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Abstract

In this thesis, several types of nanocomposites have been developed. Starting from
mesoporous zirconia nanoparticle (MZN) and its functionalization, and using it as common
denominator, different systems for theranostic and orthopaedic applications have been
produced. MZN has been functionalized with phospho-derivates to avoid organosilanes,
usually employed in modification of several types of nanoparticles.

To obtain a theranostic system, a nanocomposite of zirconia and cobalt ferrites, obtained
by wet impregnation and thermal treatments, has been linked, through bis-phosphonic
acids with tio-ending group, to gold nanoparticles to obtain a system which is potentially
able to perform magnetic and plasmonic hyperthermia, SERS and medical imaging. A deep
study on physical-chemical properties of this composite was performed, varying
guantities of cobalt ferrites introduced, doping only with iron, and modifying the surface
with different phosphonic acids. Trials to obtain a porous structure with good magnetic
properties for theranostic applications have been done: first the procedure of wet
impregnation and thermal treatments has been modified with lower temperature, after
results obtained with MCX line at Elettra Synchrotron of Trieste, then single-domain
magnetic seeds used as nuclei for the synthesis of mesoporous zirconia nanoparticles
have been made. Further improvement of the magnetic system was investigated by
synthetizing bi-magnetic core-shell structures, doping cobalt ferrites with zinc and nickel,
and trying to obtain dielectric shell made of zirconia on core nanoparticles to further
improve the possibility of embedding in MZN.

Moreover, starting from evidences of layer organization of modified MZN on different
surfaces, a systematic study has been performed. Several solvents and surfaces have been
tested with drop casting and dip coating protocols. Then, to improve the linking, a
covalent bond, employing EDC/S-NHS carbamide bonds, has been obtained on modified
titanium in different ways. Tests on biofilms growth have been conducted on the best
surface. To improve the system for orthopaedic applications, silver nanoparticles have
been synthetized inside pores channels of MZN (MZN@Ag), to obtain long and short time
drug delivery. Several protocols have been tried to have silver only inside pores or strictly
linked to MZN. Tests on the activity of silver modified zirconia have been performed on E.
coli.

Then, preliminary tests of linking of nanoparticles with biological molecules, such as
antibodies, have been performed in order to evaluate if it was possible to work only with
phosphonates instead of organosilanes as functionalizing moieties.

These results represent the necessary preliminary study for the applications of several
nanocomposites to biomedical field, and need further investigation for practical uses in
daily treatments. Indeed, the application of these systems to cancer or orthopaedics
patients needs more and more studies due to the complexity of human body and diseases
and this thesis could represents a good starting point for the study for practical
applications.
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1. INTRODUCTION



Motivation and brief state of the art:

Nanomaterials gained increasing interest during these years, due to their wide feasibility
in different fields. Particularly, for biomedical applications they obtain higher
consideration thanks to the large contribution to personalized therapy, early detection of
diseases and point of care devices [1-5]. As a matter of fact, these strategies for improving
patients therapy need complex structures to reach different response in one time but
need also the easiest and the faster way of application for the worker. The coupling of
different materials in one nanocomposite could enlarge the applicability of the system
and bring into being a theranostic system, which means the combination of a therapeutic
part with a diagnostic one, in a single object.

During this work, several nanostructures have been developed for many biomedical
applications. Zirconia was chosen as common denominator for all the made systems due
to its high biocompatibility, stability and easy way of synthesis, and investigated as valid
alternative to systems made by silica [6-8]. Indeed, silica nanoparticles are the common
particles used for nanomedicine to couple, cover, convey and stabilize other interesting,
but potentially toxic, materials. This widely application comes also from the easy way of
surface modifications of these systems by commercially available organosilane, allowing
subsequent modifications [7-11]. Zirconia particles are relatively new and poorly studied,
for example compared to silica particles, although this oxide is already widely used in
medical applications [6, 12-16]. On the other hand, a system which exploits different
properties from silica is needed, to completely cover the applicability of mesoporous
nanoparticles, particularly in biomedical field. However, due to the lack of studies on this
kind of systems, zirconia is usually coupled to silica [16-18], employing the widely available
organosilane for functionalizations. Thus, we focus our study on MZNs, obtaining
theranostic, biosensing and orthopaedic devices, totally avoiding the employment of silica
or organosilanes, and deeply studied both for functionalizations and structural
modifications.

Brief explanation of the work:

In our study we explored the coupling of zirconia with other different phases such as
magnetic oxides, gold or silver particles, both loading the porosity of the MZN,
synthetizing magnetic core-shell nanostructures or linking nanoparticles to the surface.
Moreover, different ways of surface functionalization have been investigated, to avoid the
use of organosilanes.

First of all, a magnetic phase has been introduced in pores of MZNs, making a magnetic
nanocomposite, which has been modified superficially. Coupling with other materials,
gold nanoparticles in particular, has been performed, in order to obtain a theranostic
system which could exploit both magnetic and plasmonic properties. In this way, a
nanotool which is potentially able to perform magnetic and plasmonic hyperthermia and
act also as biosensor, employing Surface Enhancement Raman Spectroscopy (SERS) and
magnetic sorting, has been produced. Then improvement of the system has been tried:
tests for maintain porosity of MZN, modifying the previously employed protocol with
lower thermal treatment, and for the synthesis of CoFe,0s@MZN, without thermal



treatment, have been performed. Later, improvements of magnetic properties of feasible
magnetic seeds for the synthesis of zirconia have been studied, using a thermal
decomposition method to produce single-domain bi-magnetic core-shell nanoparticles, in
collaboration with Davide Peddis at CNR-ISM in Roma and Gurvinder Singh at NTNU of
Trondheim.

In parallel, after evidences on the spontaneous affinity of modified MZNs with several
surfaces, modifications of bulky surfaces for orthopaedical applications have been
investigated. Moreover, to improve the construction, silver nanoparticles have been
synthetized inside pores of zirconia, to obtain antimicrobial activity and to maintain
residual porosity for the loading of other molecules.

At the end, few tests for the linking of antibodies to nanoparticles, avoiding the use of
organosilane molecules have been conducted to understand if an improvement of the
system with biological moieties should be obtained.

Outline of the organization of the manuscript:
After a brief introduction of the topics, methods and discussion are divided in main groups
related also on the possible application:

e Synthesis and surface modification of MZNs to improve their applications.
e Theranostic applications
o Modifications of MZNs with magnetic phase, via wet impregnation.
o Modifications of the system to obtain theranostic nanoparticles or
biosensors.
o Obtaining a porous structure coupling CoFe204 with MZNs.
o Synthesis of core-shell structure of different spinel ferrites.
e Orthopaedic applications
o Modification of bulk surfaces.
o Modification of MZNs with silver.
o Preliminary biological tests.
e Preliminary tests of coupling with antibodies.

The conclusions and future perspective will follow these sections.

As one can deduct from this outline, the aim of the thesis is to develop a nanotool that
should be able to improve patients cure both in orthopaedic and in oncological
applications as biosensor or for theranostic or drug delivery. As a matter of fact, this work
is the preliminary study of the synthesis and of the physico-chemical properties of such
systems, that needs further investigation for a practical application.

1.1. Nanomaterials in Medicine

Nanomaterial is a system with at least one dimension in the range of nanometres, which
exploits different properties in opposition to its bulk counterpart, making it suitable for
various applications.



Particularly, several types of nanomaterials could be used in medicine, both organic and
inorganic ones, taking advantage of their different properties. They could be made of
polymers, surfactants, metals or metal oxides. Polymeric nanoparticles are mostly used as
drug delivery systems, thanks to their biocompatibility, as micelles and liposomes [5, 19].
Inorganic nanoparticles, instead, are more used as theranostic systems, thanks to their
ability to load/be imaging probes or load/bind drugs or recognition moieties, as proteins
or nucleic acids [20-23].

Widely used are mesoporous silica nanoparticles (MSN), thanks to their easy way of
synthesis and surface modifications, high surface area and high biocompatibility [8, 10,
20, 23-24]. Moreover, MSNs are usually used to increase biocompatibility of other
nanoparticles, as magnetic nanoparticles, and to couple properties between different
materials [10, 25-26]. The same applications of silica nanoparticles have also other
mesoporous materials, such as TiO; [27] or ZrO; [6] nanoparticles.

Magnetic nanoparticles (MNP), mostly made of metals oxides, are another system
commonly used in biomedicine. MNPs, due to their physico-chemical properties, are
applied in many fields. Theranostic systems could be created, especially for easy
localization in the body with magnetic resonance imaging (MRI) and hyperthermia
capability. Also, detection devices could be made with MNPs, using their magnetic
properties as signal or to concentrate analytes [21, 28-33].

Gold nanostructures are one more object that is commonly used in biomedicine. Small
dimensions and particular shapes give them characteristic properties that are exploited in
theranostic and sensing [2, 34-35].

Quantum Dots, Carbon Dots or Nanotubes are other systems widely used in medicine.
Their very small size (typically of only a few nanometres), their optical properties and
surface chemistry make them suitable for multimodal imaging and drug delivery [36].

Moreover, nanoparticles made by other material are used for tissue engineering, such as
hydroxyapatite (HA) that is fully used to increase mesenchymal cells growth and delivery
drugs [37-38]. Furthermore, it has been seen that ceramic nanostructures in bone scaffold
could promote adhesion of osteoblast cells and prevent bacterial contamination [39-40].

1.1.1. Theranostic applications

Theranostic is an emerging way to treat disease in which therapy and diagnosis are
matched, improving efficacy and timing of curing. Indeed, being able to see and treat
sickness conditions in the faster way as possible, should be more effective than in normal
ways of treatments. Moreover, it’s strictly related to nanoscience due to the capability of
nanostructure to bind different materials with diverse applications. Usually, indeed, is not
possible to achieve various characteristics with only one substance, because each one has
a specific ability in a determine field, for instance imaging or therapy. An imaging probe is
needed to be coupled to a drug to follow the release of it and to see the behaviour of the
disease to the treatment. Common imaging probe are magnetic nanoparticles or
paramagnetic ions for MRI, fluorescent dyes, noble metals nanoparticles for computed
tomography (CT) or photoacoustic imaging (PAIl). These systems are then coupled to a



drug using different ways, which could be physical adsorption or direct bond (covalent,
ionic or H-bond). These materials, unfortunately, are usually toxic, they suffer from
leaching from the body and they have low bioavailability due to their surface properties
or hydrophobic characters. On the other hand, it is not easy to directly couple materials
suitable for imaging or drug delivery and such systems could increase toxicity and
decrease inert properties in fluids. So, a coupling material is usually needed to obtain a
whole theranostic system. Nowadays, the most used system to couple various materials
to obtain a multimodal structure is silica (SiO2), which is incline to bind or host other
molecules or materials and this is a perfect linker between inorganic and organic worlds.
The easy way of synthesis of different types of nanostructure increases the interest on
this material. Indeed, the shape of silica nanoparticles could highly vary, like mesoporous
(MSN), hollow, rods or act as a full core. Moreover, it is highly biocompatible and could
prevent the toxicity and the elimination of other materials from the body, thanks to the
easy way of surface functionalizations, increasing also the stability of the system [7, 9]. On
the other hand, many drugs need a vehicle to increase their efficacy and decrease side
effects. With these considerations, one can see the necessity of a system that could couple
all these tools and be as safe as possible. Moreover, it can be seen how mesoporous
materials could be a good linking agent that can be doped with imaging components (or
linked to them) and load drugs, thanks to high surface area. A lot of example can be given
for the magnetic core system, coupled with a mesoporous silica shell and linked to
proteins, polymers or other nanoparticles to achieve theranostic goal [7, 9-10, 20, 23-25,
41-45]. Other mesoporous and/or inert materials can be used as linking agent, such as
titania or zirconia, due to the same easy way of synthesis of silica. These other substances
are more inert and resistant to corrosive or external agents than the silica ones and can
be used as a complementary system to cover also the part of application that silica can’t
reach. Moreover, they can be used as active material in the treatment due to their
physico-chemical properties [6, 46-49]. Another system that could be used to couple
different moieties are polymers, thanks to their good biocompatibility and easy way of
synthesis [50] but unfortunately, the difficulties in reproducibility avoid a larger use in this
field.

Figure 1: Schematic representation of multifunctional nanoparticle for theranostic and biosensing applications.
Differently coloured objects should represent drugs, or imaging probes or growth factors.



1.1.2. Biosensing applications

Another field of interest in nanomedicine is the analytical part of it. The early detection of
disease and the state of the therapy (i.e. the metabolism of drugs from a specific patients)
are crucial points that must be improved for a better response of cure in cancer patients.
Point of care devices and tools (biosensing, bioanalytical and bio-detection ones) for the
diagnosis, which are easy to use and fast, are ever more needed and nowadays possible.
Indeed, common care following of the patients’ needs time consuming and expensive
techniques that clinics try to avoid. Moreover, personalised therapy must be increased,
due to the so different response to a therapy of diverse patients. In this view, a lot of
systems are in developing to catch as early as possible disease and to see how drugs have
been metabolised by the body [2]. Usually, a recognition moiety is bond to nanostructure
to assure active recognition binding of the analytes. These systems are typically biological
molecules which can be antibodies and other proteins, aptamers (particularly designed
DNA strand) or molecular imprinted polymers [51]. In this way the analyte, that could be
a protein, a small molecule, a cell a virus, a gen, a bacterium or an exosome, is strictly
bond to the recognition system and makes its analysis easier.

The most common test used for early detection is enzyme-linked immunosorbent assay
(ELISA) that uses antibody-antigen recognition binding and could be modified with
nanoparticle to produce ELISA-sandwich assay [52-53]. Other systems can be made
coupling different nanoparticles to obtain a multiresponse analysis. An example is
magnetic nanoparticle coupled with gold or silver nanoparticle that could exploit
magnetic properties both for detection [54] and purification of samples, and gold (or
silver) for its plasmonic properties and surface capability to enhance signal in Raman
spectroscopy (SERS) [55-58]. In this view, specific design must be done to obtain the so-
called hot spots to enhance the signal. Hot spots exist in all those nanoparticle
arrangements in which the local electromagnetic field can be increased by several orders
of magnitude, making possible the enhancements of the Raman signal up to 10 to 14
orders of magnitude. In this case even the single molecule detection [59-60] becomes
possible, especially if they are coupled with magnetic nanoparticle to purify and
concentrate samples.

1.1.3. Orthopaedic applications

Concerning bone tissue engineering, there is a continuous demand for products that are
more biocompatible and comparable to natural and healthy bone. Different causes are
responsible for bone defects due to particular diseases, such as tumour, or specific
trauma. Each cause of defects needs a certain treatment like each type of bone damaged.
In this perspective, nanotechnology offers materials that are able to mimic the
hierarchical structures of native bone tissue that directly interacts with cells. The same
occurs with drug delivery systems that are able to release drugs and target to the desired
site. Indeed, nanostructured materials have shown the enhance of osteoblast functions
and osteointegration and, together with a scaffold, they could release drugs or growth
factor for a better osteointegration [5, 40, 61-66]. Designing even better material for
implantation or bone regeneration is crucial to obtain less immune response with a good
integration in the body. Moreover, orthopaedic implantations and surgical procedures can



suffer from the possibility of infections and need an easy and effective way to treat them
[39-40].

For bone scaffolds and implantations, the most used material are the ones which provide
structural supports, such as titanium alloys, stainless steel alloys, hydroxyapatite (HA),
alumina, zirconia, polymethylmethacrylate (PMMA), poly(lactic acid) (PLA) and mixture of
carbon fibres with polymers. Nanocomposites or nanostructured surfaces are new
techniques used to improve osseointegration that are reaching increasing interest in
research and clinical fields. Moreover, all the materials described above could be coupled
together to increase the properties of the system. For example, nanoparticles of TiO; or
ZrO; could cover titanium implants or HA could be mixed with PMMA to improve cell
adhesion or deliver growth factors. Furthermore, implants could be designed to prevent
cancer growth using drugs or particular metals which are, on the other hand, ineffective
for healthy cells [40, 63].

