]. Due to their high magnetization, SPIONs cause a critical decrease in the relaxation rate of water 

protons, thus it can be processed by cells using iron metabolism pathways that are safe for patients [56]. The 

mononuclear phagocyte system attempts to remove SPIONs injected away from circulation through 

opsonization and phagocytosis by macrophages [57]. SPIONs of approximately 50 nm are opsonized quickly 

upon being injected into the body during their phagocytosis by macrophages [58]. Ultra-small SPIONs are 

progressively taken up by macrophages in healthy lymph nodes and consequently are used for MRI of lymph 

nodes [59]. Core-shell magnetic nanoparticles have shown great potential as MRI contrast agents due to their 

functional ligandization with target antigens and receptors. SPIONs coated with a silicon oxide (SiO2) shell have 

applications in therapies and have shown relativity values comparable to those of metal, alloy and spinel 

magnetic nanoparticle contrast agents [60].    

d) Targeted Drug and Gene Delivery - The magnetic carriers accumulate not only at the desired site but also 

throughout the cross section from the external source to the depth. Magnetic drug delivery can concentrate the 

functional nanoparticles at the target under external magnetic fields. Painkillers, vaccines and antiviral 

pharmaceuticals have their side effects massively reduced with accurate drug localization in blood vessels and in 

organs. Much lower amounts of drug are targeted magnetically to localized disease sites, being affected by 

magnetic field strength, gradient and the volumetric properties of the particles, as well as blood flow rate, 

circulation time, and physiological conditions like tissue depth to the target site. As the magnetic gradient 

decreases with the distance to the target, magnetic drug delivery can be regulated with the magnetic gradient and 

the residence time of nanoparicles in the desired area [59]. Permanent Nd-Fe-B magnets in combination with 
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magnetic nanoparticles can reach magnetic field depths up to 10-15 cm in the body [61]. Besides external 

magnetic fields, internal magnets can be located near the target by minimally invasive surgery. Tumors have the 

potential to outgrow their blood supply, resulting in an area of a vascular necrotic tissue at the center that cannot 

be reached by the cytotoxic drug/carrier complexes in the blood stream. Concerning the interaction between a 

magnetic implant and magnetic nanoparticles, it has been demonstrated that external magnets in tumor targeting 

allowed the cytotoxic drug to reach the vascular tissue, after loading the macrophages with iron oxide 

nanoparticles [62].  

e) Perspectives - Many products based on magnetic nanoparticles are in their final development stages with 

several already on the market. The future of magnetic nanoparticle applications involves multifunctional 

therapeutic materials and the targeting ability to desirable sites. In general, applying magnetic field in the human 

body can be used to treat the disease without significant side effects and restricting conditions, except for those 

patients whose body contains magnetizable material such as medical devices with batteries, vascular or 

intracranial metallic material. The therapeutic potential of magnetism has attracted more attention, i.e. heat 

treating in hyperthermia has been recognized as a promising approach of cancer therapy, particularly in synergy 

with chemo- and/or radio-therapy. Targeting malignant tumors selectively and effectively to make an accurate 

diagnosis when the disease would be still treatable, is of much importance. Nanomedicine-based magnetic 

contrast agents offers a great opportunity to develop highly sophisticated devices that can overcome many 

traditional hurdles of contrast agents. In radioisotope imaging ligand-mediated magnetic resonance contrast 

agents can be designed in particular for tumor diagnosis. Magnetic nanoparticles are now routinely used as 

contrast agents for the mononuclear phagocyte system (MPS) organs and very soon for lymph nodes. The future 

developments of magnetic nanoparticles applied into theranostics may focus on active targeting through 

molecular imaging and cell tracking. Concerning how the human body interacts with magnetic nanoparticles 

(from killing cancer cells to healing tissues to reducing infection), magnetic nanoparticles for treating a wide 

range of diseases may be available in the very near future.  
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Chapter 2  

Magnetic Force Microscopy 

 

In this chapter, we will introduce an atomic force microscopy (AFM) based technique, magnetic force 

microscopy, which is usually used for detecting the magnetic structures of a specimen. The magnetic 

characterization of nanoparticles normally depends on a specific technique. Techniques such as SQUID 

(Superconducting Quantum Interference Devices) or VSM (Vibrating Sample Magnetometer) allow the 

detection of very weak magnetic fields and help to determine the magnetic dipole moment of numerous sets of 

particles. However, these techniques do not allow the detection of the magnetic properties of the individual 

particles. Magnetic force microscopy (MFM), a type of scanning probe microscopy derived from the atomic force 

microscopy, detects local nanoscale magnetic interactions by measuring the magnetic probe deflections and 

images the magnetic field distribution of a sample on nanoscale. 

2.1  Background of Magnetic Force Microscopy 

Magnetic force microscopy is a techniques based on atomic force microscopy, which is a typical scanning probe 

microscope for measuring the roughness and topography of the surface. The principle of AFM is based on the 

measurement of the repulsive or attractive interaction force between the tip and the sample surface. The 

detection system measures the change of cantilever mechanical state and sends to the scanner control system a 

signal proportional to this change. The control system moves the probe perpendicular to the surface to bring the 

parameter back to its original value. Simultaneously the probe displacement value is saved in PC memory and 

interpreted as sample topography. A good spatial resolution is achieved if the atomic force microscope operates 

in contact mode where the tip contacts the surface of the specimen as it scans at a constant vertical force. In 

tapping mode, a cantilever on which the tip is mounted oscillates at its resonant frequency in the vicinity of the 

surface of the samples to reduce the friction force during scanning largely. In non-contact mode, the tip will 
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leave far from the sample surface, the forces acting on the tip of atomic force microscope are due to different 

interaction force.  

Martin and Wickramasinghe improved this technique as magnetic force microscope in order to investigate 

magnetic property of the sample surface with submicron 3D resolution [63]. It was proposed to use a 

microneedle made of ferromagnetic material as a tip for measuring the magnetic force experienced by this 

micro-magnet in the vicinity of the surface of a magnetic specimen. When the tip is raised above the surface to a 

certain height, the universal short range van der Waals attraction almost completely vanishes and the tip is 

mainly affected by long range magnetic forces. The near-field magnetostatic interaction for a typical 

probe-sample configuration turns out to be fairly strong and largely independent of surface contamination [64].  

The technique MFM is a particular mode of non-contact scanning probe microscope, based on the detection 

mechanical magnetostatic interaction between probe and magnetic sample. The magnetic sample, in fact, 

interacts through magnetic dipolar interaction with the apex of the tip of the cantilever. The first MFM 

applications began in the early 90s. Magnetic storage media and recording heads as well as magnetic domain 

structures can be investigated with a normal spatial resolution of 50nm. Recently, certain developments are 

accomplished including magnetic dissipation imaging to investigate magnetization dynamics through studying 

the energy transfer between the cantilever and the magnetic sample, and low-temperature measurements to 

investigate magnetic vortices or local variations in the magnetic penetration length in superconductors [65] and 

colossal magnetoresistance materials [66]. Magnetic resonance force microscopy with electron spins [67] and 

microcantilever magnetometery [68] with exquisite magnetization sensitivity were applied to measure de 

Haas–van Alphen oscillations of the magnetization [69] and of hysteresis loops [70] directly. Among these 

applications, characterizing magnetic microstructures is one that is growing in significance [71]. Small magnetic 

structures are currently widely studied both from a fundamental research standpoint and for their potential 

applications in ultrahigh-density storage [72], spintronic devices [73] and biological nanomaterials [74-75]. This 

booming interest requires techniques to characterize these small structures individually. In general, magnetic 
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force microscopy is indispensable in the studies of the morphology, structure and properties of nanocomposites 

with magnetic inclusions. Magnetic force microscopy combines a modern technique of magnetic measurements 

with the unique potentials of scanning probe microscopy. The scanning probe microscopes make MFM possible 

to investigate conducting surfaces and to perform their targeted modification at an atomic and molecular level. 

Due to its high spatial resolution and sensitivity, MFM has become one of the most effective tools for 

characterizing the magnetic nanostructures in 3D dimensions. The sensitivity of the magnetic force microscope 

to the magnetic flux is only slightly lower than that of the SQUID-based scanning microscope. However, the 

potential of the technique MFM have not yet been fully explored in the context of the characterization of 

magnetic domains at nanoscale. This is mainly due to the complexity of all the numerous parameters such as the 

environmental conditions and characteristics.  

2.2  Principle of Operation of Magnetic Force Microscope   
 

2.2.1 Theory of Magnetic Force Microscopy          

 

 

Figure 2.1 Scheme of magnetic force microscope 

Magnetic Force Microcopy (MFM) utilizes a flexible lever--cantilever, with a magnetic tip to map force 

gradients near the surface of a sample. Cantilevers for both magnetic force microscopy and atomic force 
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microscopy are fabricated by microlithography using a silicon technology, which means that one or several 

cantilevers at a time are formed at the edges of a silicon plate. Then the surface of the tip is coated with a thin 

layer of a ferromagnetic material. During scanning the probe displacement value will be saved and interpreted as 

topography and magnetic phase image of the sample. 

A standard two-pass technique is adopted by MFM. At each scan line, the topography is first acquired and then 

the scan is repeated on the same line. In this way topography cross-talk with the magnetic interaction is 

prevented, and the cantilever oscillation parameters during the second pass are used to build up maps of the 

long-range interactions. At each location, measurements are repeated twice to independently collect amplitude, 

phase and frequency shift. Frequency shift is automatically detected by using the phase shift as error signal for 

the feedback loop, which is used to track the variation of the resonance frequency by changing the dither 

frequency by means of the microscope control instrument. Phase is previously set with zero in correspondence 

of the maximum of the first free resonance peak to compensate false phase shifts since of the setup, while 

microscope parameters such as feedback loop gain and scanning speed are optimized to keep the phase signal to 

zero during second pass. During both the topographic tracking (first) pass and the second pass, the cantilever 

was dithered in high oscillation amplitude to prevent tip sticking to the particles capping layer by means of high 

elastic force. Due to both the long distance from the magnetic features and the tip blunting which resulted from 

its magnetic coating, the lateral resolution is significantly reduced with respect to standard AFM. Since the 

typical radius of curvature of commercial MFM probes lies in the range of 20–100nm, a comparable lateral 

resolution is expected to be within a certain scale. For nanocomposite samples, the MFM measurement will be 

carried out under a weak external magnetic field with orientation perpendicular to the stripes in-plane, giving 

prominence to magnetic texture in the sample. Both force gradient and a good signal–to–noise ratio can be 

found where is consistent with theoretical expectations, indicating that these signals are magnificent also for 

long–range forces in lift mode. Concerning the MFM interaction far from the surface, the force gradient image, 

which is local derivative, is more sensitive to noise than the oscillation phase and amplitude which is used in the 

energy loss images. Therefore, by using the energy loss signals, quantitative magnetic data is derived with the 
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same resolution as the phase images without detrimental effects of mathematical calculations [76]. Previous 

studies have demonstrated how energy loss imaging in tapping mode can provide high compositional sensitivity 

[77]. The Nèel-Brown model for uniaxial spherical particles describes physical process by a spin relaxation 

time, representing the average time for a nanoparticle magnetic moment to flip along the easy magnetization 

axis. This process is thermally activated with exponential dependence on the particle magnetization, thereby on 

its volume, which is described in the Arrhenius law. As a result, small changes in nanoparticle size can lead to 

very different magnetic properties at room temperature. The non-magnetic particles can still be magnetized by 

an external field, which will favor one of the two opposite easy magnetization directions, leading to a stable 

magnetic configuration as described by the Stoner-Wohlfarth model [78]. The application of the magnetic field 

during sample preparation will give rise to a cooperative effect of the single crystal magnetic particles that 

undergo orientation along the easy axis, resulting into a long-range ordering that minimizes their dipole-dipole 

interaction energy [79]. Due to compositional uniformity, long-range van der Waals forces are expected to give 

a uniform force gradient across the whole specimen, affecting only the mean value of the signal, while local 

fluctuations are attributed to the magnetic structure of samples. 

 

 

 
 
 
 

Figure 2.2 A change of the magnetic force on the tip results in a change in resonance frequency (f0) of the cantilever, which 

can be detected in two ways. 

Magnetic Force Microscopy can record magnetic and topography texture simultaneously with both high 

magnetic sensitivity and nanometer spatial resolution, providing the nanometer resolution typical of atomic 

force microscopy (AFM). By means of a piezoelectric actuator the cantilever is put into oscillation at a 

frequency close to its resonant frequency. The action on the system of a force gradient which introduces a 
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variation of the resonance frequency, then a variation of the amplitude and phase shift. The images of 

topography are reconstructed by means of a "closed loop" technique, where the signal indicative of the 

amplitude of oscillation detected by the photodiode which is used as feedback to control the deformations of the 

scanner to adjust the height of the cantilever with respect to the sample so as to maintain the value of amplitude 

of oscillation always equal to a predetermined value. When the tip interacts with the sample, there is a change of 

the phase of the oscillation. The phase difference between the driving signal and the measured cantilever 

deflection is used to determine a new frequency of the interacting tips, then the topographic image is 

reconstructed from the assumed value of height at each point. 

 

Figure 2.3 Two pass scanning method for MFM 

When operating with MFM, one very important issue is to distinguish between the surface topography of the 

sample and the magnetic signal. It is necessary to minimize the interaction with other nonmagnetic force, such 

as Van der Waals forces. This is done using the technique of double scanning, each line is scanned in tapping 

mode  or in intermittent contact mode; in which the topography of the sample surface is detected and recorded. 

During the second scan, the magnetic signal is detected. The tip moves at a certain distance ∆z with respect to 

the surface of the sample and follows a trajectory which repeats the profile of the topography previously stored. 

This allows to obtain a tip-sample distance constant at all points of the area scanned, and then, heterogeneity in 

composition of the sample. It has an intensity of the Van der Waals force constant and equal at all points. 
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However, in order to compensate for the weak magnetic interactions resulting from the smaller magnetization of 

these super small magnetic nanomaterials, the tip has to be brought near the sample surface. This creates a 

convolution of the magnetic of surface features by forces acting on the tip.  

    
Figure 2.4 Surface topography image (floppy) with tapping mode obtained in first pass of MFM (left); corresponding 

magnetic image with lift height mode in second pass of MFM (right). 

As an example, floppy disk was measured using magnetic force microscopy, the first scan or pass uses the 

semi-contact (tapping) mode of operation, where the surface topography is recorded to be used in the second 

scan (Figure 2.4). After the first scan, the cantilever is lifted above the surface at required height ∆z and follows 

the same topographic contour. Because of the height ∆z, the cantilever is only affected by long-ranged magnetic 

forces. In the MFM images, domains oriented according to the magnetization direction of the tip and it will 

appear as bright or dark regions, corresponding to contrasts phase positive or negative, independent on the 

direction of orientation. On the contrary, domains oriented in a direction orthogonal to the direction 

magnetization of the tip and it will give rise to regions of a color image intermediate corresponding to a phase 

contrast null.  

The spatial resolution of MFM is related both to the geometry of the region of magnetized probe that is exposed 

to the field of the sample, and the distance between the tip and sample surface. In particular, in order to increase 

the resolution it is necessary that the region of the magnetized probe is reduced to the minimum possible size 

and that the height Δz is the shortest. The theoretical limit for the lateral resolution of the MFM technique is 
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5-10 nm, but the actual resolution obtained experimentally is 20-30 nm. Concerning the resolution of MFM the 

ideal conditions for obtaining high-resolution magnetic images consist with the use of tips of cylindrical shape 

with an apex spheroid having large ellipticity and a low height of the tip with respect to the sample. Another 

feature that affects the lateral resolution is the magnetic structure of the probe. It likes a probe in single domain 

with a high magnetic moment, while the multiple domains may make it extremely complex. 

2.2.2 Magnetic Interaction between Tip and Nanoparticles 

Theoretical considerations allow for optimum choice of the MFM working parameters. Given the complexity of 

the physical phenomena that occurs during the measurements of MFM, the tip-sample interaction characteristics 

that are detected experimentally can be described only by the use of simplified models. In particular, the images 

obtained by MFM are the results of a convolution of the magnetic properties of the probe and the sample, which, 

in most cases, cannot be known accurately. Therefore, models describing the tip-sample interaction with 

simplified assumptions for these characteristics are intended to provide a description not exactly, but rather 

qualitatively of the processes that determine the formation of the magnetic contrast. Most of the models 

developed in this field are based on the assumption that both the tip and the sample can be considered as rigid, 

or that the states of magnetization of the tip and sample do not change during the measurement. We consider to 

neglect the effects of mutual magnetization time-dependent, both in terms of relative position of tip-sample and 

in terms of decay of the magnetization. This hypothesis of weak tip-sample interaction, allows us to examine the 

problem reduced to a simple magnetostatic one. 

We know that the signal of MFM images normally is mapped with the phase shift to the image reconstruction. 

Here if one considers that the probe is modeled as a single dipole point μ1, interacting with a single dipole point 

of the sample (μ2) placed at a distance. One can consider the dipole μ1 (tip) oriented along the vertical axis: a) If 

the dipole μ2 is oriented in a direction orthogonal to the z axis, the gradient of the force is zero; b) If the dipole 

μ2 of the sample is oriented in a direction parallel to the z axis, the force gradient is maximum, and in particular 
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negative if the verses of the two dipoles μ1 and μ2 are concordant and positive if the verses of the two dipoles μ1 

and μ2 is divided. c) For all other possible orientations of the dipole μ2 the gradient of the force of interaction 

takes intermediate values between the maximum value and the null value, with positive or negative depending 

on the sign of the climb or vertical component of the dipole moment with respect to μ2, μ1. 

 

Figure 2.5 Tip-sample geometric model   

The magnetic structure of the probe in most cases is not known with accuracy, it is therefore a schematized 

model. A first model summarizes the probe as a "single domain" characterized by a uniform magnetization, 

generally in the direction of the axis of the tip normal to the cantilever. In this case the magnetization vector of 

the tip is independent of the position; it is therefore independent of the magnetostatic energy of the probe in a 

simple dipolar response. 

A more simplified but very representative model summarizes the probe as a single magnetic dipole. Regarding 

the modeling of the field produced by the tip, it is initially attributed to the sum of the dipole fields generated by 

all magnetic dipoles constituting the volume of the sample investigated. However, such a model albeit limited to 

the qualitative behavior of the probe interacting with a generic sample, provides a description that extremely 

approximates the real experimental situations to verify the analysis of different samples with different magnetic 

structures. Generally, the actual interaction probe-sample cannot be thought as a simple interaction of dipolar 

nature. For this reason, we have developed the model to describe the magnetic fields in MFM measurements. 
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We consider the case of a sample consisting of a sphere uniformly magnetized. Such a model may be indicative 

of magnetic fields and forces during MFM measurements of magnetic nanoparticles. For a uniform magnetized 

sphere with radius R, the magnetic moment is given by: 
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The magnetic field in a uniform magnetized sphere turns out to be: 
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Making use of the approximation of single dipole peak point, the strength of magnetostatic interaction between 

the probe and the uniform magnetized sphere can be expressed as: 
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If both dipoles (ms and mtip) are directed in the z direction, and also the joining r is directed in the same 

direction, now the force between the tip and sample is: 
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the gradient of the force is given by:  
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Forces between the tip and the sample, such as electrostatic forces (proportional to 1/z2), Van der Waals forces 

(proportional to 1/z7) and damping forces, may contribute to the force gradient which is subject to the cantilever 

and therefore provide additional signals (of variation of amplitude, frequency or phase) with respect to the 

magnetic signal. In the implementation of MFM technique, if obtained images are purely related to the magnetic 

properties of the sample, it is necessary to separate the contribution of the signal relative to the coupling 
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magnetostatic tip-sample and the contribution of all other possible "topographic" interactions. This operation is 

particularly critical in the case, in order to increase the resolution, when the tip is maintained at very close range 

with respect to the sample, at which the contributions of the non-magnetic forces to the signal (in particular the 

electrostatic forces and the Van der Waals forces) may be relevant. Given the rapid decrease of the Van der 

Waals forces with the tip-sample distance, the elimination of the effect of these forces can be obtained by setting 

high values of the height of the scan. In this way, however, there is also a decrease of the magnetic signal 

detected and the resolution of the instrument. 

2.2.3 Operation of Magnetic Force Microscopy  

A schematic diagram of the magnetic force microscope is shown in Figure 2.1. The specimen is set on a 

piezoscanner, which provides spatial trajectory of the specimen along the three coordinate axes. The magnetic 

force which is acting on the tip leads to a bending of the cantilever and a vertical displacement of the tip. The 

piezoscanner is a thin wall tube made of piezoceramics which are coated with a serials of metal electrodes. The 

electric voltage applied on the electrodes changes the geometric setting of the thin wall tube because of the 

inverse piezoelectric effects. The piezoscanner has a high mechanical rigidity, thus it is insensitive to seismic 

and acoustic interferences. Errors of movements resulted from nonlinear properties of the materials are the 

drawbacks of the piezoscanner. However, these movement errors can be reduced by software control, such as by 

applying a controlling voltage to the electrodes of the piezoscanner which is consistent with special correcting 

algorithms. In metrological systems, additional capacitive and optical transducers are adopted; they provide the 

linear movement of the specimen in the range from 1 to 250 mm in the plane of the specimen (along the x and y 

coordinates) and from 1 to 15 mm normal to this plane (along the z coordinate) for different piezoscanners 

[80-82].     

In magnetic force microscope, according to Hooke's law, the movement of the cantilever is determined by the 

mechanical rigidity of the cantilever with the spring constant kc, this value is typically in the range from 0.1 to 

10 N/m. Bending of the cantilever is detected by a small displacement transducer. A laser beam is fixed on the 
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reflecting surface of the free end of the cantilever and the position displacement of the reflected light beam 

indicating bending of the cantilever is determined by the photodiodes. When scanning the specimens, the probe 

successively scans every  of sample surface and the electronics detects the total interaction force in the probe - 

sample scanning system. After processing of the data results of measurements are displayed, simultaneously 

three-dimensional (3D) images of the surface will be collected. 

As we have shown, the tip scans the same surface area twice. For the first pass, it moves contacting the surface 

of the specimen and gets the trajectory of the movement of the tip, which corresponds to the profile of the 

sample surface for research and is stored in a computer. In this step, the magnetic properties of specimen have 

no effect on the observed results. For the second pass, the magnetic tip moves along the known trajectory above 

the same surface area without contacting the specimen surface. In this case, the tip is affected by long range 

forces (mainly magnetic force rather than Van de Waals force in the first scan). The deviation of the tip from the 

specified trajectory depends on the magnetic properties of the specimen. In actual operations, in order to achieve 

a maximum sensitivity, oscillations induced by the cantilever are given a natural resonant frequency and the tip 

also scans the specimen twice, first in tapping mode and second scan in free oscillations mode at a certain 

distance from the surface. Recording the amplitude, phase or frequency of the oscillations provides more precise 

information on the magnetic results of the specimen.  

Nonmagnetic interactions between an MFM tip and a magnetic sample like electrostatic and van der Waals 

forces give interference to the magnetic resolution. So how to separate the magnetic signal from the other 

interactions becomes an essential issue. Attention also needs to be paid to avoid artifacts that result from the 

unavoidable magnetic tip stray field. Control can be achieved by optimizing the MFM operation mode as well as 

the tip parameters. It is possible to use the tip stray field to manipulate the magnetic-moment state.  

Here we introduce three modes of scanning of MFM. Generally, in order to obtain a magnetic structure image, 

MFM can be operated in constant-frequency-shift mode, tapping mode and constant height mode. The first one 

is a profile of constant frequency, which reflects a combination of magnetic, electrostatic, and Van der Waals 
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forces, therefore, the obtained images usually have overlapping with topography. In order to prevent the MFM 

tip from crashing into the samples, unavoidable sample slope can be compensated by correction software, which 

allows the MFM tip to fly over the sample surface following a slope obtained during constant-frequency-shift 

mode scan. The tapping mode scanning can efficiently separate topography contrast and magnetic interaction. In 

this mode, the sample is scanned twice. The sample topography is obtained in the tapping mode using the 

cantilever oscillation amplitude as a feedback signal. The magnetic contrast is subsequently obtained in the 

tapping mode scan by monitoring the cantilever’s frequency or phase shift upon the previously measured 

topography with a controllable height offset. The typical problem associated with a tapping mode scan is that 

the MFM tip stray field can produce a substantial distortion of the sample magnetic structures. Tapping mode is 

complementary in acquiring good images. For magnetic particles with a large coercivity field, tapping mode can 

be confidently applied. For magnetic particles with small switching fields, constant height mode should be 

adopted. Irreversible distortion induced by the tip stray field can be substantially reduced by operating the MFM 

in constant height mode. In this mode, instead of tracking the sample’s topography, the tip is scanned across the 

surface at a predetermined constant height while the cantilever frequency shift is monitored. The constant height 

mode has the best signal-to-noise ratio and the potential of increased scan speeds, but requiring the sample is flat 

enough.  

2.3  Application of Magnetic Force Microscopy     

With magnetic force microscopy it is possible to observe single magnetic domain whose size varies from several 

nanometers to several tens of nanometers. The most popular application is for creation of materials for magnetic 

recording media like magnetic tapes, hard disks, magneto-optical disks [83] and recording modes of magnetic 

heads (stroboscopic imaging of an alternating magnetic field from a perpendicular magnetic recording head by 

frequency-modulated magnetic force microscopy) [84] in the process of design and quality control of the 

products. MFM also was applied to the studies of the structure and properties of nanomaterials, the studies of 

superconductors as well as in biological and geophysical studies [85]. Micromagnets play a significant role not 
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only in artificial systems, but also in nature. The use of magnetic force microscopy in the studies of magnetic 

properties of biological application is promising. For instance, bacteria Aquaspirillum magnetotacticum can 

move along the magnetic field lines. These bacteria contain specific organelles called magnetosomes. The 

magnetosomes are chains of 10 to 25 permanent magnets. Single crystals are clearly seen in nonstained cells 

using transmission electron microscopy (TEM) [86].  

Recent research advances related with magnetic force microscopy can be divided into three groups: a) 

preparation and characterization of magnetic materials; b) optimization of MFM operation proceedings; c) 

theoretical study on the mechanism and mathematical simulation. With magnetic force microscopy, 

nanoparticles such as isolated metal nanoparticles [87-89], Si and MnO nanoparticles [90] are studied. Another 

form of magnetic nanomaterials - the alloy film - has already been detected using MFM. These materials include 

Co22Ag78 granular film [91], Fe81Ga19 film [92], electrodeposited thick film of Co-rich CoPt alloys [93], 

highcoercivity Nd–Fe–B sintered magnet [94], barium ferrite (BaFe12O19; BaM) single crystal [95], Co film 

[96], B-containing PrFe and PrCo based film [97], epitaxial Ni–Mn–Ga film [98], SiCo and GeCo film [99] and 

Fe–Ga bulk alloy [100]. Witold Szmaja et al. made a detailed magnetic force microscopy study on the domain 

structure of isotropic nanocomposite Nd2Fe14B/Fe3B magnet ribbons prepared by melt-spinning [101]. Ignacio 

Garcı´a et al. studied the domain structures of a magnetostrictive Fe40Ni38Mo4B18 amorphous ribbon at room 

temperature by MFM [102]. MFM has been used to characterize magnetic nanoparticles, mainly ferromagnetic, 

and has proven itself to be a useful imaging technique [103]. The biological applications include the detection of 

iron compounds associated with neurological disorders [104] and magnetic domains in magnetotactic bacteria 

[105]. There are relative few studies on detecting magnetic nanoparticles, specifically superparamagnetic iron 

oxide nanoparticles (SPIONs), in vitro [106-108]. With respect to characterization to SPIONs, MFM is an 

underused technique that shows great potential.  

Larger tip magnetic moment of magnetic force microscopy gives better current detection although it raises not 

only the sensitivity of the magnetic field but also the zero-current MFM signal. Low magnetization tips have 

http://academic.research.microsoft.com/Keyword/10866/domain-structure�
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been found appropriate to the magnetic characterization of soft magnetic materials such as “duplex” stainless 

steels [109]. MFM probe based on an iron filled carbon nanotube in MFM measurements in external fields has 

been realized [110] too. Using combination of micromagnetic calculations and magnetic force microscopy 

(MFM) imaging, V. Cambel et al. have explored optimal parameters for novel magnetic tips suitable for 

switching magnetization MFM [111]. Optimal values of the lift heights were discovered in the range 60 - 80 nm, 

depending on the nature of the sample and the type of the tip used.  

Besides experimental research, simulation and modeling of MFM get developed these years [112]. By 

comparing the standard images of various types of nanoparticles, it was found that the –monopole and dipole 

models do not accurately describe the MFM imaging mechanism [87]. A transfer-function approach to calculate 

the force on a magnetic force microscope tip and the stray field due to a perpendicularly magnetized medium 

having an arbitrary magnetization pattern was presented by Hans J. Hug [113]. Simulations of magnetic force 

microscope (MFM) contrast for low-coercive ferromagnetic and superparamagnetic nanoparticles was made. 

The studies showed that two types of MFM contrast could be in the form of Gaussian and ring distributions 

because of probe-particle interaction [114]. 
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Chapter 3  

Magnetic Force Microscopy for Soft Thin Films  

In this chapter, we describe phase difference magnetic force microscopy (PD-MFM), which is a MFM based 

technique we developed in order to measure the thickness of soft thin films. PD-MFM allows one to measure 

the thickness of soft thin and ultrathin films deposited on periodically patterned magnetic substrates. To 

demonstrate the technique, standard floppy disks were used to obtain the periodically patterned magnetic 

substrates, while bacterial cells of Staphylococcus aureus were cultivated for the layer formation with limited 

lateral dimensions. Magnetic signals (the phase contrast) is expressed in Fourier series to get the theoretical 

interpretation of MFM. Together with the detailed discussion on the relationship between the phase contrast 

and tip-sample interaction, we demonstrate the feasibility of PD-MFM in detecting the thickness of soft thin 

films. Depending on the merits of this technique, in order to increase the accuracy, the relative error and the 

uncertainty of PD-MFM have been discussed as well. The results of this study have been reported in 

Ultramicroscopy 136 (2014) 96–106. 

The study is organized as follows. At first, we give research background of thin film technology and details 

of the sample preparation, as well as the techniques employed for the characterization of the samples. Then, 

morphological properties and the corresponding magnetic response of a layer of the bacterial cells on 

periodically patterned magnetic substrates are described using AFM/MFM measurements. The results and 

discussion of the magnetic characterization are reported to deduce the approach of measuring the thickness 

accurately. The proposing work in the future and conclusions are drawn at the end. 

3.1 Introduction 

Thin films have been used for more than a half century in making electronic devices, optical coatings, 

instrument hard coatings, and decorative parts as a low-dimensional material created by condensing species 

of matter on a substrate. The thickness of the film can be less than several microns. Thin film technology (for 

nanometer materials and/or a man-made super lattice) are available for minimization of toxic materials with 
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low energy consumption due to limited surface.  

a) Bacterial biofilms 

Biofilms are a group of microorganisms in which cells stick to each other and are frequently embedded 

within a self-produced matrix of extracellular polymeric substance (EPS). Biofilms are involved in a wide 

variety of microbial infections in the body. Thick and thin biofilms and their resistance to antibiotics have 

been observed, bacterial biofilms also find applications into wastewater treatment as chemical catalysts. The 

thickness of thin film affects the mechanical and electrical properties of polymer thin films [128-130], 

precisely controlled thickness and the accurate measurement of soft film thickness are getting more 

important. 

b) Thickness detection with nanocharaterization techniques  

In generally it is versatile to measure the thickness of stiff film by contacting the film surface with scanning 

probe techniques. Conversely, for soft films these methods will lead to underestimation of the thickness and 

damaging the samples. Up to now, there are many non-contact techniques have been considered, such as 

white-light interferometry [131-132], spectroscopic ellipsometry [133], laser triangulation [134], ultrasonic 

reflectometry [135], Raman spectroscopy [136], siphon effect [137], Compton scattering [138], waveguide 

fluorescence microscopy [139], quartz microbalance [140] and compression testing [141-142]. However, 

each of them has limitation on measurable thickness range and special requirement of sample preparation. 

Atomic force microscopy (AFM) characterizes the morphology and the surface properties for its unique 

detecting compatibilities and high resolutions. With its unique semi-contact mode (tapping mode), AFM 

investigates the surface of biological soft samples in air as well as in liquid without destroying the surface. 

Hong et al. [146] deposited polymeric thin film on mica substrates, obtained a different height measurements 

between the sample surface and the substrates, but the maximum measurable thickness is limited by the 

vertical range of AFM. Moreover, other less straightforward methods have been applied to measure the 

thickness of ultrathin biofilms. The thickness of thiol-modified strands was measured from the difference in 

the height of edges of microstructured substrates from AFM topography before and after selective 

http://en.wikipedia.org/wiki/Extracellular_polymeric_substance�
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adsorption, both in air and liquid environments [147]. Also thickness of purple membrane layers deposited 

on conductive substrates retrieved from the tip-film-substrate capacitance measured by AFM-based 

capacitance imaging [148]. 

In this work we perform an approach based on magnetic force microscopy (MFM) to measure the thickness 

of soft thin films (in principle it could be extended to stiff films) deposited on periodically patterned 

magnetic substrates. Floppy disks have been chosen for this study as they are easy to be procured, cheap and 

easy to be cut as substrates for the preparation of samples. Moreover, they have been studied with MFM like 

other recording media such as magnetic tapes [149-156]. The soft thin films were obtained by cultivating 

bacterial cells of Staphylococcus aureus. In the following, the samples and the technique mentioned above 

are illustrated. 

3.2 Materials and Methods 

3.2.1 Equipments  

a) MFM apparatus  

Experiments were performed using MFM apparatus, the accuracy of the calibration of piezoelectric actuator 

in the z direction was checked using calibration gratings in advance. The MFM apparatus was equipped with 

standard Si cantilevers with a 40 nm thick CoCr magnetic coating. The magnetic domains of the tip were 

vertically oriented by a magnet. In the double scanning method of MFM, the first pass, topographic images 

were obtained in tapping mode; in the second pass, the magnetic tip was lifted above respect to the surface of 

sample with different values of distance ∆z between the tip and the samples, the tip oscillating at its first 

resonance frequency with amplitude approximately 15 nm was chosen. Experiments were performed in air 

and at room conditions.  

b) Dynamic light scattering measurement  

Dynamic light scattering (DLS) was used to determine mean size and size distribution of bacterial 
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suspension. The bacterial dispersions were diluted 100 times with water to avoid multi-scattering 

phenomena. Water used in DLS experiments was filtered through 0.45 μm cellulose filters to eliminate dust 

particles. DLS was also used to evaluate zeta potential (ζ) of bacterial suspension appropriately diluted (1:10) 

in bidistilled water at 25ºC. The laser doppler anemometry was used to measure the electrophoretic mobility 

of bacteria. The ζ value was calculated from the electrophoretic mobility in the smoluchowsky 

approximation. Reported data represent mean value of ζ and of the hydrodynamic diameter for bacteria. 

Results of DLS experiments are given as the average values obtained using samples from three different 

batches ± standard deviation. 

Table 3.1 Apparatus and parameters 

 

 
Figure 3.1 General view of Slover Pro measurement module 

1-measuring head; 2- position devise; 3-approaching module; 4-knob of hand approaching  

3.2.2 Sample Preparation 

a) Bacterial species 

Items Manufacturer Parameters 
 

AFM setting Solver, NT-MDT, Russia  

Calibration TGS1, NT-MDT, Russia TGZ1, 23±1nm 

Magnetic Tip MESP-RC, Bruker Inc. kC = 5 N/m 
F0=150-190kHz 

DLS measurement Malvern Nano ZS90, Malvern Instruments Ltd., Worcestershire, UK T= 25ºC 
scattering angle = 90.0 deg 

1 

3 

2 

4 
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Staphylococcus aureus is a bacterial specie with spherical shape about 1 µm in diameter arranged in clusters 

with a robust cell wall made of several layers of peptidoglycan. The bacteria are able to adhere to inorganic 

surfaces by chemical and physical interaction, subsequently, they can produce a thick layer of organic 

exopolysaccharides and embed themselves in it. 

b) Substrate and biological thin films 

Staphylococcus aureus ATCC 6538 was used to create a biological thin film adhering on floppy disk. To 

obtain a thin layer of organic matter, we induce bacterial adhesion without biofilm production, by cultivating 

S. aureus in Brain Hearth Infusion (BHI, Oxoid) broth with pieces of previously sterilized floppy disk for 90 

minutes at 37oC. Standard floppy disks with area approximately 2cm2 were obtained as periodically 

patterned magnetic substrates. After incubation, colonized floppy disks were gently washed three times with 

sterile water to remove non-adherent bacteria and then H2O2 sterilized. In this way, on the surface of the 

floppy disks, we obtained a thin layer of adherent bacterial cells with a thickness corresponding to one (more 

rarely two) cell diameter.  

c) Dynamic light scattering measurement  

The diameters of viable and sterilized S. aureus cells were determined by DLS as high as 1160±40 nm and 

940±140 nm, respectively, which indicates that the sterilization process does not significantly alter the 

dimension of bacteria size. 

 
 

 

 

 

 

 

Figure 3.2   Biological thin film production on floppy disk 

3.2.3 Technique Theory 

In the following, we limit the theoretical discussion to the one we used in this study. Firstly, an interpretation 

of the symbols is given as follows: 
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∆z: distance between the tip and the samples; 

δ: frequency shift in harmonic oscillator of the tip related through the slope of the resonance peak;  

φ: phase used as the magnetic signal in MFM response; 

Fz: component of the force vector in the z direction;  

∂Fz/∂z: derivative of the tip-sample force F(x, y, z) in the z direction, since the phase shift is proportional to 

the derivative of the tip-sample force F(x, y, z) in the z direction; 

kc: cantilever spring constant; 

Q: quality factor of the cantilever first resonance [157–159];  

B: magnetic field; 

λ: spatial period of periodically patterned magnetic substrate;  

mtip: magnetic momentum of tip; 

ξ0: decay length of magnetic signal in the direction normal to the sample surface; 

z: distance between the tip and substrate; 

h: measurable thickness of films. 

a) MFM setting 

In MFM, an AFM equipment is set with a tip with a magnetic coating (CrCo) a few tens of nanometers thick. 