Another use of nanotechnology in orthopaedics is in the prevention or struggle bacterial
infection occurring during surgery, that is the main reason for implantation failure.
Nanomaterials can help with the local long-term release of antibiotics drugs, also avoiding
multidrug resistance developed by bacteria. Silver nanoparticles could be embedded in
the implantation and release Ag* ions as antibacterial agents during long periods.
Furthermore, antibiotic drugs could be loaded inside nanoparticles to tackle infections
[39-40, 67-68].

1.2.  Synthesis of nanoparticles

Different nanostructures can be synthetized with many approaches. Mesoporous
structures are defined as a material with pores having a diameter between 2 and 50 nm,
usually produced via sol-gel synthesis. On the other hand, room temperature
superparamagnetic nanostructures can be more frequently made with thermal
decomposition method or via polyol-assisted template method, that can provide spherical
single-domain nanoparticles with narrow distribution of diameters and with good
colloidal stability.

1.2.1. Mesoporous nanoparticles

Mesoporous nanoparticles are made with sol-gel process from almost a century [6, 23,
27, 69-80]. It involves hydrolysis and condensation of the precursors, leading to a
branched system between the element of interest and oxygen. For transition metals,
especially for d° (as Zr(IV)), the main precursor used to obtain nanoparticles is the
alkoxylate complex, thanks to the capability to stabilize the highest oxidation state.
Indeed, -OR are hard-m donor ligands, but makes the complex more unstable to
nucleophilic reaction, thanks to the possibility of expansion of the unsaturated
coordination sphere and the high speed of hydrolysis. During hydrolysis, metals are
solvated from water, giving three types of complexes:

[M(OH,)]?* = [MOH]®™D + H* 2 [M = 0]¢? + 2H*
Aquo Hydroxo Oxo



The nature of the complex derives from the charge, the coordination number and
electronegativity of the metal and from pH of the solution and the stabilisation of the field
of ligands. Moreover, M* metals could do all types of complexes, and usually, Zr(IV)
makes oxo-hydroxo complexes.

The mechanism of hydrolysis generally involves nucleophilic addition (An), subsequent H*
transfer, phase transition and elimination of the protonated species (Figure 2).

H M
Hee p; ~OR HO/M\O/R
0+M—OR——> O\ - > ——» M—OH+HO—R
H H H

Figure 2: Hydrolysis of metal alkoxide precursor

Condensation follows hydrolysis and can occur with two different mechanism:
nucleophilic substitution (Sn) or An. Sn happens if preferred coordination is satisfied, while
the other one take place if is not satisfied. Due to the bad character of oxo and aquo
ligands as leaving group, is usually needed a catalyst to promote condensation reaction
and could be an acid or a base compound. In both mechanism oxygen improves its
coordination sphere thanks to the presence of unshared electronic doublet (Figure 3).

M H
VS
M—OR+M—OH — =0 O _LRHOL O O\ +RoH
M M M M
M
R= Alkoxy or H

Figure 3: Mechanism of condensation reaction

Moreover, it has been seen that longer chain in the alkoxy group can stabilize the reaction
due to steric factor. Based on what is the final product that could be obtained, acid or
base catalyst can be used as previous reported. Indeed, acids lead to a more linear way of
condensation, while base carry to a more branched one.

Interparticle interaction during synthesis is a crucial point to make monodisperse and
separated nanoparticles. Indeed, the stability of the sol is important and London and van
der Waals forces have to be taken into account due to their involvement in aggregation.
To avoid this problem with metal precursor, a double layer of charge is needed. To obtain
it, salts of alkali halides are usually employed that surround the nuclei and direct the
growth. The selection of these salts is crucial, because their charge and radii dimensions
could affect the shape of nanoparticles [6, 69-71, 73].
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Figure 4: Mechanisms of soft template synthesis: example of liquid crystals (top) and cooperative (down) methods to
obtain a porous structure, starting from surfactants and alkoxylated precursors of the desired oxide.

To obtain mesoporous structure, template synthesis methods are used (Figure 4) [6, 23,
71, 73, 79-80]. Template agents could be both soft, as surfactant molecules that can
arrange in 3D structures, and hard, as other inorganic materials with different properties
from the desired one. Soft templates, the most used ones, can be amphiphilic molecules,
such as surfactants, or polymers that can produce supramolecular structures, due to
hydrophilic-hydrophobic interactions. They can be classified as cationic, anionic or
neutral, depending on the nature of the polar head (surfactants), or the intrinsic charge
of the structure (polymers). The synthesis can occur with two main mechanisms: liquid
crystal template or cooperative method (Figure 4). With the first, template molecules
arrange in a 3D structure before the introduction of the desired inorganic precursor. For
this process, a certain concentration of the molecules, critical micelles concentration
(CMCQ), is needed. Moreover, different types of structures (sphere, rods, exc.) can be
achieved increasing the quantities of the surfactants which can arrange in many
structures. For the cooperative mechanism, inorganic molecules are necessary and
cooperate with other molecules for the construction of the 3D scaffold. In this way,
channels can be created also below the CMC. As already said, different structures could
be achieved changing concentration and the dimension also depends on the length of the
hydrophobic chain. Furthermore, using hydrophobic molecules, swelling of the pore can
be made. Indeed, organic molecules preferentially go inside the structure, trying to avoid
any contact with hydrophilic environment. After the synthesis of the inorganic structure,
the template agent is removed to obtain the porous structure. The removal of the
directing agent can be done with thermal treatment, in order to burn up the organic
moieties leaving unchanged the inorganic ones, or with vacuum extraction or solvent
extraction, if the desired structure is sensitive to temperature changing [71-73, 81].

On the other hand, the use of hard template can be different. In this approach a hard
material is synthetized around another hard material that present a particular 3D
structure. Usually silica and metal oxide are coupled together, due to their different



response at etching condition. This nanocasting approach is widely used to produce metal
oxide mesostructures thanks to the stability of the scaffold at high temperature,
sometimes necessary to stabilize the material. Indeed, MxOy are really sensitive to high
temperature usually needed for the removal of soft template, but also to crystallize and
stabilize them [72, 81].

1.2.2. Magnetic nanoparticles

To obtain spherical shaped nanoparticles, with narrow distribution of diameters, high
crystallinity, specific magnetic properties and good reproducibility, many ways of
synthesis are generally used. The most used, indeed, are co-precipitation method, thermal
decomposition, hydrothermal method, microemulsion, sol-gel and polyol methods [21,
28-31, 34,57, 82-106]. Here we will focus on thermal decomposition and polyol ones, that
are used in this thesis.

Thermal decomposition method involves organometallic compounds, like
acetylacetonate, carbonyl, acetate, exc., of the desired metal precursor and surfactant
molecules to stabilise the so formed nanoparticles. Common used surfactant agents are
oleic acids, oleylamine, or other long chain acids or amines that are needed to prevent
aggregation. Generally, solvents with high boiling point are used, and reactions are
conducted between 200 and 300 °C, in order to decompose organometallic precursors.
Metals and metal oxides nanoparticles can be done with this procedure and, usually, also
reducing agents is needed to preserve the desired oxidation states of the metals (i.e.
polyols). Morphology, size and magnetic properties can be tuned changing ratio between
precursors and precursors/surfactants, concentrations of reagents, temperature and
timing of the reaction. Changing these parameters is also possible to obtain core-shell
structures of different compositions, especially using seed-mediated growth method. In
this way, already formed nuclei can be used to further growing on the surface other
materials to produce an object differently composed and with other properties respect to
the starting one [82, 86-91, 107].

On the other hand, polyol technique consists in the use of metals salts as precursor and
polyols both as solvent and reducing agents. In this way, ethylene, diethylene, triethylene
or tetraethylene glycols are used near their boiling point to obtain the reduction of the
desired metals. Moreover, over the aforementioned uses of the polyol, it can serve also
as capping agent for the so formed nanoparticles, avoiding aggregation. Oxides
nanoparticles are obtained introducing water to the reaction mixture, to obtain a system
that acts more like the sol-gel process [82-85].

Moreover, these methods can be integrated on the sol-gel one, without the presence of
water, but involving the same reactions, called nonhydrolytic sol-gel process [73, 108].

1.3.  Physico-Chemical properties of nanoparticles

As previously reported, nanometric dimensions provoke changes in physico-chemical
properties of the material. Decreasing length, indeed, make changes in how atoms affect
each other, with consequences in energy behaviour.



1.3.1. Magnetic properties

In condensed matter, atomic moments could be isolated or mutually act together, leading
to non-cooperative or cooperative magnetisms, respectively. Paramagnetism and
diamagnetism are the main forms of non-cooperative ones. Paramagnets are materials
where exist identical, but uncoupled, atomic moments in an isotropic environment which
can partially align as a response to an external magnetic field. On the other hand,
diamagnetism is when the magnetic moments of the material react to an external
magnetic field by aligning antiparallel to it. However, ferromagnetism arises from the
reciprocally interaction of atomic magnetic moments that determine magnetic order in
the system. These interactions can arise from direct exchange, where wave functions are
superimposed, or indirect one, where a coupling exist through relatively big distances,
sometimes also through a non-magnetic ion (superexchange). The exchange interaction
is quantitatively described by Heisenberg spin Hamiltonian:

Hexe = _zzjijgi S)']

Where Jjjis the exchange integral describing the degree of coupling between the spins S;
and §;. If Jj has positive value, ferromagnetism (FM) is favoured and below a critical
temperature (Curie temperature, Tc) magnetic moments are aligned. If Jj has negative
value, spins are oriented antiparallel and under a critical temperature (Néel temperature,
Tn) antiferromagnetism (AFM) (if magnetic moment are compensated) or ferrimagnetism
(Fim) (if magnetic moments are not compensated) can be seen [108-110].

Ordered solid magnetic materials have preferred orientations, easy axes, where energy
has a minimum and depends on crystalline structure and chemical composition. The work
needed to move the magnetization from the easy axis to the hard axis is called magnetic
anisotropy energy, and is stored in the material as potential energy. It is strictly related to
microscopic and macroscopic properties of the material. Different forms of anisotropy
energy can be defined on the basis of the properties that regulate it. Magnetocrystalline
anisotropy is an intrinsic characteristic of the material and it depends on crystal symmetry
and atomic arrangement in the lattice. The main symmetries for this anisotropy are
uniaxial and cubic. Shape anisotropy, on the other hand, is due to the magnetization of
the sample body, that produces a magnetic field inside it that opposes to the
magnetization. The demagnetizing field depends on shape and size of the magnet, and
modifying them is the best way to tune this type of anisotropy. Surface anisotropy
depends on the lack of crystalline symmetry on surface atoms respect to the core ones,
so it increases with higher surface/volume ratio and is deeply related to the interaction
with the surrounding atoms and molecules [111].

A bulk cooperative magnetic system, to minimize its energy, will organize itself in a certain
number of small regions, with different sizes and shapes, called domains, (i.e. uniformly
magnetized regions having atomic magnetic moments oriented in the same direction).
Two adjacent domains are separated by transition regions, called domain walls, in which
the spins gradually rotate (coherently or incoherently) from one domain to the other. In
an demagnetized FM or FiM material, magnetic domains have random directions so that



the sum of the overall domain moments is approximately zero [111-112]. Going to the
nanometre scale, below the critical radius (r¢), single magnetic domains are energetically
favoured. Single domain particles usually have uniform magnetization at any field and can
be considered as a large magnetic unit (i.e. superspin) with a magnetic moment (i)
proportional to the volume of the particle (V).

VAK . . .
T, X PTE A = exchange stiffness, K = anisotropy constant, yo= vacuum permeability
0Ms
Up = MgV, Ms = saturation magnetization of the material

Generally, the energies required to reverse the spin orientation within a single magnetic
domain particle are larger than those needed to induce domain wall movement, yielding
coercivities larger than those of the bulk (Figure 5). This increase of coercivity is due to
the transition from multi- to single- domain particles [110].
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Figure 5: Experimental relation between coercivity and diameter for particles deriving their coercive force principally
from crystal anisotropy energy, recorded at room temperature, except for Fe and Co [113].

Under certain dimension, the previously introduced r., the energy barrier is easily
overcome by thermal excitations (keT>KaV) and the particles are able to rotate, resulting
in demagnetizations of the particles. Under such conditions, the behaviour of an assembly
of nanoparticles in absence of magnetic field is similar to a paramagnetic material, so it is
called superparamagnetism, but the saturation magnetization is much larger and easier
to reach.?

1 We must point out that the critical dimension for the monodomain condition is different from the one for
superparamagnetism, which is usually smaller.



Relaxation times of superspins follow the Arrhenius law:

K,V
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with To as constant value for the material, related to the characteristic reversal time for
spins, ks as the Boltzmann constant and T as the absolute temperature. Another
characteristic of superparamagnetic nanoparticles is the lower value of coercivity respect
to their larger counterpart, as is seen in Figure 5, in which below the critical dimension it
decreases.

The dynamic magnetic properties of an ensemble of superspin are strictly related to the
experimental measuring times (tm) of the technique used to follow the relaxation. If T is
smaller than tm the relaxation is faster than the measurement and the superparamagnetic
state is observed, while if T is bigger than Tt only static properties can be seen. In this
condition, the blocked state, the isothermal field dependence of magnetization show
irreversible behaviour (i.e. hysteresis of magnetization). When the relaxation time is equal
to the experimental measuring time, the blocking temperature (Tg) is defined as a
modification of the latter equation:
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So, in typical experiment Tm ranges from 10-10? s of direct current (DC) magnetization
measurements, up to 1019-1012 s for neutron diffraction [108, 111, 114].

Magnetic metal oxides

Metal oxides material, magnetic or not, are the most common and studied ones due to
their easy way of synthesis, low toxicity and good stability, as previously reported. Among
the magnetic one, spinel structured materials are almost the most important due to their
crystal structure that permit the tuning of magnetic properties in an easy way. They have
Me'"Me"",04 and face-centred cubic structure (fcc) with oxygen as cubic close-packed. The
two interstitial sites are occupied by cations coordinated to oxygen: the tetrahedral (A)
and the octahedral (B) sites. Normal spinels have Me' in the A-sites, while Me"' in the B-
sites (Figure 6). On the other hand, if A-sites are occupied by Me'" and the B ones randomly
by Me' and Me'", the structure is the one of invers spinel. The degree of inversion (y) is
given by the fraction of divalent ions in octahedral sites, and quantify the cationic
distribution between the sites A and B. Sometimes it could be easier to find the ratio of
Me'" in A and B sites («), given by Mossbauer measurement as an example [108].
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Figure 6: Spinel structure [115]

Superexchange interactions between atomic magnetic moments in A (Jaa) and B (Jgs)
interstices cause ferromagnetic order through ions of the two sites, up to two magnetic
sublattices. On the other hand, interactions among A and B sites (Jag) introduce
antiferromagnetic or ferrimagnetic order between the sites that are 10 times higher than
Jaa and Jgg. Furthermore, the intralattice interaction that is dominant is the Jag and induce
uncompensated order between the sublattice of A and B. The net magnetization can be
then considered as directly proportional to the difference between the sublattices
magnetizations. Therefore, spinel’s magnetic properties can be controlled through
magnetic coupling and is related to the chemical composition and crystal structure.
Moreover, big changes on magnetic properties can be done by substitution or change on
the distribution of both cations [108, 115].