The sample surface defined in the x-y plane is divided in an array of s. With the unique double scan method 

of MFM, the surface profile of each line along the x direction is recorded in standard tapping mode in the 

first pass. During the second pass, the scanning is repeated at a fixed lift height ∆z between the tip and the 

sample surface (assuming z axis normal to the sample surface, the sample surface corresponding to z = 0) 

with the tip oscillating at its first resonance frequency. The deflection signal of phase shift φ is used as the 

magnetic signal and recorded at each  of the scanned area. Obtained results are interpreted as the magnetic 

domains distribution of the sample surface.  

b) Magnetic phase  

Supposing the cantilever is driven at its first resonance, the phase shift φ is proportional to the force gradient 
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∂Fz/∂z. The relation between them shows here: 
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The gradient of the tip-sample force F(x, y, z) in the x and y direction is not considered, since it is practically 

excluded in MFM measurement by restricting the tip movement vertically. 

c) Tip-sample interaction 

The magnetic tip can be lift far from the sample surface, that means the choosing parameter ∆z is large 

enough to neglect the short-range tip-sample interaction. Variation of phase shift φ reflects variation in the 

tip-sample long-range forces, such as electrostatic force and magnetic force. Limiting the discussion to 

magnetic interaction, in the case of a sample with magnetic domains periodic along one direction in the 

plane, e.g., the y direction, with period λ0, the magnetization within the sample can be expanded in a Fourier 

series [160]. In this case, it can be deduced that the force gradient ∂ Fz/∂z can be expanded in Fourier series, 

where n-th harmonic contribution has amplitude Mn=|Mn|eiδn.  

d) Magnetic field in the y and z directions 

By and Bz in the vector matrix on the left side indicates the components of magnetic field B in the y and z 

direction. On the right side, the components are expressed by the n-th harmonic contribution. Supposing the 

magnetization constant throughout the thickness of the sample, the magnetic field B produced by the floppy 

in air has two components, i.e., along the y and the z directions, given by  
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Where Bn depends on |Mn| and the thickness of the sample and k = 2π/λ [160].  

e) Expression for the MFM response  

The gradient ∂Fz/∂z equals magnetic momentum of the tip mtip multiplied by the second order derivative of 

the magnetization force Bz in the z direction. If the MFM tip is uniformly magnetized with magnetic 

momentum mtip along the z direction, the force gradient ∂Fz/∂z can be evaluated as  
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Thus, the magnetic phase shift can be expressed into:  
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where An=Cmtip(nk)2Bn is the coefficient of the n-th term contribution to φ [160].  

f) Periodic decaying of the magnetic signal 

The expansion in Fourier series is commonly used in theoretical assessment of the contributions of each 

component. The total effect is expressed by the sum of all n-th harmonic contribution, of which the 

negligible parts will be deleted in the simplified models with practical applications. Then the magnetic field 

B is expressed by n-th harmonic contributions. 

It is helpful to introduce parameter ξ0=1/k=λ/2π that represents the decay length of the magnetic signal in the 

direction normal to the sample surface. Thus, φ can be expressed as the sum of the terms periodically varying 

in one direction of the sample surface like y direction, constant in the other one like x direction, and decaying 

in the direction normal to the surface like z direction as exp (-nz/ξ0). The contribution of higher harmonics 

decays more rapidly as the index n grows.  

Supposing the sum in Eq.(3.4) is limited to the first term, the MFM signal can be given by  

φ = A sin (ky+δ) exp (-kz)=A sin (ky+δ) exp (-z/ξ0)                                          (3.5)                                                                 

The phase shift φ will show a trend as periodically changing in y, constant in x, and decaying in the z 

direction which is normal to the surface. And, the higher n-th harmonic contributions can be neglected due to 

the more rapid decaying as the index n grows. The deletion of the higher n-th components simplifies the 

discussion in this study.  

g) The high n-th components of phase contrast 

Eq. (3.5) shows the MFM response as pure sinusoidal magnetization of the sample (which generally does not 

happen with floppy disks) which is depend on the assumption that the tip-sample distance is large enough to 
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neglect the terms corresponding to n>1 in the sum of Fourier series. In this case, experimentally encountered 

in this work, Eq. (3.5) can be used to describe φ(z) using an "effective" value of ξ0 provided by MFM, as 

described before. In this approximation, z is defined as ∆z, the lift height. It can be found that the difference 

∆φ=φA-φB between the phase value φA and φB from Eq. (3.5) at two different s on the sample surface and ∆φ 

can be expressed as  

∆φ = Ad exp (−kz) = Ad exp (−z/ ξ0)                                                       (3.6)                                                                                 

where Ad=A(sin(kyA+δ)-sin(kyB+δ)) is a constant depending on the position of the two s A and B.  

h) Application of MFM in soft film detection 

In the above showed theory, the MFM signal depends on the tip–substrate distance with neglecting the 

possible objects with magnetic properties different from those of air/vacuum present on the floppy. 

Assuming that soft films are diamagnetic or paramagnetic, which can be magnetized by the magnetic field 

produced by magnetic substrates. They could modify the magnetic field sensed by magnetic tip. For 

diamagnetic/paramagnetic materials, a reasonable approximation can be made to neglect the magnetic field 

produced into the material by its magnetization with respect to the external field produced by the magnetic 

substrates. In such an approximation, an infinitely extended film with magnetic susceptibility χm lying on the 

floppy, the additional contribution to the magnetic field sensed by the tip is found to be identically zero (see 

Appendix A). It can be demonstrated that whether or not the diamagnetic/paramagnetic spheres are present, 

the relative correction in MFM signals can be neglected as it is smaller than10-4–10-5, lower than the noise 

level of the present system. Therefore, in the following the effect of χm of the film/bacteria is neglected.  

3.3 Results and Discussion 

3.3.1 Analysis of the Substrates 
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Figure 3.3 MFM characterization of floppy disk: (a) surface morphology; (b) magnetic phase contrast image with lift 

height ∆z = 100 nm; (c) sections of the line in (b) obtained from the phase images with three different values of ∆z; (d) 

phase contrast ∆φ of the different distance z between the tip and magnetic substrate (symbols) together with the 

corresponding theoretical fit using Eq. (3.6). 

a) High resolution images 

The morphology of a floppy disk and the corresponding magnetic phase image with subtracting of the 

average plane are shown in Figure 3.3a-b, the images are acquired for ∆z = 100.5 nm. Analogous images of 

the same area have been collected for different value of ∆z ranging from 70 nm to 2 μm. MFM images reveal 

clear structure with high resolution of the periodic domains on floppy at low values of the distance between 

the tip and the samples. Detailed discussion on magnetic phase image is given as follows. Interpretation of 

the contrast in MFM images in terms of the orientation of the magnetic domains of the sample and of the tip 

can be found in Ref. [150].  

b) Analysis of phase profiles 
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Figure 3.3c shows the profiles of the line in MFM images for different values of ∆z. The values of ∆φ 

decrease with increasing ∆z. For low values of ∆z the profile of φ is slightly deformed since of higher 

harmonics of the periodic magnetization of floppy. Figure 3.3d shows the values of ∆z obtained from each 

MFM image as a function of z (the distance between the tip and the magnetic substrate). 

c) Theoretical fit of the experimental data 

The theoretical fit of experimental data using Eq. (3.6) in Figure 3.3d demonstrates that the simple model of 

sinusoidal magnetization of the sample. With analysis the exponential fit gives ξ0 = 586 nm, which is slightly 

lower than λ0 = 3.68 μm (the calculated spatial period of the magnetic pattern). This difference can be due to 

the higher harmonics of the floppy magnetization, which contribute to the magnetic response with rapidly 

decaying terms of the sum in Eq. (3.4). Therefore the value of ξ0 is an "equivalent" value that is expected to 

be lower than the experimental one. Thus, the theoretical fit can be considered as an approximation for 

calibration purposes. 

By showing three different values of ∆z (∆z is tip-sample distance) in magnetic phase images, phase profiles 

in the white line reveal the effect of the high harmonics of the sample magnetization during the theoretical 

exponential fit. This justifies the simple model of sinusoidal magnetization with good theoretical fitness.  

3.3.2 Thickness Measurement 

a  b  
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Figure 3.4 MFM characterization of a colony of S. aureus on floppy disk (a) topographical image; (b) corresponding 

magnetic phase image with ∆z = 100.5 nm; (c) profiles of the floppy (line A) and of the bacteria (line B) extracted from 

the magnetic phase image together with the profile of line A and line B extracted from the topographic image; (d) phase 

contrast ∆φ of the substrate and of the bacteria (∆φA and ∆φB) for different values of z (symbols) together with the 

theoretical fit of ∆φA using Eq. (3.6). 

a) Ellipsoidal bacterial shape and magnetic phase images 

Figure 3.4a shows the morphology of a colony of bacteria on floppy disk. Smaller groups with four and two 

bacteria are also clearly visible. Bacterial cells are shown with roughly ellipsoidal shape, the diameter 

in-plane is about 0.8 μm and height is not greater than 400 nm, which result from the effect of cells 

dehydration on the substrate. Figure 3.4b shows the corresponding magnetic phase image with tip-sample 

distance ∆z = 100.5 nm. Analogous phase images have been obtained in the same area with values of ∆z 

from 70 nm to 2 μm. The area with bacteria shows a "shadow" in the magnetic phase image as bright (dark) 

stripes appear a little dark (bright), because of the distance between the tip and the magnetic substrate being 

increased by the thickness of bacterial layer h.  

b) Analysis of phase contrast 

In the following discussion, the phase contrast ∆φ measured on a periodically patterned magnetic substrate  

quantitatively is supposed to reflect the film thickness after calibration. As seen in Figure 3.4c, the magnetic 

phase contrast from the two profiles of the lines marked with A and B in the magnetic phase image. The 

phase shift measured where bacteria are not present (∆φA) is almost constant on the imaged area, while the 

phase shift of the area covered with bacteria (∆φB) is significantly reduced correspondingly. Figure 3.4d 
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shows the functional relation between the phase contrast ∆φA, ∆φB and z for different values of the tip-sample 

distance ∆z, with z = ∆z for ∆φA and z = ∆z + h (h = 280 nm measured from topographical image) for ∆φB 

respectively. Meanwhile, it indicates that the reduction of the contrast in the magnetic phase in 

corresponding to the increase of z.  

The calibration curve is obtained from theoretical fit of ∆φA (z) data is reported in Figure 3.4d. ∆φB (z) data 

lie on the calibration curve for ∆z in the range 70 − 300 nm, while a certain deviation is observed for greater 

values of ∆z. Therefore, the phase contrast ∆φ measured on a thin film on a periodically patterned magnetic 

substrate by MFM can be used to evaluate the film thickness from some hundreds of nanometers up to 

microns after calibration of the ∆φ signal versus z. 

Compared with the theoretical fitting curve in Figure 3.3d, Figure 3.4d states the high similarity between ∆φA 

and ∆φB (the phase contrast of line A and B). Here, the calibration should be performed at different values of 

∆z (tip-sample distance), whose variation range is commonly adopted in MFM measurement of film 

thickness. 

 

 

 

 

 

 

It is worth noting that magnetically coated tips are generally conductive, so the tip can sense electrostatic 

force also, the gradient of such nonmagnetic force will attribute to the absolute phase in the magnetic image. 

Theoretically nonmagnetic signals can be partially separated from the purely magnetic ones, but the 

procedure requires extra experiments [162]. In addition, subsequent MFM scannings at different ∆z require 

quite a long time to perform, during which drift and abrupt modifications in experimental conditions may 

occur, limiting the quantitative use of MFM data. Therefore, the proposed phase difference MFM 

(PD-MFM) technique could overcome some major limitations that prevent accurate quantitative 

measurements by standard MFM, such as the artifacts induced by nonmagnetic long range forces acting on 

the tip.  

c) Example of quantitative measurement 



 

 55 

a  b  

c
0,0 0,5 1,0 1,5 2,0 2,5

89,6

90,0

90,4

90,8

91,2

ϕ 
 (d

eg
)

z  (µm)

 ϕA 

 ϕB

 ϕC

 ϕD

 d
0,0 0,5 1,0 1,5 2,0 2,5

0,0

0,5

1,0

1,5

2,0  ∆ϕAB= ϕA- ϕB

 ∆ϕCD= ϕC- ϕD

∆ϕ
  (

de
g)

z  (µm)  

Figure 3.5 MFM characterization of a part of the S. aureus colony on floppy: (a) detailed topographical image; (b) 

corresponding phase image with ∆z = 100.5 nm; (c) the absolute phase of the s A, B, C, D as a function of z; (d) phase 

contrast as a function of z (symbols) together with the theoretical fit of ∆φAB versus z using Eq. (3.6). 

The PD-MFM technique could accurately measure the thickness of soft thin film, though noisy signals may 

come from the gradient of nonmagnetic forces. As an example, Figure 3.5a shows a detailed bacteria colony, 

the corresponding magnetic phase image with ∆z = 100.5 nm is shown in Figure 3.5b. Two close s A and C 

are selected in Figure 3.5a in correspondence of a maximum of the magnetic phase, while  A was on a 

location without bacteria and  C was on a location with height of bacterium h = 380 nm. Similarly, s B and 

D were selected in Figure 3.5a in correspondence of a minimum of the phase, while  B was on a location 

free from bacteria and  D was on a location where a second bacterium with the same height h = 380 nm. 

The values of the absolute phase in such four s are reported in Figure 3.5c. But it is hard to retrieve any 

quantitative information about sample thickness with the absolute values of phase, since of the presence of 

electrostatic forces. The measurements of zeta potential obtain ζ = −33.6 ± 0.5 mV for viable and ζ = −33.6 ± 
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0.4 mV for sterilized bacteria, which indicate that sterilization does not alter the surface charge properties of 

S. aureus cells. Thus, electric charges cannot be excluded also on dried samples. Nevertheless, electrostatic 

interaction between the tip and the samples is expected to be almost constant for two close s free from 

bacteria (like s A and B), as well as for two similar and close bacteria (like s C and D). By calculating the 

difference of the phase contrast ∆φ such a constant term mentioned above can be canceled out. This is 

definitely demonstrated in Figure 3.5d, which reports the difference ∆φAB between the values of the phase 

recorded at s A and B and shows a exponentially functional relation between ∆φAB with z, as predicted by Eq. 

(3.6) that was used to obtain the fitting curve reported in Figure 3.5d. Meanwhile, the same decaying is 

observed for the difference ∆φCD between the values of the phase recorded at s C and D as a function of the 

tip-substrate distance z = ∆z + h, where h = 380 nm.  

d) The feasibility in thickness measurement 

The result above shows that in order to determine the thickness of sample, firstly calibration curve has to be 

obtained from the magnetic substrate by measuring ∆φ(z) and determining A and ξ0 from Eq. (3.6). Then, ∆φ 

is measured at certain ∆z for the undetermined thickness film. Finally, the calibration curve is used to 

evaluate the film thickness from the values of ∆φ and ∆z using Eq. (3.6) rewritten as 

φ = Ad exp (−(∆z + h) / ξ0)                                                             (3.7)                                                                                                             

Although analytically approximated expression of the diamagnetic properties of bacteria has been reported in 

Appendix B, it could be useful to analyze the data with a different approach. To this aim, the presence of 

diamagnetic matter with thickness h on the floppy could be described with an "equivalent" thickness σh 

instead of the true thickness of the film in Eq. (3.7), where σ acts as an equivalent magnetic shielding 

constant. Thus, Eq. (3.7) can be rewritten as  

∆φ = Ad exp (−(∆z + σh) / ξ0)                                                           (3.8)                                                                                                                                       

As an example, the Δφ(z) data collected on the area free from bacteria can be fitted using Eq. (3.8) with h = 0 

in order to evaluate Ad and ξ0. While Δφ(z) data collected on the area with bacteria can be fitted using Eq. 
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(3.8) with the above estimated values of Ad and ξ0 and the value of h measured with AFM (h=280 nm). Thus, 

σ = 1.01 is evaluated, which results from the presence of the thickness of bacteria. σ<1 was also observed by 

repeating the analysis on other data on the same bacteria, that should be associated with the presence of 

paramagnetic materials. In summary, PD-MFM as a MFM-based technique can be used to accurately 

determine the thickness of thin films.  

3.3.3 Further Consideration 

a)  Advantage of PD-MFM 

Depending of a standard AFM instrumentation and expertise, PD-MFM is simple and does not require any 

additional tool. Disposing the measurement on the sample surface, MFM can be performed not only in air, 

but also it has been elucidated in liquid [153-164], which can be helpful to observe the in vivo growth of 

bacterial biofilms. In addition, the thickness of the film is not limited by the vertical range of the AFM. The 

measurable range of values of film thickness depends on ξ0, the bigger ξ0, the thicker the film that can be 

measured. Thus, relatively thick films can be explored using substrates with large values of spatial period λ 

of magnetic pattern.  
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Figure 3.6 Functional relation between the relative error in the thickness determination eh and the tip-substrate distance 
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∆z + h normalized for the decay length ξ0, calculated with data in Figure 3.4 - 3.5. 

b) Relative error eh in thickness measurement 

In order to evaluate the accuracy of PD-MFM, the relative error eh in the determination of film thickness can 

be calculated as eh = |(hPD-MFM − h)/h|, where hPD-MFM is the thickness evaluated from Eq. (3.7) and h is the 

thickness obtained from the AFM topography profile. The value of h can be considered as the "true" 

thickness, because the accuracy in the measurements with AFM is much greater than that with PD-MFM. 

relative error is evaluated for different values of Δz with the two data sets accounted in Figure 3.4d and 

Figure 3.5d, the thicknesses of them are h=280 nm and h=380 nm correspondingly. Figure 3.6 reveals the 

values of eh calculated from the two data sets as a function of the tip–substrate distance on the film (Δz+h), 

which has been normalized by ξ0. The error is acceptable for (∆z+h)/ξ0 < 1.5, while it increases for (∆z + 

h)/ξ0 > 1.5. This indicates that an acceptable precision of the method is obtained when the tip–substrate 

distance is not larger than ξ0. That means the spatial period of the magnetic pattern limits both the 

measurable film thicknesses and the suitable values of lift height. As an example, supposing ∆z = 100 nm, 

the maximum value of h used in this study (ξ0 ≈ 680 nm) is 1 μm. The upper detection limit hmax of PD-MFM 

can be evaluated with at least one line of maximum and one of minimum of the magnetic phase detected in 

the MFM image. Standard AFM setups enable one to scan areas with maximum about Lmax = 50–100 μm in x 

and y dimension. Therefore, the substrates can be applied with period λ = 2Lmax of the magnetic pattern in the 

range from 100 μm to 200 μm, the decay length ξ0 is from16 μm to 32 μm correspondingly. As mentioned 

above, the error in the determination of the film thickness is acceptable for (Δz+h)/ξ0 < 1.5. Considering Δz 

in the range from 50 nm to 100 nm, the value of Δz can be neglected comparing with h. Thus h < 1.5ξ0 can 

be obtained and correspondingly the detectable maximum of film thickness is in the range from 24 μm to 48 

μm. Therefore, hmax in this technique can be assumed in the range from 25 μm to 50 μm. 

c) Accuracy of PD-MFM measurement 

The uncertainty of PD-MFM manily depends on the feature of the periodically patterned magnetic substrates. 