Hard and soft magnetic material

Magnetic materials are classified on the basis of their capability of magnetizing and
demagnetizing in hard and soft ones, but they can also be classified by the strength of the
coercivity field. A soft magnetic material is the one with an easy way of magnetization and
narrow hysteresis loop, which means that it has high saturation magnetization, low
coercivity and anisotropy, and an example could be nickel ferrite. On the other hand, hard
magnetic material is characterized by high saturation magnetization, high coercivity and
anisotropy, such as cobalt ferrites [115]. For these differences in magnetic properties they
could be applied in different fields. In biomedical applications, hard materials are suitable
for hyperthermia application, while soft materials are more appropriate as contrast
agents.



2. MATERIALS AND METHODS



2.1. General

2.1.1. Materials

Sodium Acetate (Aldrich), 2-aminoethyl dihydrogen phosphate (PEA, Aldrich), 2-phospho-
L-ascorbic acid trisodium salt (PAA, Aldrich, 95%), O-Phospho-DL-serine (PSER, Aldrich,
98%), O-Phospho-L-tyrosine (PTyr, Aldrich), 3-aminoethylphosphonic acid (PNH2, Aldrich,
99%), 3-phosphonopropionic acid (PCOOH, Aldrich, 94%), N-
(phosphonomethyl)iminodiacetic acid (PMIDA, Aldrich, 95%), N, N-
bis(phosphonomethyl)glycine (BPMG, Aldrich, 98%), Zirconium(IV) propoxide (ZP, Aldrich
or Fluka, 70%wt in propanol), Zirconium(IV) butoxide (ZB, Aldrich, 80%wt in 1-butanol), 2-
(N-morpholino)ethanesulfonic acid (MES, Aldrich), tris(hydroxymethyl)aminomethane
hydrochloride (TRIS, MB Grade, Aldrich), Sodium tetraborate decahydrate
(Na2B207*10H,0, Aldrich), Sodium hydrogencarbonate (NaHCOs3, Aldrich), N-cyclohexyl-3-
aminopropanesulfonic acid (CAPS, Ultrapure, Usb), Methyl methacrylate (MMA, Aldrich),
3-aminorpopyltriethoxysilane (APTES, Aldrich), Sulfuric acid (Carlo Erba, 96%), Hydrogen
peroxide (Aldrich, 30% vol), Acetic acid (>99.8%, Aldrich), Ninhydrin (Fluka), Glycine
(Aldrich), N-3-dimethylaminopropyl-N'-ethylcarbodiimide hydrochloride (EDC, Aldrich),
N-hydroxysulfosuccinimide  (S-NHS, Aldrich), Silver nitrate (AgNOs, Aldrich),
Formaldehyde solution (Aldrich, 37 wt% in water), Sodium chloride (NaCl, Fluka), Sodium
hydroxide (NaOH, Aldrich), D-(+)-Glucose (Aldrich), di-sodium hydrogen phosphate
(Aldrich), Hexadecyltrimethylammonium bromide (CTAB, Aldrich), n-hexane (Aldrich),
Tetraethyl orthosilicate (TEOS, Aldrich), cobalt nitrate hexahydrate (Co(NOs3),*6H0,
Janssen Chimica 99.99%), iron nitrate nonahydrate (Fe(NOs)s, Aldrich 99.99%),
Carboxyethylsilanetriol, sodium salt (CEST, ABCR, 25% in water), Ethanol amine (298%,
Aldrich), 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES, Aldrich), HBS-EP+
buffer (0.1 M HEPES, 1.5M NaCl, 0.03 M EDTA, 0.5% v/v Surfactant P20, pH 7.4, GE
Healthcare Bio-Science AB), Oleic Acid (OA, Aldrich, 90%), Oleylamine (OAm, Aldrich,
70%), 1,2-hexadecanediol (HDD, Aldrich, 90%), Cobalt(ll) acetylacetonate (Co(acac),
Aldrich, 97%), Iron(lll) acetylacetonate (Fe(acac)s, Aldrich), Nickel(ll) acetylacetonate
(Ni(acac),, Aldrich, 95%), Zinc acetylacetonate hydrate (Zn(acac),, Aldrich) , Zirconium(IV)
acetylacetonate (Zr(acac)s, Aldrich, 97%), hexadecylamine (HDA, Alfa Aesar 90%), sodium
fluoride (NaF, Eurobio 99%), Herceptin 150 mg (Trastuzumab (21 mg/ml), L-histidine
hydrochloride, L-histidine, a,a-trehalose dihydrate, polysorbate20, Roche), Perjeta 420
mg/14 ml (Pertuzumab (30 mg/ml), L-histidine glacial acetic acid, polysorbate20, Roche),
Recombinant HER2-ECD protein (code 10004-RP04, Sino Biological Inc.), 3,3’,5,5'-
Tetramethylbenzidine (TMB, code ES001, Merck Millipore), Streptavidin-HRP (code
DY998, R&D Systems), Goat anti-rabbit 1gG-HRP conjugate (Ab-HRP, code 401353, 1
mg/ml, Merck Millipore), EZ-Link Sulfo-NHS-LC-Biotinylation Kit (code 21435, Thermo
Scientific), Triethylen glycol (TEG, Aldrich), Benzylether (BE, Aldrich, 98%), Ethanol (EtOH,
Aldrich 99.8%), Methanol (Aldrich), Iso-propanol (Carlo Erba), Acetone (VWR, technical
grade), Toluene (Aldrich) and ultrapure water. Reagents were used as received, except
drugs (Antibodies) for patients use that were purified as described Iater.
Methylenbisphosphonate (MBP), ethylenbisphosphonate (EBP), (2-((8-
sulfanyloctyl)sulfanyl)ethane-1,1-diyl)bis(phosphonic acid) (BPODE) and 2-phenylethene-



1,1-dyilphosphonic (BPPhE) acid were provided by Prof A. Scarso from Universita Ca’
Foscari of Venezia.

2.1.2. Characterization methods

Size and shape of the nanoparticles were studied by electron microscopy using a Zeiss
Sigma VP Field Emission Scanning Electron Microscope (FE-SEM or FEG-SEM), equipped
with a Bruker Quantax Energy-Dispersive Spectrometry (EDS) microanalysis detector.
Mean and standard deviation of the FE-SEM micrographs were determined measuring at
least 100 nanoparticles for each sample. The diameters were measured using the image
analysis software Imagel [116-117].

Transmission Electron Microscopy (TEM) images were taken with a JEOL 3010, operating
at 300 kV, equipped with a GATAN (Warrendale, PA, USA) multiscan CCD camera, TEM
specimens were prepared by ultrasonically dispersing the powdered samples in ethanol
(approximately 1 mg mL 1) and depositing several drops of the suspension on a holey
carbon film grid.

Scanning (Transmission) Electron Microscopy S(T)EM images were taken with Hitachi S-
5500 S(T)EM in NanoLab at NTNU in Trondheim, operating between 0.5 and 30 kV and a
maximum beam current of 20 pA, equipped with detector for secondary and low- and
high-angle back scattered electrons, bright-field and dark-field transmission
measurements, Bruker XFlash EDX Detector. S(T)EM specimens were prepared as for TEM
measurements. Imagel software was used to determine morphological parameters as for
FEG-SEM images.

A Philips X’Pert goniometer working in Bragg—Brentano geometry was used for the X-ray
Powder Diffraction (XRPD) measurements. A focusing graphite monochromator and a
proportional counter with a pulse-height discriminator were used. Nickel-filtered Cu Ka
radiation (A=1.54056 A) and a step-by-step technique were employed (steps: 0.05° 26,
collection times: of 30 s/ step). The size of the crystallites was evaluated by Line
Broadening Analysis (LBA) [118].

SAXS measurements were performed using a Kratky (PAAR) camera with an entrance slit
of 25 um. Nickel-filtered Cu Ka radiation, a pulse-height discriminator, and a proportional
counter were used. Sample holder scattering and absorption effects were treated, as
usual.

The nitrogen adsorption—desorption isotherms were measured at liquid nitrogen
temperature (-196 °C) using a Micromeritics ASAP 2010 volumetric adsorption analyzer.
The Brunauer-Emmett-Teller (BET) equation [119] was used to calculate the specific
surface area from adsorption data and the pore size distributions were calculated from
the adsorption branches of the isotherms based on the Barrett-Joyner-Halenda (BJH)
model [120].



DRIFT-IR spectra were recorded with a Nexus FT-IR using Nicolet AVATAR Diffuse
Reflectance accessorize.

UV-Vis Agilent 8453 was used to record UV-Vis spectra.
Perkin Elmer Victor 3V 1420 multilabel counter was used as plate reader.

NanoDrop 2000c Spectrophotometer from Thermo Scientific was used to quantify
proteins in solution. A 2ul drop of the solution was deposited on sample holder and
analysed.

DLS and {-potential measurements were recorded with a Malvern Zetasizer Nanosampler
instrument equipped with a 633 nm He-Ne Laser. Colloidal solution of nanoparticles in
buffers solutions at different pH values were prepared with concentration of
nanoparticles around 0.1 mg/ml.

X-ray photoelectron spectroscopy (XPS) was performed using a Perkin Elmer ® 5600ci
spectrometer using nonmonochromatic Al K, radiation (1486.6 eV) in the 1077 Pa pressure
range. All the binding energy (BE) values are referred to the Fermi level. The correct
calibration of the BE scale was verified during analysis by checking the position of both
Audf;;, and Cu2ps2 bands (from pure metal targets), falling at 84.0 and 932.6 eV,
respectively [121]. After a Shirley-type background subtraction, the raw spectra were
fitted using a nonlinear least-squares fitting program adopting Gaussian—Lorentzian peak
shapes for all the peaks. Because of surface charging, samples presented a shift of the
bands toward higher BEs: the charging effect was corrected by using an internal reference
(Zr3ds;2 band centred at 182.4 eV in ZrO, compound). The uncertainty of all the
determined BEs was lower than 0.2 eV. The atomic composition was evaluated using
sensitivity factors as provided by © V5.4A software. The relative uncertainty of the
reported atomic fraction of the different elements is lower than 5-10%.

31p solid state NMR (SS-NMR) spectra were recorded on a Varian Infinity Plus 400
spectrometer working at Larmor frequencies of 400.34 and 162.06 MHz for *H and 3!P
nuclei, respectively, using a CPMAS probe head accommodating rotors with outer
diameters of 3.2 mm. The spectra were recorded under Magic Angle Spinning (MAS) at a
spinning frequency of 20 kHz, using a Direct Excitation (DE) pulse sequence with high-
power decoupling from *H nuclei. The 90° pulse duration was 2 us for 3!P nuclei and a
relaxation delay of 5 s between consecutive transients was used. About 1000 scans were
accumulated for each sample. The signal of H3PO4 (80%) at 0 ppm was used as reference
for 31P chemical shift scale.

Magnetophoretic characterization was performed by recording the decreasing UV-Vis
extinction of a solution of the magnetic nanosystems under a magnetic gradient obtained
with a small magnet [122]. The solution was inserted in the UV-Vis spectrometer in a
cuvette of 3x10x10 mm?3 (optical path 10 mm) where the magnet (Supermagnete, S-10-
20-N, D=10 mm diameter, h=20 mm height), was inserted perpendicular to the optical
path and in contact with the solution.
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DC magnetization measurements were performed with a Quantum Design SQUID
magnetometer, equipped with a superconducting coil which produces magnetic fields in
the range from -5 T to +5 T. Powders have been immobilized in an epoxy resin to prevent
any movement of the nanoparticles during the measurements. Magnetization versus
temperature measurements were performed using the zero-field-cooled (ZFC), field-
cooled (FC), and thermoremanent magnetization (TRM) protocols. Zero- field-cooled and
field-cooled magnetization measurements were carried out by cooling the sample from
room temperature to 5 K in zero magnetic field; then a static magnetic field of 2.5 mT was
applied. Mzc was measured during warming up from 5 to 300 K, whereas Mgc was
recorded during the subsequent cooling. In the TRM measurements, the sample was
cooled from 300 to 5 K in an external magnetic field of 2.5 mT; the field was then turned
off and the magnetization was measured on warming up. The field dependence of
remanent magnetization was measured using the IRM (isothermal remanent
magnetization) and DCD (direct current demagnetization) protocols. The initial state for
an IRM measurement is a totally demagnetized sample cooled in a zero magnetic field. In
the present case, an external field was applied for 10 s, then it was switched off and the
remanence was measured (Mirm). The process was repeated, increasing the field up to 5T.
In a DCD measurement the initial state is the magnetically saturated one. An external field
of -5T was applied for 10 s, and then a small external field in the direction opposite to
magnetization was applied; after 10 s, it was switched off and the remanent
magnetization (Mpcp) was measured. This was repeated increasing the field up to +5T
[109, 123]. Samples of spinel ferrites obtained by thermal decomposition method were
analysed with Quantum Design PPMS Dynacool, working with a temperature range
between 1.8 K and 400 K, magnetic field range from -9 T to +9 T and sensitivity: 1e-06 emu
(VSM) or 5e-06 emu (DC magnetization with ACMS Il option). Protocols and sample
preparations were the same used with SQUID magnetometer, but using different ranges.

A >’Fe Mossbauer spectrum was recorded using a>’Co/Rhy-ray source mounted
on an electromagnetic transducer with a triangular velocity form. For the analysis of
Mossbauer spectra the program ‘Mosfit’ has been used. The isomer shift values were
referred to a-Fe at 300 K. The samples consist of a thin layer of about 40 mg of the
powdered compound located in a sample holder.



2.2.  Synthesis and functionalization of Mesoporous Zirconia Nanoparticles

2.2.1. Synthesis of Mesoporous Zirconia Nanoparticles

Mesoporous zirconia nanoparticles were synthetized by a previously reported protocol,
developed by our laboratory [6, 124]. It involves a template sol-gel process for the
synthesis of nanoparticles of metal alkoxide precursor, with alkali salts to produce double
layer of charges around the particles to avoid aggregation. The extraction of the surfactant
was performed by vacuum extraction to avoid crystallization of the nanoparticles [27].
After some problem with reagent as we received, we modified the protocols changing
alkoxide from propoxide to butoxide (see Results and Discussions section).

Protocol

In a round bottom flask of the desired dimension (on the bases of mg produced
use the flask with the same amount of ml), HDA, sodium fluoride solution, water
and ethanol are mixed and put under vigorous stirring. In the meanwhile, prepare
a solution of the desired zirconium alkoxide in ethanol. After the complete
dissolution of HDA in the first solution and the disappearance of the two phases in
the second one, the latter is added very slowly to the first one drop by drop. After
the addition the solution was left under vigorous stirring overnight. The molar ratio
between reagents in this first step, respect to moles of Zr(IV) alkoxide, is the one
reported in Table 1.

Table 1: Ratio between reagents of the first step of MZN'’s synthesis

Solution 1 MW Density Purity Ratio
(uma) (g/ml) (%) (mol/mol)
EtOH 46.07 0.79 0.95 724.13
H.0 18.00 1.00 1.00 17.04
NaF (0.1 M) 41.99 1.79E-2
HDA 241.46 1.00 0.98 1.82
Solution 2
Zr(alkoxide), 383.68 1.05 0.70/0.80 1.00
EtOH 46.07 0.79 1.00 9.65

For the scalability of the system is necessary to adjust the content of water, to
decrease the rate of hydrolysis and condensations, and to produce one or more
grams, half of the solution of salt is used. Moreover, to avoid hydrolysis during the
addition when high amount of Zr precursor is needed, nitrogen gas pression was
used to transfer the second solution, into the first one, through a needle.

After a night of stirring, the nanoparticles were recovered with centrifugation
(9000 rpm for 15 minutes) and washed three times with ethanol. After the drying
of the powder under air, it was put in a Teflon autoclave for hydrothermal
treatment, with 12.5 ml of EtOH and 6.25 ml of water for gram of powder, at 170
°C for 16 hours. Then, the powder was filtered with a Millipore filtration system,
using paper with porosity between 1 and 11 um, to avoid cross-contamination.
Therefore, the powder is put in a big enough round bottom flask, with reduced



pression around 5*102 mbar and heated at 120 °C for more than 16 hours to
extract the surfactant used. This procedure of extraction is used to avoid
crystallization of the structure of zirconia and maintain the porosity of the system.

MZNs are then characterized with FEG-SEM, nitrogen physisorption, TEM and DLS, to
determine shape, porosity and surface charge. Images obtained with FEG-SEM were then
analysed with Imagel to obtain diameters distributions [116-117].

2.2.2. Functionalization of MZNs

In order to avoid silica layer usually used for surface modifications [17, 76, 125] of many
kind of nanoparticles, other solutions were investigated. Starting from the evidence of the
affinity between M(1V) centre, especially zirconium, and organic acids, such as phosphonic
acids [18, 126-134], we screened a lot of possibility. We started from the commercially
available phosphate molecules, such as O-Phospho-DL-Serine or 2-Phospho-L-Ascorbic
Acid, with a simple protocol in water solution. After a first screening, with another
research group in our University, that commonly synthetized bisphosphonate molecules,
we developed an easy way of functionalization, finding the best condition of attachment.

First protocol

A water dispersion of MZNs, 10 mg/ml, was made, using also ultrasonication tips.
After that, phosphate molecules were added, in order to reach the final
concentration of 10-15 mM. The dispersion was left under vigorous stirring
overnight. Nanoparticles are recovered via centrifugation, 12000rpm for 10
minutes, and washed with water at least three times. If the recovering was not
enough after centrifugation, a Millipore filter with 0.2 um porosity paper was used.

Final protocol

A 10 mg/ml dispersion of nanoparticle in acetate buffer at pH 4.00 was made. The
right amount of phosphonic acid was added, for having a 10 mM solution of it. The
dispersion was left stirring for 1 hour, to allow the complete functionalization.
Nanoparticles are recovered through centrifugation as for the previous protocol
and washed several times.

With these protocols many functionalized zirconia nanoparticles have been product, the
phospho-derivates used are represented in Scheme 1.
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2.3. Theranostic applications
To produce a biosensor or a theranostic system, different magnetic nanoparticles have
been developed, to find the best properties for our purposes.

2.3.1. Modifications of MZNs with magnetic phase

Starting from a procedure already studied from our research group [135], MZN with cobalt
ferrite inside pores has been made. Comparison with silica was also done: mesoporous
silica nanoparticles (MSN) were prepared with template sol-gel method already reported
elsewhere [136] and cobalt ferrite was introduced inside the pores with procedure of A.
Parma et al. [135].

MSNs protocol

In a beaker big enough, CTAB was dissolved in water and sodium hydroxide. N-
hexane was then added and left stirring for at least 15 minutes to make an
emulsion. Then, the stirring was stopped to allow phase separation, and TEOS was
added dropping on the walls of the container. Stirring was turn on again and a
vortex was made from the top to the bottom of the solution, being careful that the
top surface was uniform. The reaction carries on for five hours at room
temperature. In Table 2 molar ratio has been reported. The product was filtered
with gooch and washed alternatively with water and methanol for three times. The
powder was left drying overnight in an oven at 60 °C and then calcined with the
following launching steps: 90 °C, 1 °C/min, 2 hours hold; 550 °C, 2 °C/min, 5 hours
hold.

Table 2: Molar ratio of precursors for MSNs synthesis

MW (uma) Density (g/ml) Purity (%) Molar

Ratio
| n-hexane  [ETEE 0.66 95.00 25.10
s 1800 1.00 100.00 1268.00
| NaOH (2v) [T / / 0.32
364.45 1.00 98.00 0.12

208.33 0.93 98.00 1.00

MSN@CoFe;04 protocol

Mesoporous SiO> nanoparticles (0.3 g) were impregnated with an aqueous
solution (4 mL) of Co(NOs)2*6H20 (0.061 g, 0.21 mmol) and of Fe(NOs3)3;*9H,0
(0.168 g, 0.42 mmol) salts in accord with the stoichiometric ratio of Co and Fe
required to give the desired nominal fraction of cobalt-iron oxide (CoFe,0a4). This
weight fraction of CoFe;0s was fixed to 14% of the total composite weight
(CoFe,04@Si03) (4% mol/mol). After stirring the suspension overnight, the sample
was dried by removing the solvent under reduced pressure. The impregnated
material was annealed at 700 °C for 12 hours in air, with launching steps as follow:
10 °C/min, 200°C; 5°C/min, 500°C; 2.5°C/min, 700°C.



MZN@ Cofe>04 protocol

10 mg/ml of mesoporous zirconia nanoparticles (MZNs) are dispersed in ultrapure
water and are impregnated using nitrate salts of the desired metal (Co and Fe) in
the required amount. After stirring overnight, the impregnated materials are dried
in vacuum and then annealed at 700 °C for 12 h in air with launching steps as
follow: 10 °C/min, 200°C; 5°C/min, 500°C; 2.5°C/min, 700°C. Three samples with
different nominal content of cobalt ferrite (CoFe,0, moles/ZrO, moles)x 100
have been obtained: 4%, 8% and 12,5%.

To study the possible solid solution made between ZrO; and Fe,Oy and its behaviour,
samples with only iron were made. Indeed, it is shown in literature that iron can goes
inside the crystal structure of zirconia, stabilizing unfavoured crystal phases [47, 137-138].

MZN @ FexOy protocol (MZN@Fe)

10 mg/ml of mesoporous zirconia nanoparticles (MZNs) were dispersed in
ultrapure water and are impregnated using nitrate salts of Fe in the required
amount. After stirring overnight, the impregnated materials are dried in vacuum
and then annealed at 700 °C for 12 h in air with launching steps as follow: 10
°C/min, 200°C; 5°C/min, 500°C; 2.5°C/min, 700°C. Two samples with different
nominal content of iron (Fe moles/ZrO, moles)x 100 have been obtained: 4% and
6%.

The system was characterized with several techniques: SEM, TEM, XRPD, SAXS, SQUID,
DLS, Mossbauer and at MCX line in Elettra Synchrotron in Trieste.

2.3.2. Modifications of the system to obtain a biosensor

To apply these nanosystems in biomedical field, MZN@CoFe;04 at 8% have been modified
superficially, with previously reported protocols (in Functionalization of MZN). Molecules
used for the functionalizations of this system are: 3-phosphonopropionic acid, 2-
aminoetilphosphonopropionic  acid and  (2-((8-sulfanyloctyl)sulfanyl)ethane-1,1-
diyl)bis(phosphonic acid).

The so modified nanoparticles were then linked to probe or targeting moieties via
different ways.

The system modified with BPODE was used to link gold nanoparticles obtained by laser
ablation from the research group of Prof M. Meneghetti from Universita degli Studi of
Padova.

Protocol for the synthesis of AuNP

Gold nanoparticles (AuNP) were synthesized using the laser ablation synthesis in
solution (LASIiS) method (7). LASiS was conducted by focusing pulses (9 ns, 1064
nm, 10 Hz) of a Nd:YAG (Quantel YG981E) laser on a pure (99.999%) gold target
under water at room temperature and pressure. The colloidal solution of AuNP
was stable without surfactants or other stabilizing molecules because of the native
negative charges present on the NP after the ablation. AUNP were obtained with



average dimensions of 25 nm and (-potential of -30 mV. Nanoparticles can be
easily functionalized because of their naked surface.

Synthesis of MZN@ CoFe,04s@AuNP protocol

0.7 mg of MIN@CoFe;0s nanoparticles, functionalized with (2-((8-
sulfanyloctyl)sulfanyl)ethane-1,1-diyl)bis(phosphonic acid) were dispersed in 1 ml
of distilled water. The solution was centrifuged at 800 rcf for 3 minutes to
eliminate aggregates. After magnetic separation, the zirconia based nanoparticles
were dispersed in 1 ml of AuNP water colloidal solution (3 10° M), synthesized
with Laser Ablation assisted Synthesis in Solution (LASIiS) (see above) [139].
Modification of the MZN@CoFe,0s nanoparticles with the AuNP
(MZN@CoFe204s@AuNP) was obtained after sonicating for two hours and with the
addition of a NaCl solution to a final concentration of 20 mM. Cleaning from free
AuNP was obtained by magnetic sorting. Finally, the SERS reporter, Malachite-
green functionalized with a thiol function [140] (20 ul at 30 uM), was added to
MZN@CoFe,04@AuNP dispersed in 1 ml of distilled water. After sonicating for 45
minutes MZN@CoFe,O4@AuNP were cleaned three times by magnetic sorting.

To compare the system with a non-magnetic one, the same construction was made with
bare MZNs.

Synthesis of MZN@AuNP protocol

0.7 mg of MZN nanoparticles, functionalized with BPODE molecule, were
centrifuged at 650 rcf for 8 minutes to eliminate aggregates. Then the supernatant
was centrifuged at 25000 rcf for 10 minutes and after elimination of the
supernatant, 1 ml of AuNP water colloidal solution (3 10° M), synthesized with
laser ablation assisted synthesis in solution (LASiS) [139] were added. Sonication
and the solution of NaCl were used as in the case of MZN@CoFe;Os@AuNP.
Cleaning from free AuNP was obtained by centrifugation at 810 rcf for 6 minutes
since denser AUNP were precipitated whereas MZN@AUNP nanostructures were
recovered from the supernatant. Texas red functionalized with two thiols [140-
141] (20 pl at 30 uM), was added, as a SERS reporter, to 1 ml of MZN@AUNP in
water. After sonicating for 45 min the nanostructures were cleaned three times
from the reporter, by centrifugation.

The system was then tested and characterized with SEM, TEM, DLS, magnetophoretic
measurements and SERS.

2.3.3. Obtaining a porous structure coupling CoFe;04 and MZNs

A theranostic system, which could be the one just described, can be improved by porosity
of it, making the loading of molecules, such as drugs, growth factors or proteins, possible.
So, test was performed to obtain a porous nanocomposite using wet impregnation
methods previously reported on already synthetized MZNs, but with thermal treatment
at lower temperature.



MZN@ Cofe>04 protocol

10 mg/ml of mesoporous zirconia nanoparticles (MZNs) are dispersed in ultrapure
water and are impregnated using nitrate salts of the desired metal (Co and Fe) in
the required amount (for the 8% mol/mol). After stirring overnight, the
impregnated materials are dried in vacuum and then annealed at 450 °Cfor 4 hin
air with launching steps as follow: 10 °C/min, 200°C; 5°C/min, 450°C.

To improve the magnetic properties and make a coupled system with MZNs and maintain
porosity, single-domain magnetic seeds were used as core. Polyol synthesis for cobalt
ferrites has been initially chosen for this purpose.

Protocol for polyol

Fe(NO3)3*9H,0 (2 mmol) and Co(NOs3),*6H,0 (1 mmol) were dissolved in 1 ml of
water and added to 100 ml of TEG in a 250ml round bottom flask. The solution was
heated until the boiling point (around 280 °C) and kept in reflux for 2 hours with
magnetic stirring. The product was then recovered through magnetic separation
and washed twice with 10 ml of acetone.

The seeds obtained in this way were then used to growth MZN.

CofFe;04@MZN protocol

The synthesis occurs as in the “Synthesis of Mesoporous Zirconia Nanoparticles”,
with two variations. The desired amount of CoFe,04 seeds are dispersed in the
solution of ethanol, water, salts and surfactant through sonication, then the
solution of zirconium precursor was added under mechanical stirring at high speed
(>700 rpm), instead of the magnetic ones. Weight ratio between seeds and
expected zirconia tested is 1:2.

2.3.4. Synthesis of core-shell structure of different spinel ferrites

In order to further improve the system for biomedical application, in particular magnetic
properties, core-shell structure of single-domain magnetic nanoparticles have been
developed, in collaboration with the research group of D. Peddis of CNR-ISM of Roma and
G. Singh of NTNU of Trondheim.

The typical procedure used was developed optimizing the one from S. Sun et al. [107]. It
consists in the thermal decomposition of acetylacetonate precursors of the desired metals
and proceed with a seed mediated growth of the core-shell system.

Core protocol

In a typical procedure, M(acac), and Me(acac)s in molar ratio 1:2 were placed in a
two-neck round bottom flask (100 ml) with 20 ml Benzylether (BE). To this solution,
6 mmol of Oleic Acid (OA), 6 mmol of Oleylamine (OAm) and 10 mmol of 1,2-
hexadecanediol (HDD) were added. The solution was mixed under N3 or Ar flux and
undergoes a heating process with a first step at 200 °C (heating rate 5 °C/min) kept
for 2h and a second step up to 300 °C (heating rate 5 °C/min) keeping for 1h. After
cooling down to room temperature, the sample was purified from excess reactants



with several washings in ethanol, acetone and toluene in centrifuge at 4000 rpm
for 10 minutes each or through magnetic separation.

Core-shell protocol

Once the core is formed, another synthetic step was required to obtain the shell.
In a typical procedure, around 20 mg of core NPs were placed in a two-neck round
bottom flask (100 ml) with 5 ml of BE and 0.6 ml of OA to create a homogeneous
dispersion. Then, an appropriate amount (0.33 mmol) of M(acac), and Me(acac)s
were added. Finally, 15 ml of BE and 0.6 ml of OA were added and left to mix. After
a vacuum cycle to eliminate oxygen from the reaction flask, the reaction
proceeded under Argon for 30 minutes at 290 °C (heating rate 5 °C/min). After
cooling down to room temperature, the sample was magnetically washed
overnight in toluene and isopropanol and washed three times with the same
solvents to eliminate by-products or excess of reagents.

Many core-shell structures have been synthetized, changing the content of M and Me,
both of the core and the shell. In particular, cobalt ferrite was doped with nickel and zinc
to change hard and soft character of the material in the system. In Table 3 synthetized
systems are summarised.



Table 3: Core-Shell systems synthetized

Core

Shell

CoFe;04

CoFe;04

Zno.25C00.75F€204

Zno5Coo.5Fe204

ZNno.75C00.25F€204

ZnFey04

Zn doped shell

CoFe;04

Nio.25C00.75Fe204

Nio.5Coo.5Fe204

Nio.75C00.25Fe204

NiFe;04

Ni doped shell

Zn doped core

Zno.25C00.75F€204

CoFe;04

Nio.25C00.75F€204

Nio.sCogsFe204

Nio.75C00.25F€204

ZnosCopsFex04

CoFe;04

Nio.25C00.75Fe204

Nio.5Coo.5Fe204

Nio.75C00.25Fe204

Zno.75C00.25F€204

CoFe04

Nio.25C00.75F€204

Nio.sCogsFe204

Nio.75C00.25F€204

Ni doped shell

Ni doped core

Nio.25C00.75F€204

CoFey04

Zng.25C00.75F€204

Zno.sCoosFes04

Zng.75C00.25F€204

Nio.sCoo.s5Fe204

CoFe04

Zno.25C0o0.75F€204

Znos5CopsFe204

Zno.75C00.25F€204

Nio.75C00.25F€204

CoFe;04

Zng.25C00.75F€204

ZnosCoosFez04

Zng.75C00.25F€204

Zn doped shell

NiFe204

CoFe04

FesO4
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Moreover, protocols were used to try to introduce a dielectric shell. Zirconium oxide has
been chosen as dielectric material and Fe304 as magnetic core, due to possible further
employment in the coupling with MZN and the affinity between the two materials.