As an example, it is observed that the absolute phase value of the floppy is not constant along the same stripe 
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of maxima (minima) and among different stripes of maxima (minima). In order to increase the accuracy of 

this technique during the measurement of the thickness of films, the phase values can be obtained by 

averaging those data along a line of maxima (minima). For the images of the magnetic substrate reported in 

Figure 3.1 with a tip–sample distance of 100.5 nm, a standard deviation of the mean values along a line of 

maxima (minima) of σφ = 0.052o is observed. Thus, the standard deviation of the difference between maxima 

and minima is σΔφ= 2 σφ = 0.073o. The difference between the maxima and minima Δφ equals to 1.64o, this 

corresponds to a relative standard deviation σΔφ/Δφ = 4.5%. From Eq. (3.7) the uncertainty in the 

determination of h is σh = ξ0 × σΔφ/Δφ = 30 nm can be found. Even though this value suggests that the 

presence of films thicker than 60nm can be detected, with the commonly assumed definition the limit of 

detection may be estimated as high as 3 × σh = 90 nm. Thus, we may reasonably assume that our technique 

allows us to reveal the presence of films on the magnetic substrates with the minimum thickness in the range 

from 50 nm to 100 nm. In order to increase the accuracy, more suitably realized magnetic substrates may 

allow one to decrease the limit of detection down to a few nanometers.  

3.4 Conclusion 

In conclusion, PD-MFM, a MFM-based technique that allows one to accurately measure the thickness of soft 

films deposited on periodically patterned magnetic substrates is demonstrated. Standard floppy disks were 

used to obtain the periodically patterned magnetic substrates, while bacterial cells of Staphylococcus aureus 

were cultivated for the layer formation with limited lateral dimensions. The thickness is deduced by 

comparing the phase contrast in magnetic phase images acquired by MFM on biofilm surface with those 

obtained on the magnetic substrate for different values of the tip-sample distance. The accuracy of the 

technique depends on the spatial period and the uniformity of the magnetic domains of the periodically 

patterned magnetic substrates. Disposing suitable substrates applied, thickness of films ranging from tens of 

nanometers to about 50 microns can be obtained. With the detailed discussion on the relationship between 

the phase contrast and topography of investigated biofilms, the feasibility of this MFM-based technology in 

detecting the soft thin films is demonstrated.  
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Chapter 4   

Magnetic Force Microscopy for Vesicular Systems  

Niosomes are typical non lipidic vesicles functionalized with drugs and magnetic nanoparticles, presently 

under investigation for actively targeted drug delivery. In this chapter, a MFM based approach is presented 

for evaluating the dimension of superparamagnetic nanoparticles encapsulated in niosomial systems. The 

results obtained have been included in poster presentation for a conference and in a paper presently in 

preparation. The chapter is organized as follows. At first, we give some background and details of the 

synthetic methods, as well as of the techniques employed for the characterization of vesicles. Then, 

morphological properties and the corresponding magnetic response of the investigated vesicular system are 

described using AFM/MFM measurements. The results and analysis of the magnetic characterization are 

illustrated also to quantify MNPs internalized into single vesicle.  

4.1 Introduction 

During the past few decades, many efforts have been made to improve disease diagnosis and therapy. Lack of 

clinical efficacy and side-effects of chemotherapeutic agents are caused mainly by their low targeting, 

insufficient cellular drug uptake or local drug concentration. Various nanoformulations have been developed 

for the experimental and clinical delivery of therapeutic and diagnostic agents, to improve their site targeting. 

Commonly, the application and therapeutic outcome of a nanoformulation are determined by nanocarrier 

properties, while the properties of loaded molecules or reagents are negligible since they are low in quantity 

and can be isolated or surrounded by carrier matrices [170].  

a) Common nanoparticulate delivery system 

The most commonly used diagnostic/therapeutic nanoformulations include nanoparticulate delivery systems 

such as liposomes, micelles, dendrimers, nanospheres, nanocapsules, and inorganic nanoparticles (NPs) - e.g., 
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gold NPs, superparamagnetic iron-oxide (SPIO) nanocomposites, carbon nanotubes, and quantum dots and 

macromolecular delivery systems such as antibody-drug conjugates (ADC) and drug-polymer conjugates (e.g., 

PEG-protein conjugates and PEG-siRNA conjugates) [171]. Besides their nanoscopic scale [172] the 

architecture and components of nanocarriers/nanoformulations provide extra opportunities for engineering and 

modification, aimed at controlling their biological properties in a desirable fashion to allow them to perform 

simultaneously various therapeutic or diagnostic functions. These modifications result in the increased 

stability, long blood circulation half-life, higher bioavailability, enhanced target ability, as well as the 

minimization of undesirable protein binding and biodistribution, immunogenicity, and other side-effects [173].  

b) Magnetic surfactant vesicles   

Among the delivery systems, surfactant vesicles - known as niosomes or non-ionic surfactant vesicles (NSVs) 

- have recently acquired growing scientific attention as an alternative potential drug delivery system to 

conventional liposomes. Liposomes with an internal ferromagnetic iron oxide shell entrapped magnetic 

particles or lipid-bound paramagnetic ions as magnetic target carrier particles can be used for cancer therapy, 

magnetic drug targeting (drug entrapped in the liposome lumen), bioanalytics (analytical target signal, 

imaging), and biophysical experiments. Magnetic liposomes of 80–250 nm size can be used for targeting in 

vivo, i.e., magnetic drug targeting, and magnetic radiation targeting for X-rays, neutrons, and isotopes. 

Vesicles are the highly investigated delivery and targeting devices designed, the self-assembly of non-ionic 

surfactants as new generation of liposomes into vesicles was firstly reported in the seventies by researchers in 

the field of cosmetics [174].  

c) Niosomes 

Niosomes are analogous to liposomes and can be prepared following the same procedures, under a variety of 

conditions, leading to the formation of unilamellar or multilamellar vesicular structures [175]. When 

compared to phospholipid-based vesicles, NSVs have several advantages such as greater stability, which 

reduces the care required in handling and storage and results in lower costs, which make them attractive for 
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industrial applications both in the field of pharmaceutics and cosmetics [176]. Moreover niosomes, like 

liposomes, are capable of encapsulating both hydrophilic and lipophilic drugs [177-178]. The encapsulation 

of drugs in niosomes can minimize drug degradation and inactivation after administration, prevent 

undesirable side effects, and increase drug bioavailability and targeting to the pathological area. 

d) SPIO nanocomposites----interesting nanomaterials for biomedical application  

As far as nanomaterials are concerned, superparamagnetic iron oxides (SPIO) nanocomposites are 

particularly interesting because of the combination of excellent magnetic properties and good 

biocompatibility. For in vivo imaging, the existence of the SPIO nanocomposites influences the precession 

of water hydrogen nuclei within an applied magnetic field, so the SPIO nanocomposites can be used as a 

superparamagnetic or negative contrast agent. On the other hand, SPIO labeling of drug carriers can target 

the antitumor drugs to the tumor area under an external magnetic field, resulting in an in vivo tissue-specific 

targeting and controlled release of drugs. Therefore, the SPIO nanocomposites have been widely used in 

magnetic resonance imaging (MRI) [179-183], hyperthermia cancer therapy under alternating magnetic field 

[184-187], and external magnetic targeting and controlled release of drugs [189-191]. In order to confer 

colloidal suspendability to the particles, additives, typically hydrophilic polymers are added during the 

particle formation process, which passivate the nanocrystal surface and protect against particle aggregation 

[192].  

e) Importance of characterization of nanocarriers in SPIO theranostic systems 

To design and construct an ideal multifunctional SPIO theranostic system, a fundamental aspect in 

pharmaceutical nanotechnology lies in the characterization of nanocarriers. In particular dimensions, shape 

and entrapment efficiency of nanocarriers must be deeply evaluated. It is well known that dimensions [193] 

and shape [194] can interfere with biodistribution, toxicity and release kinetic of the carrier while the 

evaluation of entrapment efficiency is important to assure a good amount of entrapped drug in the sample. In 
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particular, as far as the entrapment efficiency is regarded, it is important to determine the overall amount of Fe 

entrapped into the NSVs sample, which gives an average macroscopical information. Nevertheless, it would 

be more desirable to evaluate Fe amount in each single nanocarrier, which would give also information about 

the uniformity of the sample preparation and encapsulation of SPIO nanomaterials.  

f) Varieties of characterization methods used to detect Fe amount 

As for the determination of the global content of Fe, potassium hexacyanoferrate (II) [195] or 

1,10-phenantroline [196] methods are available. In addition, mass spectrometry (ICP-MS or optical) or atomic 

absorption can be employed [197]. Nevertheless, all these methods give information about the mean Fe 

concentration in the whole sample. Therefore, the content of the single nanocarrier is not accessible, and thus 

the uniformity of SPIO nanomaterials cannot be evaluated. In addition, even the mean value of Fe amount in 

each NSV can hardly be inferred due to the difficulties in the evaluation of the effective number of NSVs in the 

sample. Conversely, transmission electron microscopy (TEM) allows one to visualize the vesicular systems 

with nanometrical spatial resolution, but the sample are easily damaged as a result of the drying steps and the 

analysis in vacuum. Cryogenic TEM allows one to overcome such limitations and have been used to visualize 

with nanometrical spatial resolution NPs embedded in vesicular systems (in their core and/or in the bilayer) 

[198-199], but the sample preparation is not straightforward. Scanning electron microscopy (SEM) allows one 

to visualize the exterior of the vesicles and possibly to evaluate the presence of encapsulated NPs formed by 

atoms with atomic weight higher that of the atoms of the bilayer using the backscattered electrons, but the 

sample preparation is not straightforward. Finally, environmental SEM (ESEM) allows the imaging of vesicles 

in hydrated state [200], but the possibility of imaging the interior of the vesicles is also in this case a major 

issue. For the sake of completeness, it should be mentioned that both TEM and SEM associated to energy 

dispersive X-ray (EDX) analysis enable one to verify the presence of Fe atoms in the vesicular system. 

Nevertheless, data obtained from EDX spectra are relative and it is difficult to obtain quantitative information 

about the amount of Fe into each vesicle, while EDX elemental mapping does not possess the resolution 
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required to evaluate the diameter of NPs entrapped into vesicles.  

g) The potential of using AFM/MFM to study vesicular systems 

Therefore, innovative approaches are required which give quantitative and local information about the 

presence of SPIO NPs entrapped in vesicular systems. Such methodologies should require a relatively 

straightforward sample preparation, in order to analyze a statistically significant number of NSVs, and could 

be possibly extended to the analysis of SPIO/NSVs systems in liquid environment. Atomic force microscopy 

(AFM) has been demonstrated to be a versatile technique for the high resolution imaging and characterization 

of vesicular systems such as liposomes, niosomes, and polymerosomes [201-202]. Firstly, AFM requires 

relatively straightforward sample preparation. Images can be performed in air as well as in liquid environment 

[203-206], at room or variable temperature [179]. Moreover, probing the sample with the AFM tip allows one 

to quantitatively study vesicles formation, morphology, size distribution, as well as their surface elastic and 

adhesives properties [207-212]. Based on AFM, magnetic force microscopy (MFM) takes advantage of the use 

of magnetically coated tips to analyze the magnetic properties of the sample simultaneously to its topography. 

MFM has been used to study magnetic materials such as recording media, MNPs on flat surfaces and on the 

surface of cells [213], and subsurface magnetic NPs [214]. Nevertheless, MFM has never been used to study 

vesicular systems embedding MNPs, either qualitatively or quantitatively. As for the latter, the difficulty of 

modeling the tip-sample interaction severely limits the use of MFM for quantitative and enough accurate 

measurements. Thus, relatively few works are reported in which quantitative deductions from MFM analysis 

have been attempted [215].  

In this study vesicular system incubated with magnetic nanoparticles was detected at the first time, this 

research is expected to understand the localization and space distribution quantitatively induced by the 

technique based on MFM. In the following, the experimental material and technique will be introduced.     

4.2 Materials 

The thin layer evaporation method was used to prepare non-ionic surfactant vesicles. Briefly, polysorbate 20 
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(15mM), cholesterol (15mM) and BDP were dissolved in a round bottom flask using 2 ml of a 

chloroform/methanol mixture (3:1 v/v). The solvent mixture was vacuum evaporated and the resulting dried 

film was hydrated with 5 ml 0.01 M pH 7.4 Hepes buffer solution. The dispersion was vortexed for 5 min and 

then sonicated for 5 min at 60°C using a tapered microtip operating at 20 kHz at an amplitude of 16% 

(Vibracell-VCX 400 Sonics, USA), thus achieving BDP-loaded unilamellar non-ionic surfactant vesicles.  

Two different BDP concentrations, i.e. 50 mg/ml (sample BDP-50) and 0.4 mg/ml (BDP-0.4), were used in 

this investigation for the vesicle preparation. The first concentration led to the maximum possible amount of 

drug entrapped within the NSVs, while the second concentration led to an amount of entrapped drug similar to 

that actually present in the most common commercial products. Unilamellar vesicles were obtained from a 

non-ionic surfactant/MNPs aqueous dispersion (Hepes pH 7.4) by means of the "film" method. Sp20 

concentration in the samples was always remarkably above its CMC (in water at 25oC: Span 20 = not 

detectable). For this purpose, Sp20, Chol (15mM: 15mM) and lipophilic MNPs were dissolved in a 

CHCl3/CH3OH (3:1) mixture in around bottomed flask. After evaporation of the solvents, the dried film was 

hydrated by addition of 5 mL (0.01 M) Hepes pH 7.4 solution. The dispersion was vortexed for about 5 min 

and then sonicated for 5 min at 60oC using a tapered microtip operating at 20 kHz at an amplitude of 16% 

(Vibracell-VCX 400-Sonics, USA). In order to separate MNPs-loaded vesicles from untrapped substances, for 

the evaluation of entrapment efficiency, the untrapped material was eliminated by filtration with 1.2 μm filter 

and then dialysis method. 

4.3 Magnetic Force Microscopy of Magnetic Nanoparticles 

AFM/MFM analysis has been performed using a commercial AFM apparatus (Solver, NT-MDT, Russia) 

equipped with cantilever with a 40 nm thick CoCr magnetic coating (MESP-RC, Bruker Inc.). MNPs, empty 

niosomes and niosomes incorporating MNPs were prepared for AFM/MFM analysis by depositing a drop of 

properly stored sample on cleaned single crystal Si substrates and waiting until sufficient drying. AFM/MFM 

characterizations were performed in air at room conditions. Post experiment image analysis was limited to 

the subtraction of the average plane and, when necessary, to the polynomial fitting of the profile along the 
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"slow" scan axis. At first we make a study of the magnetic nanoparicles which are used with vesicular 

system.  

Figure 4.1 Example of AFM/MFM characterization of SPIO NPs on a Si flat substrate:(a) topographical reconstruction 

of an area featuring two NPs and (b) height profile of a NP, corresponding to the dashed line in (a), from which the 

diameter of the NP (dNP) is evaluated; (c) corresponding MFM phase image and (d) phase shift (Δφ) profile, 

corresponding to the dashed line in (c), from which the MFM phase shift of the NP (ΔφNP) is evaluated. 
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Figure 4.2 Calibration curves from MFM images of SPIO NPs: (a) NPs phase shift (ΔφNP) as a function of the NPs 

diameter (dNP) at fixed tip-sample distance Δz = 100.5nm revealing a linear dependence between ΔφNP and dNP; (b) 

ΔφNP as a function of Δz for four NPs with different dNP; (c) calibration curve obtained by evaluating the ΔφNP=dNP ratio 

from data in (b) as a function of Δz. 

The use of MFM for the qualitative visualization of MNPs is widely reported in literature. Nevertheless, a 

few works have been reported where MNPs parameters are quantitatively deduced, due to the lack of 

comprehensive models of the tip-sample interaction. Therefore, in this work we chose a phenomenological 

approach to obtain quantitative information from the MFM images. To this aim, at first MNPs were 

drop-casted on a Si substrate and characterized with MFM. Figure 4.1a shows the topographical 

reconstruction of an area of such a sample where two MNPs are visible. Since the casting on the substrate 
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does not lead to any deformation of the stiff MNPs, the diameter of each MNP (dNP) can be evaluate from the 

profile of the line corresponding to the top of the MNP, as shown in Figure 4.1b. Simultaneously to the 

morphology, the MFM image of the individual nanoparticle is acquired. As an example, Figure 4.1c shows 

the MFM image of the area obtained using Δh = 100.5 nm. In correspondence of the same profile, the phase 

shift relative to the MNP (ΔφNP) is measured (Figure 4.1d). Due to the lack of comprehensive theoretical 

models of the interaction between the AFM tip and the MNPs, we used a phenomenological approach to 

quantitatively relate ΔφNP to dNP and to the distance between the tip apex and the top of the MNP (Δz). 

Figure 4.2a shows the values of ΔφNP measured at fixed value of Δz (note that in this case Δz = Δh) on 

different NPs as a function of dNP. Data are well described by a linear relation, instead of the cubic one 

generally assumed in literature. Although further study is needed to understand the ΔφNP (dNP) dependence, it 

can be at least partially rationalized considering that the effective distance between the apex and the center of 

the NP linearly increases with dNP as the latter is not negligible with respect to the tip-sample distance. To 

investigate the relation between ΔφNP and Δz the same area of the MNPs sample has been imaged by MFM 

at different values of Δz. Figure 4.2b reports the values of ΔφNP as a function of Δz measured for four MNPs 

with different dNP. To retrieve a phenomenological calibration curve, ΔφNP data have been divided by dNP for 

each value of Δz and averaged, thus obtaining the curve reported in Figure 4.2c. Such a curve was eventually 

used to evaluate dNP internalized in niosomes, as described below. 

4.4 Magnetic Force Microscopy of Niosomes  

After discussion the magnetic nanoparticles, we have a study on niosomes as vesicular systems. The 

measurements carried out by DLS show that dimensional changes occur in Sp 20 vesicles loaded with MNPs 

respect to empty ones. In Sp20 vesicles the insertion of lipophilic MNPs in surfactant bilayer is responsible 

of a slight increase in vesicle dimension. Apart from providing hydrodynamic diameters and potential values, 

DLS provides also valuable information on the homogeneity of the suspension. A single sharp peak in the 

DLS profile implies the existence of a single population of scattering particles. DLS and PDI (polydispersity 

index) measurements indicated that the empty and MNPs loaded vesicles showed a significant yield of 
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homogeneous vesicular structures. The empty and MNPs loaded Sp20 vesicles show higher potential (in 

absolute value); it is important because allow to foresee the stability of the prepared formulations. A high 

negative value of potential is important in preventing aggregation. It has been reported that a physically 

stable nanosuspension solely stabilized by electrostatic repulsion will have a minimum potential of 30mV. 