ZrO; shell protocol

For the synthesis of ZrO, shell on Fe304 cores the classical procedure was used,
with Zr(acac)s as zirconium source. Around 20 mg of core NPs were placed in a
two-neck round bottom flask (100 ml) with 5 ml of BE and 0.6 ml of OA to create a
homogeneous dispersion. Then, an appropriate amount (0.33 mmol) of Zr(acac)a
was added. Finally, 15 ml of BE and 0.6 ml of OA were added and left to mix. After
a vacuum cycle to eliminate oxygen from the reaction flask, the reaction
proceeded under Argon for 30 minutes at 290 °C (heating rate 5 °C/min). After
cooling down to room temperature, the sample was magnetically washed
overnight in toluene and isopropanol and washed three times with the same
solvents to eliminate by-products or excess of reagents.

Furthermore, for trying to have hydrophilic core-shell particles, ligand exchanges are
performed. N,N-(bisphosphonometyl) glycine and N-(phosphonomethyl)-iminodiacetic
acid are used. Some protocols were tested: first the one of X. Wang et al. [142] was tested,
then basic conditions were applied.

First protocol

10 mg of NPs (CoFe,04) with hydrophobic ligands were put with 100 mg of the new
ligand (N-(Phosphonomethyl)iminodiacetic acid hydrate) in 4 ml of EtOH and
sonicated for 10 minutes. Stirring for 20 minutes was performed, and hexane was
added to be sure of the exchange happening and wash the particles with ethanol
and hexane several times. If the ligand precipitate as a white solid, wash it with
water and recover nanoparticles with a magnet.

Basification protocol

Nanoparticles were suspended in CAPS buffer at pH 10, 25 mM, with the new
ligand with 1:2 weight ratio. The dispersion was sonicated for half an hour and put
in mechanical agitation for 2 hours. The product was washed first with water, to
remove the excess of ligand, then with NaOH solution, 0.5 M, to stop the
acidification from the new ligand.

The same could be done in THF instead of buffer solution to allow a better
dispersion in the solvent without aggregates.



2.4.  Orthopaedic applications

2.4.1. Surface modifications of bulk material

After the modification with phospho-derivate molecules, it has been seen that MZNs
deposit on different surface spontaneously. Starting from this point, it has been decided
to try to modify bulky surfaces in the strongest way as possible to avoid the leakage of
nanoparticles, with different technique and exploiting different kind of bonds.

Layer by layer technique is usually used to modify surfaces with organic molecules,
polymer or silane, using also the sol-gel chemistry [143]. Different kind of interaction can
be used, such as electrostatic bond, covalent bond, hydrophobic interaction and so on. All
these kinds of links are affected by environmental conditions, that determine the
successful of covering and the stability of the layer. Nanoparticle layer deposition is a
technique that is in development and, nowadays, not widely used due to the lack of
protocols to make a reproducible cover of surfaces [144].

Many techniques are used to modify the surface of a solid: sputtering, dip coating, spin
coating, spray-coating, plasma coating, drop casting, electrochemical deposition and
electromagnetic deposition [70, 73, 145-146]. The drop casting consists on the deposition
of a drop on a flat surface, that evaporating deposits nanoparticles. The thickness of the
layer depends on the concentration of nanoparticles in the colloidal solution and can be
tuned also varying ionic force, pH and volatility of the solvents. On the other hand, dip
coating is the removal of the substrate from a solution in a controlled way, with particular
care on speed and contact angle with the solution. Viscosity and capillary effects govern
the deposition and is crucial to avoid drastic effect during evaporation of the solvent to
allow the formation of a homogeneous layer. Also in this case, physical-chemical
properties of the solvent are crucial for the deposition, also because they can affect the
affinity with the surface [147].

Therefore, starting from the evidence of layer organization during solvent evaporation of
modified nanoparticles, a methodological study has been conducted.

Different modifications of nanoparticles have been used, moreover, some surfaces have
been modified to improve affinity with MZNs. Some of the used surfaces were modified,
using atmospheric plasma device, by NADIR srl.

Drop casting protocol

A colloidal solution of modified MZNs, with a concentration of 5 mg/ml, was made
using also ultrasonication tips to remove aggregates. With a micropipette, a drop
of 4 ul was deposited on the surface and left drying at air condition.

MZN-L-phosphoserine (MZN-PSER) was used as modified nanoparticles. Amino-modified
glass and aluminium with different roughness degree were used as testing surfaces.
Solvents used were listed in Table 4.



Table 4: List of solvents used for the drop casting deposition method

Solvent Concentration (mM) pH
Ultrapure Water / /
Methanol / /
Ethanol / /
Iso-propanol / /
Acetone / /
Sodium acetate buffer 25 4

Sodium acetate buffer 25 4.8
MES buffer 25 5

MES buffer 25 6.3
TRIS buffer 25 7

TRIS buffer 25 7.5

Sodium borate buffer 25 8.2

Sodium carbonate buffer 25 8.7

CAPS buffer 25 9.6

Dip coating protocol

A colloidal solution of modified MZNs, with a concentration of 10 mg/ml, was
made using also ultrasonication tools to remove aggregates. The substrate was
immersed in the suspension and removed with controlled speed fixed at 0.01
mm/s.

MZNs used for dip coating procedure were modified with: L-phosphoserine, 2-
phenylethene-1,1-dyilphosphonic acid, 3-phosphonopropionic acid and 2-aminoethyl
dihydrogen phosphate. Glass, amino-modified glass, silicon wafer, aminated silicon wafer,
carboxy-modified silicon wafer, copper, aluminium, bare and aminated titanium were
used as testing surfaces. Solvents used were listed in Table 5.

Table 5: Solvent used for dip coating protocol

Solvent Concentration (mM) pH
Ultrapure water /
Ethanol /
Acetone /
Sodium acetate buffer 5 4
MES buffer 5 6.3
TRIZMA buffer 5 7
Sodium carbonate buffer 5 8.7

Surface modification

As mentioned above, modified surfaces have been used to improve affinity with
nanoparticles. Physical and chemical method have been employed to obtain such target.
Bare surfaces were used for plasma deposition method, while the oxidation is needed for
chemical methods to produce anchoring sites.



Plasma deposition method

The desired surface was put at 3 mm from plasma nozzle and a first activation step
was done. To avoid boundary effects, the surface was surrounded with inert
material. After this step, Ar gas was gurgled in a monomer solution of the wanted
modification agent, with different flux depending on the reagent, to allow the
vaporization of the precursor and the transfer through the plasma nozzle. The
torch was moved with constant speed of 10 mm/s, and the deposition could be
done with continuous or pulsed mode. MMA and APTES were used to modify glass,
silicon or titanium with this protocol.

Titanium oxidation

Titanium was left in a piranha solution (sulfuric acid and hydrogen peroxide 5:1)
for three hours. After that time, the solid was removed from the solution and
washed with water and ethanol [61]. The surface can be removed from the
reacting environment with dip coating tools or manually.

Sol-gel amination

A solution with 5% vol/vol of water in ethanol was made and the pH was adjusted
around 5 with acetic acid. 5 % vol/vol of APTES was added under vigorous stirring
and it was left hydrolysing for at least 5 minutes at room temperature. Then the
substrate was added and left reacting for 2 hours. The solid was removed and
washed with ethanol to remove the excess of APTES. To complete the
condensation, it was put in oven at 120 °C for half an hour [148]. The surface can
be removed from the reacting environment with dip coating tools or manually.

Phosphonate modification

After the oxidation of titanium sheet, a modification with 2-aminoethyl
phosphonic acid was done. The substrate was put in a 25 mM solution of the
phosphonic acid in ultrapure water and left under stirring for 2 hours. Then the
slab was removed and washed with water to remove unbonded molecules. The
surface can be removed from the reacting environment with dip coating tools or
manually.

Ninhydrin assay

To prove the presence of primary amine on the modified surfaces, the ninhydrin assay
was done, only to prove the presence of it and not to quantify, with the appearance of
violet-blue colour.
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Scheme 2: Ninhydrin test reaction scheme

NH, + H

Protocol

800 pL of a 20 mM solution of ninhydrin in ethanol was added to 1 mL of water.
The sheet was put in this solution and left reacting for 15 minutes at 90 °C to
increase the kinetic of the reaction. The control solutions were made with a glycine
solution 5.5 mM for the positive and of ultrapure water for the negative one.

Coupling with nanoparticles

Carboxylic modified MZNs (protocols previously reported) are linked through EDC/S-NHS
(1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride/sulfo-N-
hydroxysulfosuccinimide) protocol. Carbamide bond formation is the most common way
used to couple an amine with a carboxylic group for biological purpose. Due to low toxicity
and good knowledge of the process, EDC/S-NHS protocol was used [148].
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Protocol

MZNs modified with a phosphonic acid having a carboxylic terminal group were
suspended in MES buffer (20mM) at pH 5, with a concentration of nanoparticles
of 10 mg/ml. EDC and S-NHS were added for having a final concentration of 4 mM
and 8 mM, respectively. Suspension was left reacting for one hour at room
temperature to activate the carboxylic group. Then MES buffer at pH 7.5 was
added to increase the pH of the solution up to 7 and dilute nanoparticles to 5
mg/ml. Amino-modified surface was added to the solution and left reacting
overnight. To stop the reaction, glycine was added for having a concentration of 5
mM, and left stirring for 30 minutes. The sample was removed and washed with a
water bath under stirring for 30 minutes. The surface can be removed from the
reacting environment with dip coating tools or manually.

Alternatively, carboxylated surfaces can be activated with EDC/S-NHS and aminated
nanoparticles can be linked.

2.4.2. Silver modification of MZNs

In order to introduce silver nanoparticles inside pores of zirconia, several methods have
been tried to produce a stable and antibacterial heterostructure. First the procedure of
Tian et al. [149] has been adapted for our system, without the use of silane molecules.
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Protocol

A solution of 2-aminoethyl dihydrogen phosphate (11 mM) and AgNOs (8 mM) was
made with ultrapure water, to leave the formation of the complex with amino
group and silver ion. Then MZN are added to the solution (final concentration of
10 mg/ml) and left stirring overnight. Formaldehyde solution (final concentration
1 mM) is added to reduce Ag* and left reacting for 3.5 hours under stirring. The
product was recovered with centrifugation and washed three times with water.

To improve the system, a classical wet impregnation procedure was performed, taking
into account to fill up half of the pore volume of MZNs with silver nitrate.

Protocol

MZNs were dispersed in water, 10 mg/ml, and AgNOs was added with a final
concentration of 36.5 mM and left stirring overnight. The solvent is removed with
depression using rotary evaporator. The silver in MZN@Ag™* (25 mg) was reduced
with 1.3 ml of formaldehyde solution (37% vol) and the powder turned to black
color. After 1.5 hours of reaction, the product is filtered and washed with water.

For a creation of silver nanoparticles deeper inside pores of zirconia, procedures that
involves insoluble Ag-derivates were studied. A method to produce AgCl was tried and
tested with temperature programmed reduction (TPR) to see if a thermal treatment could
be used to produce AgNP, maintaining porous MZNs. On the other hand, ways through
Ag,0 were tried.

Protocol AgCl

An excess of NaCl was introduced inside pores of MZNs via wet impregnation
method. The desired amount of NaCl was dissolved in water and MZNs were added
for having 10 mg/ml concentration and left stirring overnight. After drying with
rotary evaporator, 25% mol of AgNO3 was added with a water solution and left
stirring overnight as well. The dried powder was tested with TPR: a quartz tubular
reactor, 4.84% H,/Ar with gas flow of 40 ml/min as reducing agents, temperature
range between 30 and 850 °C with 10 °C/min rating steps, anhydrone desiccant
trap and thermo-conductibility detector at 100 °C were used.

Protocol Ag;0

A solution of MZNs (10 mg/ml) and AgNOs (18 mM) was made with water and
stirred for 2 hours. The solution was dried with rotary evaporator, then, 3M
solution of NaOH was added in order to have at least the same moles of Ag and
stirred for one hour. Dry the powder again and add a 33 mM glucose solution in
excess to reduce Ag* to Ag’, left reacting under stirring for an hour, then filter the
product and wash with water. Glucose was used instead of formaldehyde to avoid
toxicity of reagents that could misrepresent biological tests.

To increase the penetration inside the pores and the retention of Ag* ions on zirconia, a
modified procedure of synthesis of MZNs was used to directly obtain modified
nanoparticles with phosphate groups (MZN-PQOa) [150].



Protocol MZN-PO4

The procedure described before for the synthesis of MZNs was modified using a
solution of Na;HPO4 0.1 M instead of the one of NaF. All other parameters were
left the same.

Protocol MZN-POs@Aqg

A solution of MZN-POa (10 mg/ml) and AgNOs (18 mM) was made with water and
stirred overnight. The solution was dried with rotary evaporator, then, 3M solution
of NaOH was added in order to have at least the same moles of Ag and stirred for
one hour. Dry the powder again and add a 33 mM glucose solution in excess to
reduce Ag* to Ag®, left reacting under stirring for an hour, then filter the product
and wash with water.

In order to prove the possibility of wet impregnation of AgNO3 and calcination under
reducing atmosphere, without destroying the porous structure of zirconia, three samples
with different amount of silver (3, 25, 50% mol) were analysed with synchrotron radiation.
MCX line at Elettra synchrotron in Trieste was used to analyse the behaviour of the
particles with increasing temperature from 25 to 600 °C, with a temperature rate of 10
°C/min, and follow crystal phases transition of the system with X-ray diffraction.

2.4.3. Preliminary biological tests
Nanoparticle-modified surfaces and MZN@Ag were tested with bacteria to preliminary
see the efficacy of these modifications.

Protocol for tests on bacteria

0OD600 of overnight E. coliinoculum in NB was measured and serial dilutions were
made into 5 ml of NB, in order to plate 400 CFUs. The experiments were conducted
preparing NA with different concentrations of Ag@MZN and bare MZNs. Pictures
of plates were then analysed with Imagel.

2.5.  Preliminary tests of coupling with antibodies

Carboxylic modified mMZN-8% (protocols previously reported) are linked through EDC/S-
NHS protocol with antibodies [148]. The conjugation with antibodies was slightly different
to be sure of maintaining the 3D structure of the protein: the procedure reported from
Thermo Fisher (Dynabeads® MyOne™ Carboxylic Acid) was used.

Protocol for Abs conjugation

2.5 mg of nanoparticles were suspended in MES 25 mM at pH6 for having a
concentration of 30 mg/ml. 2.5 mg of EDC and sulfo-NHS were added and the
suspension was put in agitation with rotation at 40 rpm for 30 minutes at RT. The
activated nanoparticles were washed three times with MES. Then, 125 pg of Ab
were added, the solution was diluted for having 10 mg/ml concentration of
nanoparticles and left in agitation with the same conditions as before. Ethanol
amine 10 mM was used to stop the reaction. The precipitate was washed at least
three times with MES or TRIS (pH7.4) or HEPES buffers and resuspended in a buffer
suitable for protein conservation. Three types of Abs were used for the
modification: Ab-HRP, transtuzumab and pertuzumab. The quantification of Ab-
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HRP on the NPs was performed with the TMB modification, classical for ELISA tests.
In particular, in a 96-wells plate, the sample for the calibration curves was put, with
serial dilution from number 1 to 12, in the wells, and the right amount of TMB
solution was added. The same was done with the unknown sample. After 10
minutes of reaction, TMB was stopped with the same amount of H,SO4 0.18 M
solution and read at 450 nm using a plate reader with UV-Vis light.