The Fe entrapment efficiency data show a good capability of the analyzed vesicle of entrap lipophilic MNPs. 

MNPs show a limited value of entrapment efficiency, probably due to the higher volume occupied by the 

aqueous core respect to the lipophilic bilayer. 

4.4.1 Dynamic Light Scattering     

Dynamic light scattering (DLS) was used to determine mean size and size distribution of non-ionic surfactant 

vesicles. The vesicle dispersions were diluted 100 times with the same buffer used for their preparation to 

avoid multiscattering phenomena. Buffer solutions used for dynamic light scattering experiments were 

filtered through 0.45 μm cellulose filters to eliminate dust particles. Vesicle mean size and size distribution 

(polydispersity index, PDI) were measured at 25oC using a Malvern Nano ZS90 light scattering apparatus 

(Malvern Instruments Ltd., Worcestershire, UK) at a scattering angle of 90.0o. The same apparatus was used 

for the evaluation of potential of vesicles, which were appropriately diluted (1:10) in distilled water at 25◦C. 

The laser Doppler anemometry was used and hence the electrophoretic mobility of non-ionic surfactant 

vesicles was measured. The potential value was calculated from the electrophoretic mobility in the 

Smoluchowsky approximation. Reported data represent mean of the potential and of the hydrodynamic 

diameter for the surfactant vesicles. Results of DLS experiments are given as the average values obtained 

using samples from three different batches standard deviation (SD).   

4.4.2 Entrapment Efficiency Measurement 

Fe entrapment efficiency (Fe e. e.)within nonionic surfactant vesicles was determined using inductively 

coupled plasma mass spectrometry (ICP-MS) on purified MNPs. Samples were transferred into TFM vessels 

and digested by means of a microwave oven (Ethos, Milestone, FKV, Sorisole, Bergamo, Italy) equipped 
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with a probe for the temperature control. The digestion mixture was constituted of 2 mL of H2O ultrapure 

(up), 4 ml of HNO3 65% (v/v) (Merck, Darmstadt, Germany), 0.5 mL of HCl and 1 mL of H2O2 40% (v/v) 

(Merck, Darmstadt, Germany). The digestion programme was preceded by a soft pre-digestion treatment of 

the samples in order to avoid any strong reaction during the final dissolution process. After cooling, the 

digested solutions were quantitatively transferred in 50 mL Falcon tubes by adding high purity deionized 

water up to 20 mL. These solution was further diluted (1 : 9) before the instrumental analysis. Measurements 

were performed by means of a dynamic reaction cell (DRC) ICP-MS (Elan DCR II, Perkin Elmer SCIEX, 

Norwalk, CT, USA) operating in DRC mode with ammonia as reaction gas (purity of 99.999%) so as to 

overcome the likely interferences on the Fe determination. The cell parameters were the following: gas flow 

= 0.6 mL/min and RPq = 0.6. 56 Fe was the isotope used for quantification purpose with external calibration 

approach. Fe e.e. was calculated as the ratio between the mass of the incorporated Fe and that of the Fe used 

for vesicle preparation. Results are the average of three different batches SD.  

4.4.3 Transmission Electron Microscopy 

 

Figure 4.3 TEM images of niosome: left) empty niosome without MNPs; right) niosome containing a MNP. 

The samples were observed at nanometer scale using transmission electron microscopy at about 80 kV and 

were deposited on TEM holder by drop casting of water mixture solution containing niosomes with MNP 

and niosomes alone. TEM images in Figure 4.3 reveal morphology of vesicles with diameter of around 

300nm. The image (right) clearly shows magnetic nanoparticles of dark contrast embedded into niosome 
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with 100 nm in size. In order to study the dimension of the nanoparticles integrated in the vesicle MFM 

technique have been applied. The following research is going to detect magnetic nanoparticles internalized in 

individual vesicle using MFM qualitatively and quantitatively.  

4.4.4 Magnetic Force Microscope Imaging Analysis 

 

Figure 4.4 AFM topography (a) and MFM phase shift image (b) of an empty niosome, the latter revealing a small 

positive phase shift in correspondence of the niosome. 
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Figure 4.5 AFM topography (a) and corresponding MFM phase shift image (b) of three vesicular systems (labeled with 

A, B and C, respectively) encapsulating SPIO NPs, two of them composed by two distinct niosomes (labeled with A1, 

A2, B1, and B2, respectively). AFM topography (c) and MFM phase shift (d) of one of the B vesicular system. 

Figure 4.4a shows a typical AFM image of an empty niosome. The size of niosome is about 300 nm, which 

is in agreement with those visualized using TEM in Figure 4.3. In the corresponding MFM image reported in 

Figure 4.4b, the vesicle is associated to an almost negligible positive phase shift Δφv of about 50×10−3 deg, 

which could indicate an interaction between the tip and the vesicle slightly less attractive (or more repulsive) 

than that between the tip and the substrate. Analogous characterization has been performed on niosomes 

containing MNPs. In some cases, MFM images of vesicles showed positive values Δφv not higher than 0.2 

deg analogous to those observed in empty niosomes, thus indicating the presence of empty vesicles in the 

sample containing MNPs. Conversely, several niosomes have been observed the MFM images of which 
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show negative values of Δφv as high as some degrees, such a contrast indicating the presence of a significant 

attractive interaction between tip and vesicles. As an example, Figure 4.5a shows an area of the sample 

where three aggregates of niosome are visible, marked with A, B and C, respectively. They're not spherical 

shapes indicate that they result from the coalescence of different adjacent niosomes, induced by the partial 

dehydration in presence of the substrate. In the corresponding MFM image, reported in Figure 4.5b, a 

marked phase contrast between the vesicles and the substrate is visible. This reveals a significant increase of 

tip-sample attractive force in correspondence of the niosomes (negative phase shift) with respect to the 

substrate, suggesting the presence of MNPs into the vesicles. As an example, the closer view of vesicle B 

reported in Figure 4.5c (topography) and Figure 4.5d (corresponding MFM phase image) suggests that 

vesicle B is the result of the coalescence of two separated vesicles (namely, B1 and B2) each containing a 

significant amount of MNPs. Similar considerations lead to the identification of the two ‘original’ vesicles 

forming the system A (namely, A1 and A2). Conversely, vesicle C has a roughly circular shape that may 

indicate that it is either a singular vesicle or the result of a coalescence process among different vesicles 

already completed and, therefore, vesicle C is considered in the following as a single vesicle. 

Table 4.1 Experimentally determined values of the vesicle height (hv) and the phase shift in the magnetic image (Δφv) 

with the corresponding calculated values of effective diameter of the incorporated MNPs (
eff
NPd ) for the niosomes 

visualized in Figure 4.4. 

Vesicle hv (nm) Δφv (deg) eff
NPd  (nm) 

A1 142 2.24 69 ± 5 

A2 160 2.23 68 ± 5 

B1 171 2.92 89 ± 6 

B2 193 2.64 81 ± 6 

C 318 4.90 153 ± 8 

4.5 Quantification of MNPs into Niosomes 
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Figure 4.6 (a) Sketch illustrating the proposed model for analyzing MFM data: the magnetic nanoparticle (MNP) with 

diameter dNP is at the bottom of the vesicle with height hv, the image is acquired at lift height Δh and the distance 

between the tip apex and the top of the MNP is Δz. (b) Family of curves ΔφNP versus Δz calculated for values of dNP 

ranging from 50 to 130 nm. (c) Detail of the region in the dashed rectangle in (b): in correspondence of the measured 

value of ΔφNP, two values are obtained on each curve (open circle and open square, respectively). (d) Values of 

Δz+ΔφNP = Δh+hv versus dNP calculated in correspondence of ΔφNP in (b): the arrows indicate how the diameter of the 

NP incorporated into the niosome (dNP) is inferred from the Δh+hv measured value. 

In order to quantitatively determine the amount of MNPs in the vesicles, AFM/MFM images are analyzed 

using the calibration curves reported in Figure 4.2. As an example of application of the procedure, the 

analysis of vesicle A1 is described in details. The height of the vesicle hv is evaluated from the topography 

(Figure 4.5a) and the corresponding phase shift Δφv is evaluated from the magnetic image (Figure 4.5b). 

These two parameters allow us to evaluate the "equivalent” diameter of the MNPs internalized in the 

vesicles. Being the density of MNPs higher than that of the water, internalized MNPs are bound to be placed 

in the bottom of the host niosome, as sketched in Figure 4.6a. 

Therefore, the relation Δh + hv = Δz + dNP is valid. Thus, for each pair of values of the parameters(hv, Δφv), 
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Δh + hv is fixed. For example, concerning vesicle A1 hv = 142 nm and Δφv = 2.24 deg are measured. Being 

the magnetic image obtained with Δh = 50 nm, Δh + hv = 192 nm for vesicle A1. By multiplying the 

calibration curve reported in Figure 4.2c for different values of dNP, a family of curves are obtained such as 

those reported in Figure 4.6b. In particular, curves are considered that intersect the value ΔφNP = Δφv in (at 

least) one , like those reported in Figure 4.6c. For each curve obtained for a certain value of dNP, the values of 

Δz corresponding to ΔφNP = Δφv are evaluated. Note that, as the calibration curve reported in Figure 4.2c is 

not monotonic, two values of Δz are obtained, one on the increasing portion of the curve (indicated with an 

open circle in Figure 4.6c) and one on the decreasing one (indicated with an open square in Figure 4.6c). If 

monotonic calibration curves were observed, only one value of Δz would be obtained, which would simplify 

the data analysis. Then, each value of Δz is added to the corresponding value of dNP. The values of Δz + dNP 

obtained from Figure 5c in correspondence of Δφv = 2.24 deg are plotted as a function of dNP in Figure 4.6d, 

which has two branches as a result of the not monotonic calibration curve. Finally, the value of Δh + hv = Δz 

+ dNP is used to deduce the diameter of the MNPs into the vesicle dNP (actually, it should be considered as an 

effective diamter 
eff
NPd ) as illustrated in Figure 4.6d. From Δh + hv = 192 nm the value 

eff
NPd  = 69 nm is 

obtained for vesicle A1. Similar calculation has been performed for all the vesicles in Figure 4.5, obtaining 

the values of 
eff
NPd  reported in Table 4.1. The results for vesicles A and B indicate that each niosome 

incorporates from one to a few MNPs. Conversely, the higher value of 
eff
NPd  for vesicle C may indicate 

either that several MNPs were incorporated in the niosome at its formation or that vesicle C is the result of 

the coalescence of two-three different niosomes with an amount of internalized MNPs similar to that of 

vesicles A and B. Overall, considering that empty niosomes were observed in the same sample, our results 

reveal a not uniform incorporation of MNPs into the vesicles, in agreement with TEM observation above. 

As far as the performances of the technique are concerned, Figure 4.6c shows that even small variationin the 

MNPs diameter produces a relatively high variation in phase shift, which makes the technique virtually 

extremely sensitive. Nevertheless, the actual sensitivity of the technique is limited by the error in the 

determination of the phase shift on the MNPs and on the vesicles and by the uncertainty in the fitting 
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parameters of the calibration curves. In addition, it should be noted that in our calculation the effect of the 

(small) positive phase shift produced by the empty niosomes was neglected. Nevertheless, a more accurate 

calculation would require to add this value to the phase shift of niosomes incorporating MNPs. Thus, data 

reported in Table 4.1 should be considered as an approximation by defect of the effective MNPs diameter. 

The uncertainty in the height of vesicles and MNPs taken from the topographical images of AFM as well as 

in the MFM phase contrast can be neglected. The main contribution to the uncertainty in the determination of 

the NPs diameter arises from that of the calibration curve reported in Figure 4.2c. The corresponding 

uncertainty is reported in table 4.1.      

4.6 Conclusion 

In conclusion, the use of a novel technique based on the combination of AFM and MFM imaging that 

allowed us to quantitatively evaluate the amount of MNPs incorporated in single niosomes. Our approach 

does not require any complex preparation of the sample to be investigated. Although the number of reported 

measurements does not allow us to perform any statistical evaluation, we observed a not uniform 

incorporation of MNPs into niosome that resulted in the simultaneous presence of vesicles either empty or 

incorporating a significant amount of MNPs. Overall, this is the first work where a quantification of MNPs 

into single vesicular systems is performed using an AFM/MFM based technique. Such promising technique 

will be improved in the future to obtain more accurate measurements and extended to the direct observation 

in liquid. 
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Chapter 5  

Magnetic Force Microscopy for Materials of Biological 

Interest 

 

In this chapter, magnetic force microscopy is used to investigate the materials for biological interest. The 

synthesis and the structural and morphological characterizations have been carried out by AFM/MFM on 

magnetoferritin, Fe3O4 nanoparticles functionalized with APTES, leukocytes labeled with Fe@Au 

nanoparticles and CCRF-CEM cellular system labeled with Fe3O4@Cu@Au nanoparticles to study the 

feasibility and potentiality of AFM/MFM in detecting magnetically labeled biological systems. Detailed 

discussion by comparing the topography and corresponding phase contrast images qualitatively and 

quantitatively is reported. The results have been included in a manuscript presently in preparation.  

The study is organized as follows. At first, we give research background and details of the sample 

preparation, as well as of the techniques employed for the characterization of the samples. Then, 

morphological properties and the corresponding magnetic response of the studied biological samples are 

described qualitatively and quantitatively using AFM/MFM measurements. The results and analysis of the 

magnetic characterization are reported to reveal the potentiality of AFM/MFM to investigate biological 

systems. The conclusions are drawn at the end. 

5.1 Introduction 

In the past decades, nanoparticles with biomedical application attracted more and more attention in cancer 

treatments including surgery, radiation, chemotherapy and other therapies, but there are still facing some 

problems like the ineffective accessibility to the tumors and the lack of selectivity toward tumor cells. 

Nanoparticles are used for drug delivery system due to their ability to target specific locations in the body, the 

corresponding reduction of the quantity of drug in the target and reduction of the concentration of the drug at 
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nontarget sites to minimize severe side effects. Many studies about nanoparticles and cellular system have 

been reported since nanoparticles not only can be viewed as simple carriers for biomedical applications, but 

also can play an active role in mediating biological effects.  

a) Magnetic nanoparticles for biomedical research 

Magnetic nanoparticles present a higher performance in terms of chemical stability, biocompatibility and 

large susceptibility [216] for biological applications like magnetohypertermia treatments, magnetically 

assisted drug delivery, cell isolation, molecular recognition, biological macromolecules purification, 

biosensors, and magnetic resonance imaging (MRI) or positron emission tomography (PET) enhancement 

[217-218]. Not only the nanosize of magnetic nanoparticles is comparable to many biological molecules like 

protein and gene [217], but also they are capable to be directed and concentrated within the target tissue by 

means of external magnetic field and to be removed once therapy is completed. Its superparamagnetic 

phenomenon means no need to keep magnetized after action of magnetic field, thus the risk of particle 

aggregation will be reduced [219].  

Functionalized magnetic nanoparticles have valuable applications due to their ability to bind drugs and/or 

biological macromolecules [220]. APTES-functionalized surfaces have been shown to be nontoxic to 

embryonic rat cardiomyocytes in vitro [221]. The ligand 3-aminopropyltriethoxysilane (APTES) is a kind of 

surface modification agent, which is an aminosilane frequently used in the process of silanization, the 

functionalization of surfaces with alkoxysilane molecules. Molecules bound to the surface of APTES have 

more functions, since amino groups exterior allow easy coupling with antibodies, proteins and molecules and 

fluorescent dyes. Gold has been the attractive coating material because of its well-known optical properties 

and chemical functionability [222]. As well pure Fe core nanoparticles are expected to be superior due to the 

high saturation magnetization. However, unprotected Fe nanoparticles, being highly reactive in air/aqueous 

environment, need a protective layer. Thus, Fe@Au magnetic core-shell nanoparticles were prepared  

studied with a variety of methods such as SEM, TEM, XRD, FTIR, EDX, TGA et al. for physical properties 

http://en.wikipedia.org/wiki/Cardiomyocytes�
http://en.wikipedia.org/wiki/In_vitro�
http://en.wikipedia.org/wiki/Silanization#Aminosilanes�
http://en.wikipedia.org/wiki/Silanization�
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[223-227], and SQUID for the magnetic property [228]. Gold-coated Fe3O4 magnetic core-shell 

nanoparticles have been studied also[229-232].  

Iron nanoparticles show a reduced cytotoxicity under certain concentration and biocompatibity with 

appropriate surface coating even at very high concentration [233]. And a single ferritin molecule can 

sequester up to 4500 iron atoms, thus making it potentially a very effective iron delivery system. Ferritins are 

a family of proteins found in all domains of life as a ubiquitous and highly conserved iron-binding protein. It 

consists of a central core of hydrated iron (III) oxide encapsulated with a multisubunit protein shell. Several 

kinds of nanoparticles have been synthesized in a cage-shaped protein-apoferritin, and delivered to the 

desired position on a substrate by modifying the outer surface of apoferritin [234]. Over the last years a 

number of studies demonstrated the ability to use the iron-binding protein ferritin as a novel endogenous 

reporter gene that allows the detection of gene expression by magnetic resonance imaging (MRI) [235], 

which would directly change the MR signal, in its expression site, in analogy to fluorescent proteins in 

optical imaging, without the need to administer additional contrast materials. Initial experiments designed to 

observe resonant quantum tunneling of the magnetization of horse-spleen ferritin particles were performed at 

temperatures of approximately 30 mK by measuring the frequency-dependent magnetic noise and magnetic 

susceptibility of the particles using an integrated dc superconducting quantum interference device (SQUID) 

microsusceptometer [236]. 

b) Characterization methods applied to nanoparticles 

The investigation of the interaction between functionalized nanoparticles and biological molecules still 

presents enormous challenges. Transmission electron microscopy and confocal laser scanning microscopy 

were used together to elucidate the precise mechanism by which the lung cancer cells uptake the magnetic 

nanoparticles [237]. Indeed, it is not straightforward to confirm the location of the nanoparticles within the 

cells using single characterization method.  

Fluorescence microscopy has revealed that iron oxide nanoparticles (IONPs)-exposed astrocytes contain 
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accumulated IONPs in intracellular vesicles, and also extracellularly attached to the cell membrane [238]. 