3. RESULTS AND DISCUSSION
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3.1. Synthesis of Mesoporous Zirconia Nanoparticles

Mesoporous zirconia nanoparticles were synthetized by a previous reported protocol,
developed by our laboratory [6, 124]. It involves template sol-gel process for the synthesis
of nanoparticles from metal alkoxide precursor, with alkali salts to produce double layer
of charges around the particles to avoid aggregation. The extraction of the surfactant was
performed with vacuum extraction to avoid crystallization and collapse of the
nanoparticles [27]. The obtained nanoparticles are spherical with a good homogeneity in
diameters, as one can see from Figure 7 and are also characterized by high surface area
(ranging from 120 to 450 m?/g) and high pores volume and pore diameters (~0.3 cm3/g

and 2.5-8 nm respectively) (Figure 8).
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Figure 7: TEM (a) and FEG-SEM images of different batches of MZNs (b, c) and diameters distribution of nanoparticles
(in c) fitted with Gaussian function (d)
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Figure 8: Nitrogen physisorption of MZN, with pore diameter distribution in the inlet

Amorphous or partially crystalline nanoparticles could be obtained with this synthesis
even if no thermal treatment, except the hydrothermal one at 170 °C, were done. Figure
9 shows the XRD patterns of an amorphous and a semi-crystalline batch. Small and mainly
tetragonal crystal nuclei, stabilized by the smallness of the crystallites sizes, can be found
in some samples (Figure 9 red line).
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Figure 9: Comparison of XRPD on MZNs totally amorphous and with very small crystallites

Due to the fact that the syntheses were done at room temperature, seasoning influences
shape and porosity of nanoparticles. Indeed, higher temperature produce higher
diameter, larger pore and lower surface area. In Figure 10 season trend for surface areas
and pores diameter is depicted. As one can see from this tendency, big changing happens
in a laboratory with poorly controlled atmospheric conditions (temperature and
humidity). For this reason, controlled conditions were tested (pointed in Figure 10),

|E



[N\
(J

performing the reaction in a closed thermostated round bottom jacket reactor where the
temperature was fixed at 37 °C. In this way, smaller surface area and bigger pores were
obtained.
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Figure 10: Seasoning trend of surface area (dots) and pore diameter (squares)

During these years, however, issue with zirconium precursor has been found. New
Zirconium(lV) propoxide from Sigma Aldrich didn’t lead to separate and spherical
nanoparticles, conversely from what was obtained until that moment with the old Fluka
ones. Before changing supplier to solve this problem, many ways have been tried:
changing quantities of water and salts, diluting the system or aging precursor etc... (see
Table 6). However, no solution and no explanation of the problem was found, and the
study of the precursor did not show any differences between the two suppliers.

As one can see from Figure 11, precursor from Sigma Aldrich ever produce aggregates,
while with the Fluka one nanoparticles appear well separated, spherical and
monodispersed. A solution was found changing supplier for the precursors (Acros
Chemicals) or changing alkoxide (Zirconium(IV) butoxide) but no clear explanation was
given to the observed behaviour. Finally, with the control of the temperature, we were
able to tune the pores and surface areas, with stable diameters and shapes for the
appropriate application.



Table 6: List of modifications on the MZNs synthesis tested with Sigma Aldrich precursor

Batch name Change done
MZN10 Normal condition
MZN11 Half ZP
MZN12 2/3ZP
MZN13 3/427pP
MZN21 1/3 zP
MZN20 1/2 ZP, controlled T
MZN22 Controlled T
MZN23 Aging
MZN25 Aging
MZN26 Aging
MZN27 Aging
MZN28 Double H,0
MZN29 3/2 H,0
MZN30 5/4 H,0
MZN31 9/8 H,0
MZN32 [NaF] 0.2M
MZN33 Tested each % hour
MZN34 1/2 H,0
MZN35 3/4 H,0
MZN36 Only salt solution
MZN37 1-Propanol
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Figure 11:FEG-SEM images of different batches of MZN obtained with different conditions, name of batches or type/company of the
precursor are put in each image.




3.2.  Functionalization of MZNs

It is known from literature that Zr** has a certain affinity for phospho-derivates molecules
[18,127-128, 131, 151] and a surface modifications for MZN was developed, avoiding the
use of a silica layer, usually employed in literature [17, 76], with a totally new library of
molecules and way of functionalization. The firsts studies of the affinity of our zirconia
nanoparticles were done with commercially available phosphate-molecules, such as 2-
aminoethyl dihydrogen phosphate (PEA), 2-phospho-L-ascorbic acid trisodium salt (PAA),
O-Phospho-DL-serine (PSer) and O-Phospho-L-tyrosine (PTyr) (Scheme 4) and synthetized
2-phenylethene-1,1-dyilphosphonic acid (BPPhE) (Scheme 5).
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Scheme 4: Organo-phosphate molecules used for functionalizations

First preliminary tests included a long exposure (overnight) of the MZNs with a high
concentration of commercial phospho-derivates molecules. T-potential and XPS
measurements were used to study the modification of the surface of the nanoparticles.
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Figure 12: {-potential of firsts tests of functionalizations of MZNs

From Z-potential measurements (Figure 12) it is clear how more acidic compounds change
MZNs surface charges. Indeed, PSer and PAA modifications alter surface properties, giving
to MZNs charges under -20 mV at all the tested pH values, that improves colloidal stability
of nanoparticles. As a matter of fact, unmodified zirconia presents a sigmoid behaviour
on titration with changing pH values, with an isoelectric point around pH 7.5, which means
that under neutral conditions, aggregation of nanoparticles is favourite, and with more
basic compounds, probably due to the compensation from the amino-group to the totally
charge of the molecules, show an isoelectric point around pH 5.5. Moreover, from
preliminary attempts, it was seen that bisphosphonic acid (BPPhE) largely improves the
colloidal stability, providing higher surface charge in MZNs, as is visible in Figure 12.

XPS analyses were performed on these samples to further confirm the presence of
phosphate and phosphonate on the surface of nanoparticles. Indeed, the XPS sampling
depth is typically around 5-10 nm, and makes this technique able to evidence the
presence, at the surface of the nanoparticles, of chemical elements belonging to the
molecules of interest. From these analyses, presence of phosphor is confirmed both for
the tested phosphate and phosphonate (Figure 13 and Table 7 and Table 8). However,
nitrogen presence confirmation is difficult, due to its light elementary character, and for
some of the examined species the amount of phosphor and nitrogen should be equal but
for two samples the amount of nitrogen results lower than the phosphorous one, and with
P-Tyr, no N was found (Figure 13b, blue line, Table 8). This could be due to the labile
structure of the modifying molecule that can decompose during functionalization. The
hypothesis of this lack of signal is the action of zirconia as a catalyst for the hydrolysis of
the phosphoric ester bond, but further investigations should be necessary to confirm the
hypothesis.



In Figure 13 bands related to P2p signal recorded with XPS are reported for the modified
samples. As one can see, a small shift for the peak related to the bis-phosphonic acid
(BPPhE) is present if compared to peaks related to phosphate molecules, that can be
ascribed to the different nature of chemical environment of P atoms for phosphonic ones
(one less O). The detected values are compatible with the chemical environment of the
elements considered in the different functionalizing groups. In particular, the P2p BE
values detected in all the P-containing samples (see Table 7) are slightly lower than those
reported for the single phosphonate molecules [86]: this is ascribed to a chemical
environment of the phosphorus atoms less electronegative, i.e. consistent with oxygen
atoms not only bonded to phosphorus but also to NPs atoms (Zr in our case) as observed
in similar systems [86, 134].
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Figure 13: XPS P2p bands (a) recorded for MZN-PAA (black), MZN-PSER (red), MZN-BPPhE (blue), MZN-PEA (pink),
MZN-PTyr (green) and XPS N1s bands (b) recorded for MZN-PSER (black), MZN-PEA (red) and MZN-PTyr (blue)

Table 7: Binding energy values of P2p and N1s bands as detected in the functionalized nanoparticles.

P2p (eV) | N1s (eV)
MZN-PAA 133.7 -
MZN-PSER | 133.8 400.6
MZN-BPPhE | 133.3 -
MZN-PEA 133.7 400.3
MZN-PTyr 133.8 -

Table 8: C, O, Zr, P, S, and N atomic fraction as obtained by XPS data in MZN, MZN-PAA, MZN-PSER, MIZN-PEA, MZN-
PTyr, MZN-BPPhE samples

Sample C% | 0% | Zr% | P% | N%
MZN 26 | 52 | 22 - -
MZN-PAA |21 | 60 | 17 | ~1.7 | -

MZN-PSER | 21 | 59 | 15 | ~3.4|~1.5

MZN-PEA | 24 | 54 | 19 |~1.7 | ~1.2
MZN-PTyr | 32 | 52 | 14 | ~15]| -
MZN-BPPhE | 34 | 49 | 13 | ~4 -




Because of these preliminary results bisphosphonic acids with different terminal
functional groups were developed in collaboration with Prof A. Scarso of Universita Ca’
Foscari of Venezia [152-154] and used to modify MZNs. The collaboration with Prof A.
Scarso was also helpful for the develop of the better protocol of MZNs functionalizations,
using Solution-NMR to follow the kinetics of coupling reactions (studies in best buffer
solution and times of reaction). Methylenbisphosphonate (MBP), ethylenbisphosphonate
(EBP) and (2-((8-sulfanyloctyl)sulfanyl)ethane-1,1-diyl)bis(phosphonic acid) (BPODE) have
been used after first tests with 2-phenylethene-1,1-dyilphosphonic acid (Scheme 5).
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Scheme 5: Phosphonate molecules used for MZNs modifications

In Figure 14 trends of {-potential after modification with bisphosphonic acids at different
pH are reported. As one can see, bisphosphonic acid give, also in this case, value of charges



ever lower than zero, so no isoelectric point is present for modified nanoparticles in the
studied range. Lower values are the ones of MZN-BPODE, where, probably, -SH terminal
group increases the negative charge.
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Figure 14: {-potential behaviour of MZN and modified MZNs with bisphosphonic acids

Even if bisphosphonic acids seems to be the best choice for MZNs modifications, also
monophosphonic acids have been used, especially for the difficulties on synthesis of
specific ending groups. For this reason, 2-aminoethylphosphonic acid (PNH2), and 3-
phosponopropionic acid (PCOOH), commercially available, have been employed to modify
MZNs. In Figure 15 comparison of -potential values from monophosphonic (PCOOH and
PNH2) and bisphosphonic acids (MBP and EBP) are reported.
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Figure 15: Comparison of {-potential between MZN, MZN-PCOOH, MZN-PNH2, MZN-EBP and MZN-MBP

From this comparison is clear that no differences are present with bis- or
monophosphonic acids, for what concerns charge on surfaces, except for PNH2 where the
amino group produces positive values at lower pH, due to compensation during
protonation.
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FT-IR characterizations have been also performed on bisphosphonate-modified MZNs. In
Figure 16a, FTIR-DRIFT spectra of MZN and MZN-MBP and ATR-FTIR spectrum of pure MBP
are compared. Significant changes in the P-O region (900-1250 cm™t) were analysed. The
stretching vibration of the P-OH at 906 cm™ disappears in the infrared spectra of modified
nanoparticles, while other peaks became a broad band after conjugation. These spectrum
modifications are associated with covalent bonding of phosphonic acid to the surface,
probably via condensation reactions [132-133]. The broadening and shifting of all peaks
corresponding to P-OH vibrations were found in all modified samples (examples are
reported in Figure 16), and these could demonstrate the MZN modification. The
modifications in P-OH vibrations are also highlighted in the inlet of Figure 16c. Moreover,
with complex molecules, other peaks related to other residues are present, as shown in
Figure 16b and c, where vibration of C-H bond is highlighted.
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Figure 16:FT-IR spectra of comparison between bare MZN, bare modifying molecules and modified MZN for MZN-MBP
(a), MZN-EBP (b) and MZN-BPODE (c)

Even in this case, XPS measurements were performed on MZN-MBP and MZN-EBP, and
results confirms the previously obtained ones, with BE for P2p of 133.4 eV for both
samples, in agreement with the results of MZN-BPPhE (133.3 eV).

To deeply understand the mechanism of modification and the bond between with, solid
state NMR analyses have been performed on some modified samples, thanks to the
collaboration with Prof M. Geppi and Dr S. Borsacchi. The 3P DE-MAS spectra of the
samples PCOOH, MZN-PCOOH, MZN-MBP, MZN-EBP are reported in Figure 17.
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Figure 17:31P DE-MAS spectra of PCOOH (a), MZN-PCOOH (b), MZN-MBP (c), MZN-EBP (d)

The spectrum of PCOOH (Figure 17 a) is characterized by a single narrow peak resonating
at about 35 ppm, characteristic of a crystalline solid. On the contrary the spectrum of
MZN-PCOOH shows a very broad signal centred at a chemical shift of 20 ppm, with a minor
component at about 8 ppm (Figure 17 b). Based on the literature [155-161] the 15 ppm
decrease of the chemical shift in passing from the pure acid to the modified zirconia can
be ascribed to a bi-dentate anchoring of PCOOH on the zirconia surface, involving the
reaction of two P-OH groups. The large breadth of this peak indicates a remarkable loss
of structural order for PCOOH, and it is compatible with a distribution of slightly different
geometrical environments for 3!P nuclei, as for instance P-O-Zr angles. The small signal at
8 ppm can be tentatively ascribed to a minor fraction of molecules forming a tri-dentate
anchoring also involving the P=0 group or to a small amount of bulk metal phosphonate.

As far as bisphosphonates are concerned, the 3P DE-MAS spectra of their hybrids with
zirconia show a single broad peak centred at about 14 and 19 ppm for MZN-MBP and
MZN-EBP, respectively (Figure 17 c and d). These values are shifted by about -10 ppm with
respect to the isotropic chemical shifts of the corresponding pure bisphosphonates [162].
Based on both the literature [155-161] and other experimental data, it is reasonable to
interpret these spectra with the reaction of all P-OH groups with the zirconia surface. As
in the case of the monophosphonate, the breadth of the peaks indicates the presence of
a distribution of geometries around 3'P nuclei and, on the whole, the amorphous nature
of the organic layer.

Another time, characterization data confirms the strong character of bonds between
phosphonate molecules and MZNs and could be defined as a covalent bond between



them. So, this shows how this class of molecules represents an interesting alternative to
the employment of organosilanes to functionalize ZrO..

However, their use presents some problems in the presence phosphate buffers, where
the detachment of functionalizing molecules was observed, even if other experimental
evidences outlined a strong bond between the two systems. Indeed, for antibodies (Abs)
conjugations is usually needed to use phosphate buffers (PBS) and the leakage of the
biological moieties is observed. These results, presented later in this work, were
investigated deeply by the research group of Prof Scarso, elsewhere, and evidenced how
monophosphonic acids are detached more easily than bisphosphonic ones by phosphate
buffer. This confirmed the better choice in using bisphosphonate instead of mono-ones,
but difficulties on synthesis limited it.



3.3. Theranostic applications

3.3.1. Modifications of MZNs with magnetic phase

Nowadays, nanoparticles are reaching increasing interest in medicine due to their
capability to be tuned for having the desired properties and to be used as theranostic
system. Indeed, coupling together different materials can expand the field of applications
due to different physical-chemical properties of such components, reaching the goal of
personalized therapy of patients [21, 44, 49, 163-165]. So, to develop a system that can
unroll these functions, we think about starting from magnetic nanoparticles as core of the
tools. To do so, an already studied protocol has been adapted for our zirconia system
[135]. With this method, which employs the wet impregnation of nitrate salts of desired
metals and thermal treatments at high temperature, MSN with CoFe,04 were previously
made in our laboratory. Then, the procedure has been modified to produce MZN with
cobalt ferrite as magnetic phase (MZN@CoFe,Os or mMZN). Three different
concentrations of cobalt-iron oxides have been tested (4, 8, 12.5 % mol/mol) to find the
best amount of doping agents and to try to avoid the failure of zirconia structure. Indeed,
it has been known from literature and from our previous works that amorphous zirconia
crystallizes at temperature above 300 °C, sometimes destroying the structure [6, 16, 18,
46-47, 125, 166]. So, there was grounds to fear that our nanoparticles, treated at 700 °C
for 12 hours, can collapse during the synthesis. Fortunately, although the high
temperature of treatment, the NPs impregnated with cobalt and iron salts did not
aggregate and the general shape of the NPs is maintained for low quantities of metals
oxides loaded (Figure 18a and b). However, SEM images (Figure 18c) show a large amount
of iron and cobalt oxide particles outside the ZrO, nanospheres for the 12.5% sample, that
undergoes also a very strong change in morphology and microstructure. Comparison with
silica system was performed to understand the differences between them. MSN before
and after impregnation of 14% wt/wt (4% mol/mol) of cobalt ferrites, the same weight
percentage of the 8% mol/mol in MZN, are presented in Figure 19. As one can see, with
MSN no morphological changes are present as no cobalt iron oxides outside
nanoparticles.
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Figure 19: FEG-SEM images of MSN (a) and MSN@ CoFe ;0,4 (b)

All the samples with MZNs, after thermal treatment, have a surface area around 20 m?/g
(nitrogen physisorption analysis) (Figure 20a) (8% respect to the bare MZNs), and close to
the surface area of full density ZrO, NPs of similar size: pores are now filled up with metal
oxides and/or shrunk because of the crystallization of zirconium oxide. This behaviour
appears very different from what obtained with MSN, where porous structure did not
collapse (Figure 20b) and the surface area is the 87% of the untreated ones. It can be
ascribed to the amorphous character of silica also after high temperature thermal
treatment and the higher pore volume compared to MZNs (circa 1 cm3/g).
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Figure 20:Comparison of N, physisorption analysis of MZN and mMZN-8 (a) and of MSN and MSN after introduction of
cobalt ferrites (b)

On the respect of all said before, MZNs were chosen for further investigation due to the
faster recovering of these systems when exposed to a common magnet, compared to the
ones based on MSNs. Indeed, with zirconia, magnetic sorting is usually performed within
few minutes, as described later on, while with silica, hours are sometimes needed to fully
recover them.

TEM images of the mMZN-8% confirm that shape and size of the nanoparticles are
maintained and show that they have a crystalline microstructure (Figure 21) with a size in
between 15-30 nm (confirmed by SAXS and WAXS measurements Table 9).

Figure 21: TEM and HR-TEM images of sample mMZN-8
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Figure 22: XRPD pattern of sample a) mMZN-12, b) mMZN-8, c) mMZN-4, d) MZN@ 700°C, e) MZN, solid line for fits,
circles for experimental data, data fitted with ICSD # 417639 for m-ZrO, and ICSD # 164862 for t-ZrO,.

The XRPD (Figure 22) plots show both the MZN patterns before (amorphous) and after the
heat treatment and its effect on mMZN. The crystallization of the MZN gives mainly the
thermodynamically stable monoclinic ZrO; with a very low content of tetragonal ZrO;
probably stabilized by the small size of the crystallites (Table 10). On the other hand, the
crystallization of all the mMZN samples produce both tetragonal and monoclinic ZrO;. The
stabilization of the most symmetric tetragonal phase is probably due to the formation of
a solid solution between the Zr and Fe or Co oxides [47, 167-169]. The weigh fraction of
the tetragonal phase of the zirconium oxide increases with the amount of Co and Fe ions
until 70% ca. for the 8% and 12.5% samples. Furthermore, the crystalline CoFe,04 fraction,
determined by Rietveld analysis, is always lower than the loaded one in accordance with
the hypothesis that part of the Fe-Co oxides forms solid solutions with the Zr oxide
stabilizing the tetragonal zirconia fraction. We can also observe that the missing fraction
of Co-Fe oxide saturated at about 3.5 mol%.

Table 9: Crystallites and particles sizes, uncertainty is in the order of 10%.

XRPD XRPD XRPD SAXS
Units: nm <L>vol <L>vol <L>vol Sphere Diam.
(nm) (nm) (nm) (nm)
Sample Name t-ZrO2 | m-ZrO; | CoFe;04 CoFe;0,4
MZN@700 °C 10 21 / /
mMZN-4 14 13 6 22
mMZN-8 11 7 18 31
mMZN-12.5 9 7 17 17




Table 10: XRPD quantities of different phases of the different samples, uncertainty is in the order of 10%.

sample Name t-ZrO2 | m-ZrO; | CoFe204 | CoFe;04
%wt %wt %wt %mol
MZN@700 °C 2 98 / /
mMZN-4 56 38 6 3.2
mMZN-8 73 19 8 4.4
mMZN-12.5 68 17 15 8.5
——— mMZN-8
—tZr0,
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Figure 23:XRPD pattern of mMZN-8 compared to the ones related to t-ZrO, (ICSD # 164862), m-ZrO, (ICSD # 417639)

and CoFe,04 (ICSD # 41257), highlighted with pink dot the only peak related to cobalt ferrite not covered by the ones of
zirconia.

However, the quantification of CoFe;0s ever appears very difficult, due to the
superposition of the XRD reflections related to this phase, with the ones ascribable to
zirconia (Figure 23). As is visible from Figure 23, the only peak attributable uniquely to
cobalt ferrites is the one pointed with the pink dot, and this situation makes the
guantification of the magnetic phase difficult and the expected error is high.

SAXS analyses (see Figure 24 a,b), allows measuring the size of the CoFe,04 oxide particles
that have an electron density lower than the electron density of the ZrO, oxide matrix.
The size of the large spheres (200 nm) is higher than the resolution of the employed Kratky
camera so only the asymptotic h3 behaviour (Porod asymptotic law for a slit smeared
camera) is visible as background.

SAXS data are fitted assuming a distribution of spherical CoFe,0s inclusion: Figure 24 a
and b show the fit and the size distribution obtained for the 8% sample. All the results
agree with the size obtained with XRPD pattern analyses (Table 9): the CoFe;04 crystallites
sizes are smaller or equal to the sizes of the particles. Only the 12.5% sample show a
different behaviour that could be explained by the large fraction of small magnetic
nanocrystal grown outside the pores.
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Figure 24: (a)Fit of SAXS data with a distribution of spherical particles. (b) Fitted size distribution of CoFe;04
nanoparticles.

For a better understanding of the behaviour of zirconia with doping agents, two samples
with only iron nitrate were produced, with 4 and 6% mol/mol, with the same procedure
of samples with cobalt and iron. As one can see from Figure 25, shapes of nanoparticles
are similar to the one loaded with CoFe;04, with maintained roundness and low
aggregation. Moreover, the stabilization of the tetragonal phase of zirconia with
increasing quantities of iron is confirmed one more time, as one can see from XRPD
analyses in Figure 26 and Table 11. Indeed, the quantity of t-ZrO; raise up to 80% wt, for
the Fe 6%, higher than those obtained with Co and Fe. In addition, these samples did not
present any crystal phase that could be traced back to FexOy confirming the possibility of

a solid solution with iron and zirconium oxides.

Table 11: XRPD quantities of different phases of the different samples, uncertainty is in the order of 10%.

Sample Name t2r0; | m-Zr0,
%wt %wt
MZN@700 °C 2 98
MZN@Fe-4% 66 34
MZN@Fe-6% 80 20

Figure 25: FEG-SEM images of MZN@Fe-4% (a) and MZN@Fe-6% (b)
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Figure 26: XRPD pattern of MZN@Fe6% (a) and MZN@Fe4% (b), dotted curves as observed diffractogram and solid
one as fitted diffrattogram.

Further investigations of this behaviour were performed with Mdssbauer spectroscopy at
77K, thanks to the collaboration with Prof N. Yaacoub of Université du Maine. As is visible
in Figure 27, sextet and doublet are present and shifting values are reported in Table 12.
From <&> values obtained and the presence of the doublet, it seems that also this
technique provides a confirmation on the fact that iron dopes zirconia, subtracting to
cobalt ferrites. The isomer shift of the doublets (paramagnetic behaviour) correspond to
the Fe3*in solid solution with zirconia, and the asymmetrical shape of the doublet shows
the presence of iron in different crystallographic sites. Indeed, it has been found in
literature [170] that this shifting is associated to the presence of iron in the crystal
structure of tetragonal or cubic zirconia. On the other hand, sextet could be attributable
to the presence of cobalt ferrites, as already reported in literature [171-172]. Spectra of
sample loaded only with iron seems showing that, also in this case, only solid solution is
formed, and no iron oxides are present, due to the absence of the sextet.

Moreover, these results confirm again the saturation behaviour of iron quantity that could
goes in solid solution with zirconia. Ratios between sextet and doublet, indeed, give us
the possibility of quantification of the fraction of Fe3* which goes in solid solution. In Table
13 molar percentage are reported for samples doped with CoFe,04, taking into account

the nominal quantity of loaded salts. Moreover, the atomic fraction of iron which went in
-2

-2
measurements, the missing fraction of Co-Fe saturate around 2 mol%. Again, difficulties
in quantification with XRPD data due to superpositions of peaks could explain differences
between the two techniques, and the one obtained with Mdssbauer spectroscopy seems

the most reliable.

solid solution with zirconia, is labelled with x as Fe,%*Zrétx)O . From Maossbauer
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Figure 27:Méssbauer spectra of mMZN-4, mMZN-8 and mMZN-12.5 recorded at 77 K.

Table 12: Value of shifting <o> obtained with Mdssbauer spectroscopy at 77 K and ratio percentage between phases

<> | %
Sextets Fe3*(A/B) | 0.43 | 63
MZN-4
m Doublets 047 37
Sextets Fe3*(A/B) | 0.45 | 72
MZN-8
m Doublets 0.48 | 28
Sextets Fe3*(A/B) | 0.46 | 82
MZN-12.5
m Doublets 046 | 18
MZN@Fe6% Doublets 0.44 | 100
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Figure 28: Mdssbauer spectra of MZN@Fe6% recorded at 77 K.

Table 13: Quantification of molar percentage content of CoFe,040btained with Mdssbauer spectroscopy and XRPD and
atomic fraction of iron in solid solution.

CoFe;04 %mol | CoFe204 %mol x (Fe3*)
(Mossbauer) (XRPD) (atomic fraction)
mMZN-4 2.6 3.2 0.03
mMZN-8 5.9 4.4 0.046
mMZN-12.5 10.5 8.5 0.049

DC magnetization measurements with SQUID magnetometer were also performed on
samples with cobalt and iron. As expected, at low temperature the samples with CoFe>04

M
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show a hysteretic behaviour. mMMZN-4 shows an evident kink around zero field, together
with strong not saturating character at high field. This feature can be associated to the
presence of a soft magnetic phase, probably due to the separation of Co304, as already
observed in literature [173], inducing an off stoichiometry in CoFe;04 nanoparticles. Due
to the strong not-saturating character at high field the extrapolation of saturation
magnetization by fitting can bring to unphysical values. Then as a rough estimation of
magnetization at high field the value at 5T will be considered. The presence of soft
magnetic phase mMMZN-4 sample affects the value of coercivity field (Hc) and, especially
the value of saturation magnetization (Ms) at 300 K that is extremely low, with respect to
the other samples confirming the presence of some impurities (e.g. Co3z04). Due to the
particular behaviour of this sample, it seems to be unphysical to determine a value of
reduced remanence magnetization (M;/Msr), where M, is the remanent magnetization.
Onthe other hand, samples with 8% and 12.5% of cobalt ferrite show quite high coercivity,
compatible with the presence of stoichiometric nanostructured CoFe;0s. At low
temperature a strong non-saturating tendency is observed probably due high surface
anisotropy [87]. The Ms value was obtained by fitting the high-field part of the hysteresis
curve, recorded at 300 K, using the relation:

a b
M=M5x(1————)

Where H is the field strength, and a and b are parameters determined by the fitting
procedure [174].

Anyway, values of magnetization measured at 5 T (Mst) are also compatible with the
presence of CoFe,04 nanoparticles with Mst for mMZN-8 that is very close to the bulk
value (93 A m? Kg?) [171] indicating the good quality of the particles in this sample. The
lowering of Mst with respect of bulk value observed in mMZN-12.5 can be ascribed to the
complex interplay between surface spin disorder (i.e. spin canting) and cationic
distribution [111]. All the samples show non-zero coercivity and remanence
magnetization at 300 K (Figure 29), clearly indicating that at this temperature
nanoparticles in “blocked state” are still present. Value of saturation magnetization and
at 5 T confirms again the bettered performance of mMMZN-8 sample showing the highest
saturation magnetization.
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Figure 29: Hysteresis loops recorded at 5 K (full circles) and 300 K (empty circles) for mMZN-4(a) mMZN-8(b) and mMZN-12.5(c)



Table 14: Coercive Field (uoHc), magnetization recorded at 5 T (Ms7, 5K), reduced remanent magnetization (M,/Msr),
Saturation Magnetization recorded at 300 K (Ms 300K). Uncertainties on the last digit are given in parentheses.

MoHc_sK Mst (SK) Mr/|V|5T Ms (300 K)
sample M | (AmikgY (A m? Kg™)
mMZN-4 0.91(5) - - 29.4 (4)
mMZN-8 1.44(6) 82(4) 0.67 57.0 (8)

mMZN-12.5 1.43(6) 68 (5) 0.6 54.6 (3)

In these cases, however, M;/M;s is not evaluable due to the unsaturated character of
samples measured at 5 K around 5T, so M;/Mst has been calculated.

The analysis of remanent magnetization curves measured by IRM and DCD protocols
(Figure 30) allowed also to investigate the interaction regime among particles. For an
assembly of noninteracting single-domain particles with uniaxial anisotropy and
magnetization reversal by coherent rotation, the two remanence curves are related via
the Wohlfarth equation:

Mmpep(H) =1 — 2mypy (H)

where mpco(H) and mirm(H) represent the reduced terms Mpceo(H)/Mben(5T) and
Migm(H)/Mirm(5T) and Mpcep(5T) and Migm(5T) are the remanence values for the DCD and
IRM curves at 5 T, respectively. Following this equation, the two irreversible
susceptibilities (xirr = dm/dH) are related as:

dmpy
dH

dmpcp _
dH

with a maximum at the same reverse field. Deviations from such behaviour are due to the
presence of interactions which can be quantified in terms of the so-called interaction field:
H.., = (le - r)

int 2
H'r and H; correspond to the position of the maxima of the field derivative of mpcp(H) and
mirm(H) curves respectively (i.e., maxima in the irreversible susceptibility which maps the

switching field distribution). In the case of mMMZN-8% the value obtained for Hint (-26 mT)
suggests very weak demagnetizing interactions.

Kelly et al. [175] rewrote the Wohlfarth relation to explicitly reveal deviations from a
noninteracting case:

dm = mpcp — (1 — 2mygry)

In particular, a negative deviation from the linearity condition is an evidence of the
predominance of dipole-dipole interactions, while a positive deviation can be attributed
to the predominance of exchange interactions. A different method to provide information
on the nature of interactions, consist in plotting m2¢P (H) against m!®M(H) (Henkel plot),
where a negative curvature indicates a demagnetizing interaction, while a positive
curvature can be attributed to a promotion of the magnetized state.



In this case, dm plot (Figure 30c) indicates that dipolar interactions are predominant.
Moreover, the presence of two magnetic phases is evident due to the double peak in the
plot, which confirms the hypothesis of a second soft magnetic material derived from the
removal of cations from stoichiometric cobalt ferrites. From Henkel plot (Figure 30d), it
seems that also in this case demagnetizing interaction are predominant, but the low
curvature did not give a certain interpretation, leaving open the possibility of the
coexistence of both interactions [114, 176].
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Figure 30: Sample mMZN-8%: DCD and IRM curves (a), Irreversible susceptibility (xi- = dM/dH) derived by DCD (black)
and IRM (red) (b), 6m plot (c) and Henkel plot (d)

ZFC-FC (Zero Field Cooling-Field Cooling) analyses have been performed but did not show
any superposition in the evaluated temperature range. So, as is also visible in hysteresis
loops at 300 K (Figure 29) where non-zero coercivity is present, it was impossible to define
a blocking temperature (Ts) for the systems, meaning that at room temperature there are
blocked particles, yet, and the system is not in a superparamagnetic state.