However, the nanoparticles need to be initially fluorescence labeled, and the maximum resolution is limited 

by half of the light wavelength [239]. Two photon microscopy (TPM) has also been used to study magnetic 

nanoparticles and cell interaction because of its improved resolution and low damage outside the focal 

volume [240], but the nanoparticles still need to be labeled with two photon dye. Transmission electron 

microscope (TEM) is one of these label-free detection methods, which can study the cellular uptake of 

nanoparticles at a nanoscale resolution [241], but the sample preparation is not straightforward and the 

analysis have to be performed in vacuum. Other label-free imaging methods such as magneto-motive 

ultrasound and optical coherence tomography (OCT) are generally used in tissue and animal experiments but 

their use is limited by their relatively low resolution [242-243]. Although resolution of biological samples 

can be achieved by using the scanning electron microscopy (SEM), these samples have to be frozen, fixed, 

dried unless environmental SEM.  

The invention of the atomic force microscopy (AFM) has opened up a novel approach for studying 

nanomaterials. It acts as a powerful tool for cell biology research giving ultrahigh resolution even in real 

time under near physiological conditions. Besides cells, molecular recognition studies with AFM provide 

insight into the localization of receptor binding sites. However, the AFM tip usually cannot target the 

nanoparticles under cell membranes, which is very important for drug delivery, especially in the aspect of 

tumor diagnosis and treatment, to understand the interaction between biological molecules and 

functionalized nanoparticles. Effect of cellular uptake of uncoated and Pn-coated SPION on cells of human 

fibroblasts was investigated [244], but AFM only was limited to show the structure of Pn-SPION other than 

the behavior of cellular system.  
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Figure 5.1 Cell incubation with magnetic nanoparticles 

c) Investigation of biological samples by magnetic force microscopy 

MFM not only provides the typical nanometer resolution of AFM, but also can detect intercellular 

environment without extra complicated labeling. Since AFM imaging relies on measurement of the 

short-range interaction force between tip and the sample surface, correspondingly MFM imaging depends on 

non-contact long-range interactions.  

Cell incubation with magnetic nanoparticles and scanning by MFM probe are shown in Figure 5.1. 

Interactions between streptavidin molecules attached to a self-assembled monolayer or to a modified glass 

surface and biotin-coated magnetic nanoparticles were demonstrated using MFM [245-246]. Structural 

organization and distribution of endothelin receptors with magnetic beads on the surface of smooth muscle 

cells were investigate with magnetic force microscopy [247] too. MFM was employed to observe antisense 

oligonucleotides (ASOs)-coupled silica-coated magnetic iron oxide nanoparticles internalized into human 

leukemia (HL-60) cells [248]. MFM was also applied for the characterization of magnetic iron oxide 

nanoparticles and their cellular uptake behavior with the MCF7 carcinoma breast epithelial cells [249].  

Although MFM is a promising technique for the investigation of magnetic properties of biological samples 

interacting with MNPs, it has been employed in a relatively small number of works. Moreover, while 

qualitative magnetic imaging is easy to be obtained, the capability of extracting quantitative information 
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from MFM images has been only marginally exploited. Here, we demonstrate the potential of MFM for the 

study of magnetic properties of different nano-biosystems (magnetoferritin, functionalized MNPs, 

magnetically labeled cells), illustrating our approaches which aim at deducing quantitative information from 

MFM characterizations. Although such studies should be considered somehow preliminary, we will highlight 

the potentiality and the limits of MFM.     

5.2 Investigated Nanomaterials 

In this chapter, there are four typical biomaterials detected with MFM: ferritin molecules loaded with iron 

atoms; magnetite (Fe3O4) coated with APTES (used for functionalizing biomedical application); leukocytes 

embedded with Fe@Au nanoparticles; CCRF-CEM cells labeled with Fe3O4@Cu@Au nanoparticles. 

A) Preparation of Magnetoferritin Nanoparticles 

Ferritin and apoferritin production was carried out in our laboratories accordingly to previously reported 

procedures [250]. In particular, ferritin from P. furiosus was overproduced in E. Coli, and purified by a heat 

step. Apoferritin was prepared by reduction with sodium dithionite, chelation with 2,2-bipyridine, and 

dialysis against MES/NaOH buffer 50 mM, pH 8.5. The prepared solution was deaerated by bubbling 

nitrogen for 60 min at 60ºC. Furthermore, a FeSO4·7H2O solution (50 mM) in HCl/water pH=2 was 

prepared anaerobically. 

Small aliquots were slowly added to the apoferritin in order to load up to 1000 Fe atoms in each ferritin. The 

reaction was maintained under stirring at 60ºC for 30 min. The solution was purified via size exclusion 

chromatography by (PD-10 column, GE Healthcare) in order to exclude the ions not included inside the 

protein. 

B) Preparation of Fe3O4-APTES Nanoparticles  

Preparation of Fe3O4 Nanoparticles 
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The synthesis phase of the magnetic cores is obtained through the optimization of the well known process of 

co-precipitation of ferrous and ferric salts, which has been proposed by Massart. The precipitation of the 

nanoparticles is obtained by adding to a alkaline solution containing NaOH or NH4OH, an aqueous solution 

containing of Fe3+ and Fe2+. The stoichiometric ratio of 2:1 allows the formation of magnetite (Fe3O4) in 

accordance with the reaction Fe2++2Fe3++8OH-= Fe3O4+4H2O. The parameters of the process, such as the pH 

value, ionic strength, temperature, the salts, the concentration ratio Fe(II)/Fe(III), have been extensively 

studied, demonstrating the influence on the performance of co-precipitation, the diameter, the size 

distribution and shape of the nanoparticles [251].  

Coating Fe3O4 with APTES 

The second phase consists in the coating of the magnetite cores. The coating, as previously mentioned, has 

two functions: the stabilization of the particles of iron oxide, which is of crucial importance in order to obtain 

a stable ferrofluid in a biological environment, and the functional surface with suitable organic compounds 

able to bind to specific biological entities. Being Lewis acids, the iron atoms present on the surface bind with 

the OH groups of dissociated water. These hydroxyl groups can react with acids and bases, making the 

surface of the magnetite positive or negative as pH changes. The isoelectric  was observed at pH 6.8 [278]. 

Around this  of zero charge (PZC) the surface charge density is too small and the particles are not stable in 

water for a long time. So the particles was coated with an organic ligand, 3-aminopropyltriethoxysilane 

(APTES). It has a hydrolytically stable bond between the silicon and the group [-CH2-CH2-CH2-NH2], and 

three groups [CH3-CH2-O-] linked to the silicon with a high tendency to hydrolyze and to bind with the 

particles of Fe3O4. Such a coating stabilizes the nanoparticles by fencing magnetic dipoles of the nuclei, and 

at the same time, introducing the columbic repulsive actions agglomeration resistance.  

A solution of Fe2+/Fe3+ (0.79976 mg of FeSO4 amidic and 0.62745 mg of Mohr salt ((NH4)2Fe(SO4)2) in 100 

ml of water) was dropped into a solution of ammonia of 300 ml (0.7 M) placed in an ice bath and subjected 

to mechanical agitation. The precipitation of iron hydroxides on the ions formed the crystallites of magnetite, 

after 15 minutes. The dispersion obtained (dark brown in color) was then centrifuged at 4000 rpm, for 15 
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minutes by rotor with radius of 7 cm . The solid sample was dissolved in distilled water and dialyzed for one 

night at room temperature, using a membrane (cutoff: 30 kDa) to remove the excess salt. 

 

Figure 5.2 Schematic representation of the reaction during APTES coating of magnetite nanoparticles 

The hydro-alcoholic alkaline solution contained 140 mg of Fe3O4 nanoparticles, ethanol and H2O in molar 

ratios, as shown below in Table 5.1. 2.34 ml of APTES were subsequently added to this solution under 

mechanical stirring. Then the hydrolysis reaction proceeded for one night at room temperature. 

Table 5.1 Experimental parameters for the reaction of APTES coating 

Rectants H2O NH4OH CH3CH2OH APTES 

Molar ratio 54.0 0.1 41.0 1.0 

Volume Ratio 963.8 1.91 2390.98 234 

Volume Used 9.63 mL 19.1 mL 23.91 mL 2.34 mL 

The material was then washed with ethanol and water, and magnetically "decanted" using magnets of 

neodymium, iron and boron (Nd2Fe14B; magnetic field of about 300 mT). The solution obtained was very 

well dispersed in a stable fluid system due to the presence of magnetic material. The sample was dropped on 

a silicon substrate for the scanning under MFM.  

C) Preparation of Fe@Au Nanoparticles Incubated with Leukocytels 

Preparation of Fe@Au Nanoparticles 

Fe(0) nanoparticles were synthesized by thermal decomposition of the complex Fe (II)-stearate. To obtain 

this complex, two solutions were prepared in deoxygenated distilled water, FeSO4·7H2O (10 mM) and 
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sodium stearate (25 mM). 1 g of stearate was dissolved in 30 mL of octyl ether during synthesis. The 

solution is kept under Argon atmosphere, reflux for two hours and carried between 285°C - 300°C. After the 

formation of Magnetic NPs of Fe(0), the precipitate was washed repeatedly (first in octane, then in ethanol 

(both degassed). The Au shell on the magnetic core was prepared by a redox reaction between Fe(0) and 

Au(III). The coating was made by dissolving 120 mg of Fe NPs in a solution of K2CO3 in ethanol, sonicated 

for 20 minutes. Then, 190 mg of HAuCl4 were dissolved in 5 mL methanol and were dripped in the MNPs 

solution. The reaction was carried out in an inert environment to prevent iron oxidation, using degassed 

solvent and under argon atmosphere. The mixture was allowed to react for an hour. To increase the thickness 

of the Au shell, 94 mg of HAuCl4 in 5 ml of methanol and 85 mg of ascorbic acid in 50 ml of the same 

solvent were added to the solution ( Ascorbic Acid : Au = 2:1). The Fe@Au nanoparticles were separated by 

magnetic decantation and washed several times with methanol.  

Functionalization of Nanoparticles  

The nanoparticles were functionalized with an active ester (NHS-ester) of lipoic acid, and then with the 

PLL-PEG (a copolymer of 9900 Da).  

Internalization of MNPs in Human Leukocytes 

In vitro experiment involved the use of a family of mixed leukocyte, which were first washed with Phosphate 

buffered saline (PBS) buffer and separated from erythrocytes by centrifugation. The leukocytes and in 

particular granulocytes can internalize NPs sizes of < 40-50 nm. During phagocytosis, the colony of mixed 

leukocytes was incubated with MNPs at 37°C for about eight hours. After the incubation, the engulfed cells 

were fixed and dehydrated. 2 μL of the cells were suspended on silicon slides for AFM and MFM analysis.  

D) Preparation of Fe3O4@Cu@Au Nanoparticles Incubated with CCRF-CEM Cells 

Preparation of Fe3O4 nanoparticles 

Under mechanical stirring and Argon atmosphere, 300 mL of NH4OH (0.7 M), 68.451 mg of Mohr salt 

https://www.google.it/url?sa=t&rct=j&q=&esrc=s&source=web&cd=6&cad=rja&ved=0CFYQFjAF&url=http%3A%2F%2Fbiotech.about.com%2Fod%2Fbuffersandmedia%2Fht%2FMake-Pbs-Buffer.htm&ei=obY6Uq5AiPLhBNGCgbAN&usg=AFQjCNHUiOHrcmvmCz8bDUmNMSphebJegw&bvm=bv.52288139,d.bGE�
https://www.google.it/url?sa=t&rct=j&q=&esrc=s&source=web&cd=6&cad=rja&ved=0CFYQFjAF&url=http%3A%2F%2Fbiotech.about.com%2Fod%2Fbuffersandmedia%2Fht%2FMake-Pbs-Buffer.htm&ei=obY6Uq5AiPLhBNGCgbAN&usg=AFQjCNHUiOHrcmvmCz8bDUmNMSphebJegw&bvm=bv.52288139,d.bGE�
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((NH4)2Fe(SO4)2·6H2O), 81.735 mg ferric sulphate (Fe2(SO4)3), and 47.414 mg of PVP dissolved in 100 mL 

of distilled water, were introduced in a two-necked flask. The solution was left for 30 minutes at room 

temperature, then heated to 80°C for 30 minutes. After cooling the product was separated by magnetic 

decantation. The precipitate was washed first with a solution of 2M NaCl, and then several times with double 

distilled H2O. The product was dried under vacuum. 

Cu shell 

The coating of magnetite with copper was performed by reduction of a salt of Cu(II) with ascorbic acid. 

173.42 mg of magnetite were dispersed in 100 mL of distilled H2O and this solution was transferred into a 

thermostated flask at 47°C, under mechanical stirring. Subsequently, 175.50 mg of ascorbic acid and 120.27 

mg of (Cu(NO3)2) dissolved in 10 mL of distilled water, then the NPs solution (Fe3O4@Cu= 1.5:1) were 

added. After 60 minutes and after cooling, several washings with distilled water were performed by magnetic 

decantation and the precipitate was separated. The procedure of coating was repeated a second time starting 

from nanoparticles of Fe3O4@Cu already in solution, but using a smaller amount of cupric nitrate (in a molar 

ratio 1:4 with the magnetite). The nanoparticles of Fe3O4@Cu were preserved in a solution of ascorbic acid 

(~30 mg in 100 mL distilled water) in a molar ratio 2:1 with copper. 

Au shell 

After washing the nanoparticles coated with copper and having separated the precipitate, the coating with 

gold was proceeded. The precipitate was dispersed in 25 mL of distilled water and sonicated for 15 minutes. 

Then 118.20 mg of tetrachloroauric acid (HAuCl4) were dissolved in 5 mL distilled water. In a thermostated 

flask (60°C) 25 mL of a saturated solution of sodium bicarbonate (NaHCO3) were set up, then the solution of 

nanoparticles and the solution of the acid tetrachloroauric. After 45 min the solution was dealt with cooling 

treatment, several washings with double-distilled water by magnetic decantation were performed and the 

precipitate was separated. The procedure of coating was repeated a second time starting from nanoparticles 

of Fe3O4@Cu@Au already in solution, but using a smaller amount of tetrachloroauric acid (50% of the 

amount used at the first step). For the second coating, it required the presence of a reducing agent such as 
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ascorbic acid, in a molar ratio 5:1 with the gold. After 90 minutes, the solution is cooled and several 

washings with ethanol by magnetic decantation were executed. The nanoparticles of Fe3O4@Cu@Au were 

dried under vacuum. The functionalization is the same as Fe@Au nanoparticles. But in this case we have 

functionalized the nanoparticles with an ester of the folic acid.  

Experiment with Human Sero Albumin (HSA)  

To link the protein to MNPs, 2 mg of HSA were dissolved in 2 mL of PBS buffer at pH 8.2, and added to a 

solution of 40 mL of PBS dispersing 20 mg of MNPs drop by drop. The reaction was kept for 2.5 hours 

under mechanical stirring and ice bath. Then the product was magnetically decanted and washed several 

times with PBS buffer and distilled H2O. The functionalized MNPs were dialyzed against double distilled 

H2O for 12 h using a dialysis membrane with a semi-permeable "Cutoff" of 14 KDa. 

Incubation of MNPs with CCRF-CEM cells 

To obtain an homogeneous sample of cells, we made a gradient centrifugation and then we suspended the 

cells in 4 mL of saline solution. A flask containing 7.5 mL of a culture medium were added 2 mL of cell 

suspension and 0.5 mL of a solution approximately 1 mg/mL of nanoparticles functionalized with folate. It 

was incubated at 37°C, 95% humidity and 5% CO2. After 18 hours (a cell cycle) the sample was observed 

and fixated for MFM. CCRF-CEM cells were fixed for MFM operation. The fixation process maintains, as 

far as possible, the structural characteristics of the sample for microscopy.  

The fixation process requires two solutions: a solution of 1.5% glutaraldehyde in PBS and a solution of 2% 

osmium tetroxide (OsO4) in PBS. Cells are dispersed in the first solution for 2-3 hours at 4°C and then 

washed 3 times for 5-10 minutes each time. Then the cells were introduced to the second solution, staying 

for 1-2 hours at room temperature. At the end the cells were washed and kept in solution for the preparation 

of AFM-MFM samples.  

5.3 Equipment 
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Experiments were performed using AFM apparatus (Solver, NT-MDT, Russia), the accuracy of the 

calibration of piezoelectric actuator in the z direction having been previously checked using calibration 

gratings (TGS1, NT-MDT, Russia). The AFM apparatus was equipped with two kind of magnetic tips, 

standard Si cantilevers with a 40 nm thick CoCr magnetic coating (MESP-RC, Bruker Inc.), with nominal kc 

equal to 5 N/m and first resonance frequency in the range 150−190 kHz wa s adopted for Fe3O4-APTES 

nanoparticles and leukocytes cellular system with Fe@Au nanoparticles. After the damaging of this kind of 

tip another one from the same producer was applied to detect Fe3O4@Cu@Au nanoparticles with 

CCRF-CEM cells, with nominal KC about 1 - 5 N/m and first resonance frequency in the range 60 − 100 

kHz, as reported by the producer (MESP, Bruker Inc.). The magnetic domains of the tip were vertically 

oriented by a magnet. In the first pass, topographic images were obtained in standard tapping mode. In the 

second pass, MFM phase images were obtained for different values of z with the tip oscillating at its first 

resonance frequency. Experiments were performed in open environment and ambient atmospherical 

conditions. The scan rate was 0.1–1Hz, depending on the scanned area, with a resolution of 256 pixels per 

line. MFM experiments were recorded by interleaving the topographic scan with lift mode, for MFM data 

analysis, the phase contrast was measured for magnetic nanoparticles using the section analysis feature of 

nanoscope software----NOVA. 

5.4  Magnetic Force Microscopy Characterizations 

5.4.1 Study of Magnetoferritin 

a  b  

Figure 5.3 AFM detection with magnetoferritin molecuels: (a) topographical reconstruction of magnetoferritin 
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molecules (3×3 µm2); (b) size histogram of magnetoferritin molecules (data extracted from the topographical image). 

The topography of an area with size 3×3 µm2 is reported in Figure 5.3a where magnetoferritin molecules (the 

circular features which appear brighter, i.e., which are higher, than the substrate) are clearly visible. To 

analyze their dimension, the height of different molecules (corresponding to the molecule diameter) observed 

on randomly selected areas have been measured, the obtained statistics being reported in Figure 5.3b from 

which the diameter of magnetoferritin molecules can be evaluated as 11 - 3 nm. It should be noted that the 

presence of residuals of 0.1M (NH4)2Fe(SO4)2·H2O solution on the substrate prevents one from more 

accurately evaluating the molecules height. As a result, the bare analysis of the molecules height obtained 

with standard AFM topographical reconstruction does not allow us to definitely distinguish between 

magnetoferritin and apoferritin, the diameters of which have been reported as high as 10 nm and 12 nm, 

respectively [252]. 

a  b  c  

d  e  f  

Figure 5.4 AFM topography image (a), standard phase image (b), and MFM phase image (c) of a selected area with 

certain magnetoferritin molecuels (2×2 µm2); corresponding further zoom-in area measured with AFM/MFM, reported 

as AFM topography image (d), standard phase image (e), and MFM phase image (f). 

An example of AFM/MFM characterization of magnetoferritin molecules on a selected area is reported in 

Figure 5.4, which has been performed by acquiring the topography (Figure 5.4a) and the standard phase 
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image (Figure 5.4b) during the first pass in tapping mode and the MFM phase image in the second pass 

(Figure 5.4c). A detail of the area (800×800 nm2), where four magnetoferritin molecules are visible, is 

reported in 5.4d (topography), 5.4e (standard phase image), and 5.4f (MFM phase image). The 

characterization of the same area has been repeated several times with different values of lift height ∆z in the 

range 15-100 nm. In particular, Figure 5.4a show the topography of an area with size 2×2 µm2 where 

magnetoferritin molecules are visible, the lateral dimensions of which appear wider than they really are due 

to the convolution effect with the tip shape. Indeed, from Figure 3a the curvature radius of the coated tip 

(namely, Rct where Rct = Rt + c being Rt the radius of the uncoated AFM tip and c the thickness of the 

magnetic coating) can be estimated in the range 110 - 280nm, significantly higher than that reported by the 

producer for a new tip. In order to confirm such values, scanning electron microscopy (SEM) coupled with 

energy dispersive X-ray (EDX) spectroscopy and mapping has been used to image the tips we used, 

revealing values of Rct as high as a few hundreds of nanometers. Simultaneously to the topographical 

reconstruction, the standard phase image is acquired which is reported in Figure 5.4b. Despite showing a 

relevant contrast in correspondence of the magnetoferritin molecules (about 10 deg), standard phase images 

do not allow one to definitely distinguish between the molecules and the substrate. Indeed, in tapping mode 

where cantilever oscillation amplitude is maintained constant by the AFM feedback loop, such a contrast 

reflects variations in the energy dissipation during a cycle of tapping [253-254]. Therefore, the contrast in 

Figure 5.4b may suggest the presence on the substrate around the molecules of residuals of apoferritin. 

Conversely, a clear contrast in correspondence of the magnetoferritin molecules is observed in the MFM 

phase image obtained with ∆z = 15 nm, which is reported in Figure 5.4c, which unambiguously demonstrates 

the presence of magnetic material in the core of the molecules. Therefore, MFM phase images confirm that 

synthetic process resulted in the production of magnetoferritin from apoferritin. 
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a  

b  

c  

Figure 5.5 MFM images of magnetoferritin molecules for Δz=15nm (a); histogram of MFM phase shift with Gaussian 

fit (b); experimental values of the magnetic phase shift for different values of the tip-molecule distance together with 

the corresponding theoretical fit using Eq. (5.2). 

In order to quantitatively analyze MFM measurements, for each magnetoferritin molecule the maximum 

value of the MFM phase shift was evaluated by selecting a small area in correspondence of the top of the 

molecule (as illustrated in Figure 5.5a, where the square corresponding to the selected area is actually 
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enlarged for the sake of clearness) and determining the mean value and the standard deviation of the MFM 

phase shift from the Gaussian fit of the obtained histogram, as exemplified in Figure 5.5b. Such a procedure 

has been repeated for each magnetoferritin molecule and for each value of lift height ∆z. For each 

magnetoferritin molecule, the MFM phase shift has been plotted as a function of ∆z , as illustrated in Figure 

5.5c. In accordance with a relatively well established approach [255-256], MFM phase shift data can be 

analyzed though the equation  
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where: µ0 is the vacuum magnetic permeability; kc and Qc are the spring constant and the quality factor of the 

cantilever, respectively; ms and mct are the magnetic moments of the nanoparticle and the coated tip, 

respectively; Δz + hts is the distance between the magnetic centers of the tip and the sample during the second 

pass. As an example, if both the sample and the tip can be modeled as spheres, hts = d/2+s+Rct+δ where d and 

s are the diameter of the magnetic core and the thickness of the nonmagnetic shell of magnetoferritin 

molecule, respectively, and δ is amplitude of the cantilever oscillation in the first pass [255]. As for mct, it 

can be approximated as mct = ctct MRR )(
3
4 33 −π , where Mc is the saturation magnetization of the magnetic 

coating of the tip [288]. For the sake of simplicity, Eq. (5.4) can be rewritten as 
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For each magnetoferritin molecule, experimental ∆φ versus ∆z data have been analyzed using Eq. (5.2), as 

exemplified in Figure 5.5 (solid line), thus obtaining the best fitting values of hts and A. As for the former, hts 

= 210 ± 15 nm is obtained, which is coherent with the values of Rct observed with blind reconstruction and 
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SEM analysis. As for the latter, A = (4 ± 1)×10-35m5deg is calculated. For comparison, an approximated 

theoretical value of A can be roughly calculated from Eq. (5.3) as follows. Qc/kc ≈ 100 can be assumed. 

Being mct ≈ 10-16 Am2 reported by the producer for a brand new tip (Rct = 35 nm and c = 25 nm are 

reasonable values), assuming the same value of c and the measured values of Rct, its actual value can be 

estimated as 100 × 10-16 Am2 is case of our tips. If the theoretical value for maghemite is assumed for ms 

[255], the approximated value of A ≈ 1 × 10 -35 m5deg is obtained, in good agreement with our experimental 

data. It is worth mentioning that, if the experimental values of ms observed for magnetoferritin are assumed 

[255], A ≈ 6 ×10 -37 m5deg is calculated which is significantly lower than the value we experimentally 

determined. Really, the main contribution to the uncertainty in MFM quantitative analysis results from that 

in the magnetic properties of the tip. Therefore, although in recent years MFM has been used to 

quantitatively study the magnetic properties of ferritin and nanometer sized MNPs [255-258], in order to 

definitely assess the magnetic properties of magnetoferritin and other molecules at the nanoscale the value of 

mct should be calibrated using a reference sample. Recently, an approach has been proposed in which such a 

calibration is performed for a fixed value of ∆z using MNPs with traceably determined magnetization 

dispersed on a Si surface as a MFM reference sample [260]. Following the approach illustrated in this work, 

using a suitable MFM reference sample to experimentally determine the parameters A and hts would result in 

the calibration of mct - relatively independently of the used values of lift height - and thus in the capability of 

MFM of quantitatively measuring the magnetic momentum of single MNPs with nanometrical lateral 

resolution. 

5.4.2 Analysis of Fe3O4-APTES Nanoparticles  
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a  b  

Figure 5.6 Topographical image of Fe3O4-APTES nanoparticles on Si substrate (a) and the corresponding phase shift 

image acquired at z = 100.5 nm (b). 

Figure 5.6a shows the topographical reconstruction of an area (5×5 μm 2) of such a sample where  

Fe3O4-APTES nanoparticles are clearly visible. Figure 5.6b reports the corresponding phase image acquired 

at ∆z = 100.5 nm. From the Figure 5.6, it is evident that the isolated particles produce a magnetic phase 

contrast (always negative). As discussed in chapter 2, the negative magnetic phase shift is due to attractive 

interaction between tip and particles. Indeed, the magnetic field produced by the probe in the vicinity of the 

individual particles induces their magnetization in the same direction of magnetization of the tip, and thus 

produces an attractive force between tip and sample. Therefore, MFM is demonstrated as a useful technique 

for the simultaneous imaging of the topography and magnetic properties of superparamagnetic nanoparticles.  

 

Figure 5.7  Size histogram of Fe3O4-APTES nanoparticles 
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To analyze the dimension of Fe3O4-APTES nanoparticles, the height of different nanoparticles 

(corresponding to the nanoparticle diameter) observed on randomly selected areas have been measured, the 

obtained statistics being reported in Figure 5.7. The diameter of Fe3O4-APTES nanoparticles can be 

evaluated as 22 ± 3 nm, smaller than 30 nm. The stray field at the tip is sufficient to induce a detectable 

magnetic signal of Fe3O4-APTES without extra magnetic field, which facilitates the analysis of 

Fe3O4-APTES nanoparticles in biological samples. This study shows that the magnetic properties of 

Fe3O4-APTES nanoparticles could be measured by MFM when they are applied in biological environment as 

magnetic labeling. The results obtained in this study have been included in a manuscript, which is presently in 

preparation.  

5.4.3 Study of Fe@Au Nanoparticles Incubated with Leukocytes 

In order to detect the cellular uptake of MNPs, leukocytes incubated with Fe@Au nanoparticles are 

investigated by MFM.  
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Figure 5.8 topographical image of empty cells (a) corresponding MFM phase shift image of empty cells (b) 

topographical reconstruction of an area featuring the cells incubated with Fe@Au nanoparticles (c) corresponding 

magnetic phase shift profile (30×30 μm 2), in which the MFM phase shift of the cellular system is evaluated (d) 

topographical reconstruction of the enlarged area (e) and corresponding magnetic phase shift profile (20×20 μm 2) (f) 

nanoparticles phase shift as a function of the diameter at fixed tip-sample distance Δz = 100.5 nm with a linear 

dependence between them (g).  

In Figure 5.8, not incubated cells and cells incubated with magnetic nanoparticles are detected with MFM. 
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The magnetic phase images are obtained with the lift height of ∆z=100 nm. As leukocytes are well known to 

possess an almost spherical shape [261-262], Figure 5.8a and b are bound to show residuals of cells 

destroyed during the preparations for AFM/MFM analysis. Anyway, the biological material not incubated 

with MNPs shows a small but detectable positive MFM phase contrast (about 0.2 deg), in analogy with what 

observed for empty niosomes in chapter 4. The source of such a positive contrast is not well understood, but 

it may indicate the presence of repulsive electrostatic force between the tip and cells. MFM characterization 

of leukocytes incubated with Fe@Au nanoparticles is presented in Figure 5.8c-f. Figure 5.8c shows the result 

of topographical reconstruction of an area featuring the cells, which reveals almost circular features that can 

be associated to residual of cells. The different shape of residual of leukocytes with and without 

nanoparticles is likely due to the massive "engulfment" of nanoparticles. This hypothesis is supported by the 

MFM phase image (Figure 5.8d), which reveals a large magnetic force gradient between tip and sample 

produced by the presence of large amounts of magnetic nanoparticles into the cells. A detail of the area is 

presented in Figure 5.8e and f (topography and MFM phase, respectively). It is worth observing that some 

magnetic nanoparticles not internalized in the cells are visible in Fig. 5.8c and d, four of which are indicated 

with letters from A to D as an example. The graph of MFM phase shift versus nanoparticles diameter at fixed 

lift height (Figure 5.8g) shows a pretty linear dependence. As already discussed in chapter 4, the reason of 

such a deviation from the model in Eq. (5.1) is not clear and further work has to be done to rationalize it. 

Nevertheless, this result is not an experimental artifact as demonstrated by the lack of relation between MFM 

phase and height in Figure 5.8e and f (as an example, five s are labeled with letters from a to e). This 

evidence demonstrates that the MFM phase signal in Figure 5.8d and f is produced by the presence of 

agglomerates of magnetic nanoparticles into the cells.  

5.3.4 Study of CCRF-CEM Cells Labeled with Fe3O4@Cu@Au Nanoparticles 

Morphology of the cell labeled with magnetic nanoparticles in Figure 5.9 resembles the microscopic images 

of CCRF-CEM cells modified with FITC-labeled PVA [263]. The ability of MFM to sense the presence of 

magnetic particles was investigated by lifting the cantilever up to 100.5 nm above the sample surface.  
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a  b  

c  d  

Figure 5.9 AFM topography and the corresponding MFM phase shift image of CCRF-CEM cellular system (a) 

topographical image of empty cells (20×20μm2); (b) corresponding MFM phase shift image of empty cells; (c) 

topographical reconstruction of an area featuring the cells surface modified with Fe3O4@Cu@Au nanoparticles 

(20×20μm2); (d) corresponding magnetic phase shift profile, in which the MFM phase shift of the cellular system is 

evaluated. 

Figure 5.9a shows a typical AFM image of an empty cell. In the corresponding MFM image reported in 

Figure 5.9b, the cell is associated to an almost negligible positive phase shift of about 0.2 deg, which could 

indicate the interaction between the tip and the vesicle slightly less attractive (or more repulsive) than that 

between the tip and the substrate. Analogous characterization has been performed on cells labeled with 

Fe3O4@Cu@Au nanoparticles. Figure 5.9c shows an area of the sample where two individual cells are 

visible. The corresponding MFM image (Figure 5.9d) of show negative values of phase shift as high as some 

degrees, such a contrast indicating the presence of a significant attractive interaction between tip and cells. It 

is worth noting that the MFM phase shifts produced by the Fe3O4@Cu@Au nanoparticles used in this 
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experiment is are significant lower than those observed in Figure 5.9d. 

a  b  

Figure 5.10 AFM/MFM characterization of Fe3O4@Cu@Au nanoparticles and agglomerates on a Si flat substrate: (a) 

topographical reconstruction of an area; (b) the corresponding MFM phase image. 
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Figure 5.11 Size histogram of Fe3O4@Cu@Au nanoparticles 

Figure 5.10 shows AFM/MFM characterization of Fe3O4@Cu@Au nanoparticles deposited on a Si flat 

substrate, the topography of an area with size 7×7μm 2 is reported where magnetic nanoparticles are clearly 

visible. To analyze their dimension, the height of different nanoparticles (corresponding to the nanoparticle 

diameter) observed on random selected area have been measured. The obtained statistics are reported in 

Figure 5.11 from which the diameter of nanoparticles and aggregates in any case is smaller than 150 nm. It 

has been reported that the size of superparamagnetic iron oxide nanoparticles could affect cell labeling 

efficiency [263]. In vitro research the dimension of cell labeling nanoparticles always need to be less than 

150 nm. The size of nanoparticles in our research is smaller than 150 nm, so that nanoparticles could be 
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efficient in the cell labeling. Size is also an important factor for superparamagnetic iron oxide nanoparticles 

in contrast-enhanced magnetic resonance imaging. This effect is size dependent and there is linear 

relationship between size and magnetic phase contrast values, which is demonstrated by the study of 

vesicular system in chapter 4. Moreover, the hydrodynamic size of nanoparticles plays a critical role in 

biological application for preventing the destabilization and aggregation of superparamagnetic iron oxide 

nanoparticles, and can vary widely depending on the type of coating and surface modification method. This 

work also contributes to further improvement of the surface modification in order to obtain higher 

superparamagnetism and stability to generate sufficient signal in magnetic resonance required by long term 

tracking and imaging.  
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Figure 5.12 (a) nanoparticles phase shift as a function of the diameter at fixed tip-sample distance Δz = 100.5 nm with a 

linear dependence between them; (b) profiles of dash line in Figure 5.9b and 5.9d extracted from the magnetic phase 

image together with the profile extracted from the corresponding topographic image. 

The MFM phase versus diameter relation deduced from Figure 5.10b is reported in Figure 5.12a. From the 

sections in Figure 5.9 the height of the detected cell is about 3.5 μm and the value of the magnetic phase shift 

is about 4 deg. Such a value of MFM signal, far higher than that obtained from a single nanoparticle, clearly 

indicates that the tip-sample interaction results from the magnetization of large agglomerates of 

nanoparticles. Due to their functionalization, the nanoparticles are attached to the cells surface. From Figure 
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5.9d, the cells surface is covered with nanoparticles. Assuming that the cell is covered by a 100 nm thick 

layer of nanoparticles, the measured values of MFM phase shift are compatible with the interaction of the tip 

with a "magnetized disk" on the cell surface. To magnetize such a large area of the sample, the tip radius 

should be bigger than expected. This occurrence has been actually verified with SEM analysis and blind 

reconstruction of the tip shape, both of which characterizations indicated a tip curvature radius as high as 

some hundreds of nanometers. Such a deviation of the tip geometry from the ideal one is the reason of the 

increased MFM contrast which nevertheless results in the reduction of spatial resolution. It is noteworthy 

that the analysis of cellular system, by comparing the height of cells and MFM profiles, can be used to 

demonstrate the presence of magnetic nanoparticles. Therefore, the use of MFM in addition to topography 

imaging offers an additional opportunity to distinguish specifically magnetically labeled cells. MFM 

detection is creating an opportunity for 3D mapping in the submembrane space, which is not possible with 

AFM alone. Detection of individual nanoparticles into cells still needs to be proceeded by further 

experiments, yet it still provides technical basis for future development of precise measurement at the 

physiological environment. It has been demonstrated that subnanometer-scale magnetic imaging is 

achievable with the use of an atomically sharp magnetic tip [264-265]. Therefore, one can expect that the use 

of smaller magnetic nanoparticles and a sharper MFM probe in future studies will significantly improve the 

lateral resolution of this method.  

5.5 Conclusion 

In this study, MFM is applied to biological systems in air to demonstrate its potential capability to study their 

interactions with magnetic nanoparticles. After detecting the functionalized Fe3O4 nanoparticles with APTES 

using MFM, cellular uptake behavior of Fe@Au core-shell structured magnetic nanoparticles by leukocytes 

and CCRF-CEM cells labeled with multishell Fe3O4@Cu@Au nanoparticles were investigated. Much 

smaller biological system-magnetoferritin molecules are detected with MFM too. These observations 

provided a direct evidence for the interaction of magnetic nanoparticles with biological samples, both 

qualitatively and quantitatively. In summary, the work in this chapter demonstrates that AFM/MFM has the 
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potential for the studies of biological samples in vitro and in vivo research with magnetic nanoparticles, 

especially in the diagnostic and therapeutic applications. 
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Conclusion & Outlook 

In biology and biomedicine, MFM is a relatively new technique for imaging magnetization patterns with 

high resolution and minimal sample preparation. The technique is an offspring of AFM and employs a sharp 

magnetic tip attached to a flexible cantilever. The tip is placed close to the sample surface (from some 

nanometers to a few micrometers) and interacts with the stray field emanating from the sample. Although a 

lot of effort has been done in order to get quantitative information, MFM is still predominantly a qualitative 

characterization technique. Magnetic force microscopy is most effectively utilized to detect and localize 

magnetic nanoparticles in air as well as in liquids especially in physiological environment. Even though 

many works have been reported which addressed the study MFM to analyze magnetic nanoparticles on 

substrates, its use for biological application is still not deeply explored. In this framework, the present work 

of thesis indicated the potential capabilities of MFM in qualitatively and quantitatively spatially localizing 

and characterizing nanoscale magnetic structures in biological samples.  

The first results presented in this thesis demonstrated a novel MFM based approach for the accurate 

measurements of the thickness of soft thin films deposited on periodically patterned magnetic substrates. 

Then, quantification of MNPs into vesicular systems is performed for the first time using an AFM/MFM 

based technique in ambient environment. Our MFM based approach is a promising technique which will be 

improved in the future to obtain more accurate measurements and extended to the direct observation in 

liquids. Finally, detection of biological samples labeled with a variety of magnetic nanoparticles by MFM is 

presented. The study of magnetoferritin not only confirm that synthetic process resulted in the production of 

magnetoferritin from apoferritin using MFM phase images, but also indicate a potential improvement to 

quantitatively measure the magnetic momentum of single MNPs with nanometrical lateral resolution. 

Cellular systems (leukocytes and CCRF-CEM cells) labeled with core-shell magnetic nanoparticles were 

studied. Although these studies are still somehow at a preliminary stage, the capability of observing and 

quantifying magnetic nanoparticles in biological samples will provide useful information for better design of 

imaging techniques, diagnostic and therapeutic methods, especially for applications using magnetic 
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properties of nanomaterials, such as magnetic resonance imaging (MRI), hyperthermia, and magnetic field 

directed drug delivery. Also, MFM has the potential for mapping magnetic nanoparticles in the 

submembrane space with high lateral resolution. The deeper investigation of MFM, the development of more 

realistic models for the quantitative data analysis and the extension of these methodologies in liquid 

environment are expected to have a great potential for cell studies and for further applications of MFM in 

biological sciences.
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Publications 

 

A.1  Thickness measurement of soft thin films on periodically patterned 
magnetic substrates by phase difference magnetic force microscopy 
(Ultramicroscopy136(2014)96–106)  

In this work we demonstrated an MFM-based technique that allows one to accurately measure the thickness 

of soft films deposited on periodically patterned magnetic substrates. The thickness is deduced comparing 

the phase contrast in magnetic phase images acquired on sample surface to those obtained on the substrate 

for different values of the tip-substrate distance. The use of the contrast in the magnetic phase images is 

shown to allow one to perform accurate quantitative measurements even when the absolute values of the 

phase do not show a clear dependence on the tip-sample distance. The accuracy of the technique depends on 

the spatial period and the uniformity of the magnetic domains so that samples with thickness ranging from 

(realistically, tens of) nanometers to about 50 microns can be characterized provided that suitable substrates 

are employed. 

A.2  Visualization and quantification of magnetic nanoparticles into vesicular 
systems by combined atomic and magnetic force microscopy (in preparation)  

It is demonstrated that using of a novel technique based on the combination of AFM and MFM imaging that 

allowed us to quantitatively evaluate the amount of MNPs incorporated in single niosomes. Our approach 

does not require any complex preparation of the sample to be investigated. Although the number of reported 

measurements does not allow us to perform any statistical evaluation, we observed a not uniform 

incorporation of MNPs into niosome that resulted in the simultaneous presence of vesicles either empty or 

incorporating a significant amount of MNPs. Overall, this is the first work where a quantification of MNPs 

into single vesicular systems is performed using an AFM/MFM based technique. Such promising technique 

will be improved in the future to obtain more accurate measurements and extended to the direct observation 

in liquid. 
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A.3  Magnetic force microscopy for biological samples--quantitative issues (in 
preparation) 

MFM is applied to biological systems in air to demonstrate its potential capability to study their interactions 

with magnetic nanoparticles. After detecting the functionalized Fe3O4 nanoparticles with APTES using MFM, 

cellular uptake behavior of Fe@Au core-shell structured magnetic nanoparticles by leukocytes and 

CCRF-CEM cells labeled with multishell Fe3O4@Cu@Au nanoparticles were investigated. Much smaller 

biological system-magnetoferritin molecules are detected with MFM too. These observations provided a 

direct evidence for the interaction of magnetic nanoparticles with biological samples, both qualitatively and 

quantitatively. In summary, the work in this chapter demonstrates that AFM/MFM has the potential for the 

studies of biological samples in vitro and in vivo research with magnetic nanoparticles, especially in the 

diagnostic and therapeutic applications.  

A.4  Other works still going on  

A.4.1 Quantitative characterization of the magnetic properties of individual magnetic 

nanoparticles 

Depending on the work of chapter 3 to investigate the thickness of thin film with PD-MFM, we foresee that 

PD-MFM could be used to measure χm of single superparamagnetic nanoparticles deposited on periodically 

patterned magnetic substrates as far as χm is large enough the contribution of the magnetic properties of the 

particle is detectable with PD-MFM. Since PD-MFM relies on the measurement of the difference between 

maxima and minima of the MFM phase signal, it needs to search for two similar nanoparticles on the 

magnetic phase stripe of one maximum and one minimum, respectively. Then, MFM images should be 

collected at different values of lift height and the calibration curves of phase shift versus tip-sample distance 

should be obtained. At first, the Δφ(Δz) curve collected on the area free from the nanoparticles can be fitted 

using Eq. (3.7) with h=0 to determine Ad and ξ0. Then, after measuring the nanoparticles height from 

topographical reconstruction, the Δφ(Δz) curve of the magnetic nanoparticles can be fitted using the model 

described in Appendix B to obtain χm. Additional to the possibility to investigate the magnetic properties of 
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single particles, a significant advantage of PD-MFM compared with simple MFM for the measurement of χm 

of nanoparticles is that the character of the tip is not required. This proposing experiment will be performed 

in the next work.  

A.4.2 Further investigation of cellular system labeled with magnetic nanoparticles 

As the work has been shown in chapter 5, the human leukocytes cells labeled with double shell iron oxide 

nanoparticles will be investigated again depending on the successful sample preparation, since the magnetic 

recognition has been revealed with MFM characterization. Meanwhile, human red blood cells (RBCs) of 

different group (B and O) incubated with magnetic nanoparticles will be performed. Up to now, the detection 

of group O red blood cells has been carried out. From the images presented below, the topography of two 

individual red blood cells definitely confirms that the measures of red blood cells measured with the AFM 

are in correspondence to that reported in the literature. Red blood cells are known for their characteristic 

shape of a biconcave disc that has a thickness of 0.8 µm and 1.9 µm in the center to the periphery. The 

dimensions are quite variable: on average are around 7.5 µm in diameter, but can be up to 9 µm (becoming 

macrocytes) and 6 µm (microcytic). Corresponding magnetic image does not show significant magnetic 

response, which indicates that the weak magnetic interaction between the O type of RBCs and the 

functionalized magnetic nanoparticles with ligand, in other words, this ligand cannot used as the cell surface 

receptor of RBCs. The B type of RBCs will be investigated in the further experiments. 

  

A.4.3 Characterization of core-shell magnetic nanoparticles labeled with fluorescence 

The detection of magnetic nanoparticles coated with TEXAS RED (TR) was performed with MFM. The 
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images have been shown in the first row. Fe3O4+TR nanoparticles with very small diameter about 5 

nanometers are present, corresponding magnetic phase contrast is clearly visible. Conversely, images of 

Fe+TR nanoparticles functionalized with SUR by MFM have been shown in second row, even though bigger 

size nanoparicles appear in the topography, no visible magnetic contrast is detected from the coppresponding 

magnetic image. The results need to be verified by fluorescent microscopy to reveal the surface ligand effect 

of SUR. As well Fe3O4+TR+SUR and Fe+TR have the need to be characterized with MFM as a comparison. 

This study will contribute to further improvement of the surface modification in membrane filtration in order 

to obtain higher superparamagnetism and stability to generate sufficient signal in magnetic resonance 

required by long term tracking and imaging. 
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Appendix 

Appendix A. Correction due to the magnetic field produced by a 

paramagnetic/diamagnetic infinitely extended film  

Consider a periodically magnetized floppy disk, which is modeled as an infinite slab parallel to the xy plane of 

thickness b. We consider, in addition, a diamagnetic film of thickness c lying on top of the floppy. 

A.1. Magnetic field generated by the floppy disk  

Assuming that only first harmonics significantly contribute to the Fourier series of the floppy magnetization, the 

magnetic field above the disk can be calculated as B0(r)=Boy(r)ŷ+Boz(r)ẑ with  

Boy(y,z) = -B1e-kzcos(ky+ δ1) 

Boz(y,z) = B1e-kzsin(ky+ δ 1)                                                                     (A.1) 

where k=2π/λ is the wave number associated with the magnetization spatial period λ, δ1 is a phase shift, and the explicit 

expression for B1 can be found in Ref. [160]. Here, we have taken the origin of the z-axis at the boundary between the 

floppy and the film.  

A.2. Magnetization of the film 

We assume that, anywhere within the film, the film magnetization vector M will align to the external field B0 (that is the 

one solely due to the floppy). In other words, we assume that the magnetization of the floppy disk, hence the 

corresponding field B0, is the same as in the absence of the film. Thereby M(x, z)=γB0(x, z) for any r=(x, y, z) such that 

0 ≤ z ≤ c, where we have set γ = χm/μ with χm(μ) being the magnetic susceptibility (permeability) of the film material. 

Hence, this and Eq. (A.1) trivially give 

My(y,z) = - γ B1e-kzcos(ky+ δ1) 

Mz(y,z) = γ B1e-kzsin(ky+ δ1)                                                                 (A.2) 
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where we recall that 0 ≤ z ≤ c (otherwise M vanishes). 

A.3. Scalar magnetic potential due to the film  

The scalar magnetic potential generated by a magnetic medium is in general given by [160]  
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where the first (second) integral is over the volume occupied by the magnetic medium (the external surface) and r′, as 

usual, is a generic  of the magnetic source. Using Eq. (A.2), it is straight forward to check that ∇′⋅M(r′) = 0 identically, 

hence the first integral vanishes and we are left with the surface integral only. The external surface of the film is clearly 

the union of the planes π1 and π2 defined by z′ = 0 and z′ = c, respectively. The corresponding unit vectors are n̂ 1 = ẑ 

and n̂ 2 = ẑ, which thus yield M(r')⋅ n̂ 1 = - Mz(y′, 0) and M(r′) ⋅ n̂ 2 = Mz(y′, c). We are interested in calculating the 

potential due to the film ψf(r) on a  P having coordinates (0,0, z). Using this, the distance of P from plane π1(π2) reads 
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we thus need to compute the double integral 
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where z ≥ z0 . Setting δ1=π/2 (which ensures that the  P lies above the maximum of Mz) the integral over y′ is easily 

computed in terms of a modified Bessel function as 
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where K0 is the 0th-order modified Bessel function of the second kind. The remaining integral over x′ can be computed 

using Eq. (6.596-3)in Ref. [169] 
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In our case: μ=-0.5, ν=0 and we end up with the simple formula 
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This together with Eqs. (A.4) and (A.5) yields the magnetic potential as  

[ ] 0)()0(
4

)( 10 =+−=Ψ − cIeIBz kc
f π

γµ
                                                        (A.9) 

Hence, the contribution to the magnetic field due to the film vanishes on P.  
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Appendix B. Correction due to the magnetic field produced by a 

paramagnetic/diamagnetic sphere  

Consider a periodically magnetized floppy disk, which is modeled as an infinite slab parallel to the xy plane of 

thickness b. We consider, in addition, a diamagnetic sphere of radius R lying on top of the floppy with the center placed 

in correspondence of a maximum of the component along z of the magnetic field generated by the floppy. For the 

calculation, it is useful to define a Cartesian reference frame whose origin is at the center of the sphere. By hypothesis, 

the sphere radius is far shorter than the floppy magnetization spatial period(this complies with the typical scales in our 

experiment).  

B.1.Magnetic field generated by the floppy disk 

Assuming that only first harmonics significantly contribute to the Fourier series of the floppy magnetization, the 

magnetic field above the disk can be calculated as B0(r)=Boy(r)ŷ+Boz(r)ẑ with  

Boy(y, z) = -B'1e-kz cos(ky+ δ1) 

Boz(y, z) = B'1e-kz sin(ky+ δ 1)                                                                   (B.1) 

where k=2π/λ is the wave number associated with the magnetization spatial period λ, δ1 is a phase shift, and B'1=B1e-kR 

the explicit expression for B1 can be found in Ref. [160].  

B.2. Magnetization of the sphere  

We assume that, anywhere within the sphere, the sphere magnetization vector M will align to the floppy-disk field B0 

(that is the one solely due to the floppy). In other words, we assume that the magnetization of the floppy disk, hence the 

corresponding field B0, is the same as in the absence of the diamagnetic sphere. Thereby 

 M(x, z) = γB0(x, z)                                                                           (B.2) 

for any r=(x, y, z) such that x2+y2+z2≤R2, where we have set γ=χm/μ with χm(μ) being the magnetic susceptibility 

(permeability) of the sphere material. Hence, this and Eq.(B.1) trivially give  
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My(y,z) = - γ B1e-kzcos(ky+ δ 1) 

Mz(y,z) = γ B1e-kzsin(ky+ δ 1)                                                                    (B.3) 

however, using now that R/λ<<1 and observing that λ is the characteristic length entering both e-kz and the sinusoidal 

functions, My and Mz are well approximated by the respective Taylor expansions up to second order in y and z. This 

together with δ1 = π/2, which ensures that the sphere is centered on the maximum value of Mz according to Eq. (B.3), 

yields  

My(y, z) ≈γB'1ky(1-kz) 

Mz(y, z) ≈ γB'1(2-k2y2)[kz(kz-2)+2]/4                                                             (B.4) 

We will use these approximated expressions to evaluate the surface integral in the next section.  

B.3. Scalar magnetic potential due to the sphere 

 In the light of Eq. (A.3), just like the case tackled in A.1, the volume integral vanishes due to ∇′ ⋅ M(r′) = 0 and we are 

left with surface integral only[second term in Eq. (A.3)]. To compute this, it is convenient to refer to spherical 

coordinates in such a way that a generic  on the surface of the sphere has coordinates 

x' =Rsinθ cosφ, y' = R sinθ sinφ, z' = R cosθ                                                        (B.5) 

where 0 ≤ θ ≤π and 0 ≤ φ ≤2π while the unit vector normal to the surface clearly reads  

n̂ = n̂ (θ, φ) = (sinθ cosφ, sinθ sinφ, cosθ)                                                       (B.6) 

We are interested in calculating the potential ψs(r) on a  P lying above the sphere along its symmetry axis, i.e., having 

coordinates r=(0, 0, z) with z≥R. It is easily checked then that for a given  r′↔(θ, ϕ) on the spherical surface, the 

distance of this from P is given by 

22 )cos()sin(' θθ RzRrr −+=−
                                                    (B.7) 

Using all the above along with d2r′ = R2 sin θ dθ dϕ, the second term in Eq. (A.3) in our case reads 
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Replacing now the approximated expressions for My and Mz [see Eq. (B.4)], the double integral can be calculated 

exactly and we thus end up with 

5

32242422463
3

01 630
21012645)2134(')(

z
zzkRzRkzRzRRkRBzS

+−+++−
≈Ψ µγ                   (B.9) 

where we have neglected terms proportional to (kR)n with n>2.  

B.4. Magnetic-field deviation due to the sphere  

Since Bsz(z)=-∂ψs(z)/∂z, we therefore conclude 
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where φs, as is known, quantifies the measured MFM signal due to the sphere. To estimate the correction to the overall 

magnetic field due to the sphere, we have to compare φs with φ0 ∝ d2B0z/dz2=k2B0z(0, z) [Eq. (B.1)]. The absolute value 

of the ratio thus reads 
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where μr = μ/μ0 is the relative permeability of the medium. In a paradigmatic situation(R=100nm, λ = 2π/k = 1 μm, μr = 

μrwater=0.999992) we see that the ratio monotonically decreases with z. In the worst case, namely 

the(unrealistic)circumstance where Δz = 0 (top of the sphere), it thus turns out that the relative correction to the overall 

MFM signal due to the sphere is  about 1.4×10-4. This witnesses that such a correction can be taken as negligible for 

all practical purpose. 
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Appendix C  

During the measurement of MFM unexpected results caused by scanning effects were discovered. Different scanning 

direction of MFM performance and the damage of the apex of tip will result in distinguish images. 

A Effect of scanning direction of MFM 

a  b  

c  d  

Effects of imaging at different scan direction, a) and b) is the horizontal scanning image for topography and magnetic 

phase, respectively; c) and d) is the vertical scanning image for topographical reconstruction and magnetic phase 

imaging, respectively.  

Figure above shows the images with stripe appearance of different scan direction. Figure a-b are the images at 

horizontal scanning direction from bottom to top for topographical reconstruction and magnetic phase imaging, 

respectively; conversely, Figure c-d are the images at vertical scanning direction from left to right. In these images, 

when the scanning direction is horizontal, there appears some strips followed the cells during the scanning, while this 
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phenomenon disappeared during vertical scanning. Previous study shows that stripe noise could occur using tapping 

mode of atomic force microscopy [266]. These stripes change subjectively to a variety of factors, such as sample 

preparation conditions and the constituents on the substrate. In particular, sharp and irregular boundaries or 

protuberances in the object distribution usually produce stripes across the image. Noise reduction from striped images 

by frequency-based algorithm simulation method for removing stripe noises mainly in atomic force microscopy images 

was reported [267], enhancing more precise features in the topographic measurements. As well we have to make more 

efforts to construct magnetic figures for MFM. Meanwhile, it has been discovered that the edge effect of the cells 

appears in the magnetic phase images while scanning. The magnetic phase images show certain edge effects at the very 

border of cells during scanning, which is very similar as the effects of MFM scanning in Figure 5.8. The evolution of 

magnetic contrast between the empty cells and the non-magnetic substrate is well visible in Figure 5.8. Specifically, the 

inner area of the cells becomes darker, while the border brighter. The bright border indicates an evidence of the 

inversion of the stray-field flux lines in proximity of the border of the cells, which is similar with the study of Shen et al 

in 2009 [248]. The edge effect usually appears during the technique proceeding, which leads to the presence of domains 

at the edge of cells and provides a reverse domain from which to switch easily the magnetization of the rest of cells. 

Theoretically, any abrupt increase of the force between samples and the tip would make a dramatic change in the tip 

vibration, thus the noise cannot stay constant during the scanning; moreover these noise errors cannot be averaged off. 

However, no matter what the scanning direction is, the correct topographical and phase contrast data can be collected.  

B Artifact of the tip 

During the study in chapter 5, magnetic tip often encounters artifacts due to damage to the apex of the tip, which 

implies the presence of all specimen with the same morphology in the images.  
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Sample image of topography affected by an artifact due to the damage of the tip apex. 

Figure above shows sample image of topography affected by an artifact due to the damage of the tip apex. Similar 

problem happens in Figure 5.3. This shows that the tip becomes worn or if debris attaches itself to the end of the tip. 

What is really being imaged is the worn sharp of the tip or the shape of the debris, not the morphology of the surface 

features. 

The structures that appear as the same shape of particles are generally in the same image or images realized in a short 

time, having very similar conformations from each other. This type of artifact could be attributed to: a) damage to the 

tip, as shown below; b) accession on the tip, probably due to magnetic effect of small particles (and, given the 

"globular" structures observed, this seems to be the most plausible hypothesis). To support this hypothesis, however, we 

should make more additional measurements.  
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Scanning electron microscopy images of a destroyed magnetic tip  

The tip with a bad configure situation during the measurements is shown in the figure above, with the tip not figured 

well for detecting nanoscale samples. The radius of the tip is supposed to be no more than 50nm, but here according to 

SEM results, this value has reached 937.5 nm, which exceeds the standard parameter largely, and will directly lead to 

dissatisfied results. This indicates the resolution achieved with MFM is partially determined by the effective probe size, 

as its geometry and composition play a critical role in generating MFM images of samples. Tip-imaging artifacts or 

convolution may occur if the scanning tip is less sharp than the profile of the object at that . When the scanning tip is 

sharper than the feature on the sample, the true profile of the feature could be obtained. However, the use of very sharp 

tips would more likely results in cell damage.
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