Surface modification of mMZN-8%

Once established that mMZN-8% was the best sample for our purposes of applications, it
has been modified with different phosphonic acids, which present the desired terminal
groups, for further modifications. The presence of the modifying molecules is given as
previously reported, with {-potential and FTIR measurements (see Results and Discussion,
Functionalization of MZN) and later on in the next chapter. Moreover, DC magnetization
measurements were performed to establish if there were any modification of the



magnetic properties of the samples after modifications. Figure 31 shows the hysteretic
behaviour of samples when modified, taking into account the theoretical mass of the
magnetic phase. As one can see, the evolution of the loops substantially changes with
different phosphonic acids introduced, particularly with bis-phosphonic ones, which
means that there is an interaction also between cobalt ferrite and the organic molecules.
Particularly, saturation and remanent magnetization decrease for the sample with BPODE,
while seems to increase with PCOOH molecules. However, the impossibility to perform
thermogravimetric analyses on these samples with our instrument, due to the presence
of sulphur in the organic molecule, did not allow us to establish the real amount of
modifying molecules to adjust the weight of the magnetic phase in a more accurate way.
So, the significant data from these measurements are the values related to reduced
remanent magnetization and coercivity, that change with samples as is visible in Table 15,
showing a different behaviour. Moreover, if the weight of the sample is correct respect
only to the nominal amount of magnetic phase, without taking into account the weight of
modifying molecules, a systematic error has to be found and the magnetization has to be
lower than the bare mMZN-8 if the molecules did not affect it, due to underestimation of
the magnetic part. However, the behaviour was not the one expected and the sample
modified with PCOOH shows in any case higher value than the bare ones, meaning that
both modifications have effects on the magnetic behaviours of our samples in different
ways.
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Figure 31: Hysteresis loops of mMZN-8% modlified with different phosphonic acids, recorded at 5 K, with theoretical
weight correction with functionalization amount (a) and without (b)

Table 15: Coercive Field (uoHc), magnetization recorded at 5 T (Ms7, 5K) for data corrected taking into account of
nominal weight of functionalizing molecules, reduced remanent magnetization (M,/Msz). Uncertainties on the last digit
are given in parentheses.

Sample MOI-(I_'BSK (anF:Z(igK-)l) M,/Mst
mMZN-8 PCOOH | 1.44(5) | 104(4) 0.7
mMZN-8 BPODE | 1.49(9) | 69(4) 05

mMZN-8 1.44(6) | 82(4) 0.7




The higher grade of modifications in the magnetic properties with bis-phosphonic acids
compared to mono-phosphonic ones could be ascribed to the higher acidity which can
stronger interact with the external surface of the nanocomposites.

The measurements of the magnetization of these nanoparticles are a proof of the
successful functionalization of the particles even after loading of magnetic phases [87,
176].

3.3.2. Modifications of the system to obtain theranostic nanoparticles or biosensors
Linking with gold nanoparticles to obtain a SERS-based biosensor or tools for hyperthermia
treatment

For SERS application, the thiolated mMZN-8 are modified with gold nanoparticles
obtained with laser ablation (see Materials and Methods), thanks to the collaboration
with the research group of Prof M. Meneghetti at Universita degli Studi of Padova. TEM
and FEG-SEM images, reported in Figure 32, clearly show the presence of the AuNP on the
surface of the mMZN-8 nanoparticles.

100 nm

Figure 32:FEG-SEM images (InLens a and AsB b) and TEM (c) of mMZN8@Au.

An important property of magnetic nanoparticles is their mobility in a magnetic gradient,
which can be exploited for applications in different research fields like enhancing the
detection sensitivity by pre-concentration of the analyte or cells, bacteria or exosomes
separation [35].

So, particles migration, under a magnetic gradient, was followed by the UV-Vis extinction
changes of their colloidal solution [122]. Changes of the recorded extinction spectrum is
fitted considering the attraction force generated by the magnetic gradient and the
viscosity of the solvent which counterbalanced the accelerated motion of the particles
toward the magnet [177]. The fitting of the extinction changes recorded with the
magnetophoretic experiment can be obtained considering the distribution of the
nanoparticles diameters recorded with SEM images (Rsem).

The extinction spectrum of the colloidal solution of mMZN and its comparison with MZN
is reported in Figure 33.
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Figure 33: Extinction spectra of MZN (black line) and mMZN (red line)

Figure 34a shows the variation of the extinction for mMZN recorded at 370 nm (dotted
curve) as a function of time and normalized at 0 min. The fitting (continuous blue line) is
obtained with the parameters reported in Table 16. A parameter of the fitting is the
percentage of the magnetic phase and one can see that the fitting suggests a value very
similar to that obtained with the XRD measurements (see Table 10). The nanoparticles
show a good response to the magnetic gradient since in 6 minutes more than 90 % were
recovered within 3 mm from the magnet and almost 100% after 10 min.
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Figure 34: (a) Fitting of magnetophoretic curves for mMZN and (b) for mMZN@AuNPs with parameters values
reported in Table 16.

The same experiment was performed with the mMZN-8@AuNP nanostructures (see the
“Materials and Methods” section for the synthesis and below for their extinction
spectrum). The data and their fitting (parameters values in Table 16) are reported in Figure
34b. The hydrodynamic diameter is now larger than in the previous case, probably
because of the different hydrodynamic of the particles with the AuNP on their surface.
The magnetic response of mMMZN-8@AuUNP is always good since almost 100% of the
particles were recovered within 18 min.



Table 16: Parameters for the fitting of the magnetophoretic curves reported in Figure 34 (a) and (b) for mMZN and
mMZN@AuNPs, respectively.

mMZN | mMZN@AuUNPs
Sat“rat'°?3g";§')‘et'zat'°" ~200-10° A/m (34.2 A-m?/kg)
Magnetic % (molar) 5.8%
Zirconia density 5895 kg/m3
Cobalt ferrite density 5290 kg/m3
Hydrodynamic radius 1.0-Rsem ‘ 1.6:Rsem
Water viscosity (T=20°C) 0.001 Pa-s

Figure 35 reports the extinction spectra of MZN@AuUNP and mMZN-8@AuNP. Insets show
the spectra obtained by subtracting the broad baseline, which derives mainly from the
scattering of the zirconia nanoparticles (see below). In the insets, one can see the
characteristic bands of aggregated nanoparticles, namely a plasmonic band around 520-
550 nm, also observed for isolated AuNP, and other plasmonic bands at longer
wavelengths (600 to 800 nm), characteristic of aggregated AuNP. The aggregation of the
nanoparticles is very important because hot spots, where SERS is particularly enhanced,
are created between nanoparticles (see below).
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Figure 35: UV-Vis-NIR extinction spectra of (a) MZN@AuNP and (b) mMZN-8@AuNP. Insets show the spectral region
from 400 to 800 nm after baseline subtraction.

MZN@AuNP were functionalized with the SERS reporter thiolated-Texas-Red (TR-SH) and
Figure 36a reports the SERS spectrum of these nanoparticles with the characteristic bands
of TR-SH [35, 141] at 1504 and 1650 cm™. mMMZN@AuUNP were functionalized with
thiolated-Malachite-green (MG-SH) and Figure 36b shows the characteristic band at 1617
cm™[178]. Both spectra are very intense, as expected for SERS spectra determined by hot
spots. These spectra show that these nanocomposites can be used as efficient SERS tags
for applications in which their presence is monitored, like in targeting of tumor cells [35,

140].
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Figure 36: SERS spectra of (a) MZN@AuNP functionalized with TR-SH and (b) mMZN@AuNP functionalized with MG-
SH.

The extinction spectrum of gold nanoparticles aggregated on the surface of the zirconia
particles (MZN@AuUNP) and the SERS enhancement in the hot spots of these aggregates
can be calculated with a BEM calculation [179-180]. A model structure for the calculation
is reported in Figure 37 with a zirconia sphere of diameter 200 nm and seven gold
nanoparticles of 25 nm, organized, at the distance of 0.5 nm from each other, in a ‘flower’
(Figure 37b) on the surface of the zirconia sphere. Figure 38a reports the calculated
spectra for this structure, which show that the scattering component due to the zirconia
particles is the most important contribution to the extinction spectrum. The calculations
also show (Figure 38b) that the small absorbance component of MZN@AuUNP is mostly
due to the AuNP ‘flower’.

o

nm

-50

Figure 37: Model for the calculation of the extinction, scattering and absorption spectra of MZN@AuNP with a zirconia
sphere of 200 nm of diameter and a ‘flower’ of seven AuNP of 20 nm (a). Organization of AuNP in the ‘flower’ (b).



The same BEM calculations allow evaluating the enhancement of the SERS spectrum. The
largest enhancement is found, as expected, within the gaps between the AuNP (the so-
called hot spots). With an exciting line at 633 nm, one calculates, for the AuNP ‘flower’ on
the zirconia sphere, a SERS enhancement value of 4.0 10%°. The calculated enhancement
is characteristic of the cluster of AuNP, (for the isolated flower one calculates a maximum
enhancement of 5.8 10'°) and show that the presence of the zirconia sphere has a very
small influence on the SERS enhancement.
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Figure 38: BEM calculation of the extinction (black lines), scattering (red lines) and absorption spectra (blue lines) of
the model structure (a) and of AuNP ‘flower’ only (b).

A proof of concept experiment for exploiting the magnetic properties of mMMZN@AUNP is
conducted mixing these nanostructures with MZN@AuNP and then operating a magnetic
sorting. The efficiency of the separation can be monitored with the signals of the SERS
reporter MG-SH, which functionalizes mMMZN@AuUNP, and those of TR-SH used for
MZN@AUNP.

Figure 39 reports the SERS spectrum of the solution obtained with a mixing of an equal
volume of MMZN@AUNP and of MZN@AuUNP in which both the SERS signals of TR-SH and
MG-SH can be observed. In particular the bands at 1504 and 1650 cm™ can be recognized
as signals of TR-SH and that at 1617 cm™ as that of MG-SH.

The magnetic separation is performed with four magnets (Supermagnete, S-5-25-N, D=5
mm diameter, h=25 mm height) on the side of a small vial containing the colloidal solution,
for 1h. Then, the solution was separated from the nanostructures attracted by the
magnets. The SERS spectrum of the solution is reported in Figure 40a, whereas the
spectrum of the nanostructures attracted by the magnets and dispersed again in water is
reported in Figure 40b.
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Figure 39: SERS spectrum, excited at 633 nm, of the solution with mMZN@AuNP and MZN@AuNP mixing.
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Figure 40: SERS spectra, excited at 633 nm, of the solution with the nanostructures not attracted (a) and attracted (b)
by the magnets.

One can see that the spectrum of the nanostructures presents in solution (Figure 40a)
shows the SERS signals of TR-SH at 1504 and 1650 cm™ and only a small signal of MG-SH
at 1617 cm™. The residual signal of MG-SH derives from the difficulty of pipetting the
solution without perturbing the nanoparticles attracted by the magnet. The
nanostructures attracted by the magnets (Figure 40b) show, on the other hand, only the
spectrum of MG-SH at 1617 cm™.

The separation of the nanostructures can be considered quite satisfactory considering the
high efficiency of the SERS spectra to the presence of a very small quantity of SERS
reporters.



3.3.3. Obtaining a porous structure coupling CoFe;04 and MZNs
Strategy #1:

Due to the previously obtained results on mMZNs, a deeper investigation of the system
was performed to understand if it was possible to obtain porous structure with thermal
treatment at lower temperature. Indeed, the goal is to obtain a magnetic structure that
could be able to load drugs for an improved theranostic system. Therefore, further XRD
measurements were performed at Elettra Synchrotron in Trieste on samples loaded with
cobalt and iron and only with iron, using an oven [181], to follow the crystallization with
increasing temperature. The investigation was carried out between 25 and 800 °C, taking
a diffractogram each 100 °C. As is visible in Figure 41a, bare MZN shows prevalently
monoclinic crystal phase after thermal treatment, the more thermodynamically stable,
even if it was prevalently tetragonal before the treatment. Although, for the sample
loaded with cobalt and iron (the 8% mol/mol), tetragonal phase seems more abundant,
even if the monoclinic one is still present (Figure 41b).
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Figure 41: XRD patterns with increasing temperature of MZN (a) and mMZN-8% (b) (A = 1.12576 A)

To confirm the stabilization of the tetragonal phase by the formation of solid solution
between iron and zirconia, synchrotron experiments were performed also on MZN@Fe4%
and MZN@Fe6%. Figure 42a shows how tetragonal phase increase with increasing
guantity of doping agents, and confirms the presence of solid solution, due to the absence
of any peaks related to iron oxides. Figure 42b shows the behaviour during crystallization
of MZN@Fe6% sample with increasing temperature.
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Figure 42: X-ray diffraction spectra of sample loaded with iron after thermal treatment at 800 °C (a) and the behaviour
with temperature of MZN@Fe-6% (b) recorded at Elettra Synchrotron (acquired with A = 1.12576 A)

After these results, trials to obtain a magnetic phase with residual porosity, employing
thermal treatment with lower temperature, were performed. From XRD diffractograms in
Figure 43, one can see that crystal growth starts above 500 °C when crystallites sizes
increase, where also peaks related to monoclinic phase appears. Indeed, fitting the XRD
profiles in the range reported in Figure 43 b, it has been seen, using the Scherrer analysis
of the XRD peaks, that crystallites sizes start to grow at 500 °C (Figure 43 c), which cause
the collapse of the porous structure, and the closure of the pores. TGA-DTA analysis was
performed both on the pure MZN and on the mMZN-8 sample (Figure 43d). The pure
sample shows two well defined exothermic peaks at approximatively 300 and 450 °C. The
first one corresponds to the crystallization of small tetragonal crystallites and the burning
of residual organic groups [6, 182], while the second one, at 450 °C, correspond to the
monoclinic phase crystallization [182]. The elimination of chemically bound water is
responsible of the endothermic peak around 100 °C. The behaviour of the mMZN-8 is
more complex and substantially different: the decomposition of the nitrate (endothermic
process) increases the endothermic peak of bare MZN and partially overlapped to the first
peak of bare zirconia, which appears broadened and smaller, while the second one
appears modified by the crystallization of the magnetic phase. Moreover, the second
transition of zirconia seems to be moved at higher temperature (550 °C vs 450°C) and this
can be explained with the stabilization of the tetragonal phase due to iron ions. (Figure 43
d). Indeed, as is visible from Figure 43 b and c, crystallizations of nanoparticles change
drastically above 550 °C, where tetragonal phase start to decrease while monoclinic phase
increase, as also crystallites dimensions.

For these considerations the thermal treatment at 450 °C was chosen to promote the
formation of the magnetic phase without the collapse of the porous mMZN
nanocomposite.
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Figure 43: XRD patterns with increasing temperature of mMZN-8% (a), peak area of tetragonal and monoclinic phase,

calculated between 20 and 30 28 and normalized using H. Toraya equations [183] (b) crystallites diameters obtained

fitting peaks between 20 and 30 28 with increasing temperature of treatment for sample mMZN-8% (A = 1.12576 A);
DTA curves of MZN (red) and mMZN-8 (black) (d)

So, thermal treatment at 450°C was carried out on the sample loaded with 8% of cobalt
and iron for 4 hours. This preliminary attempt shows how is possible to maintain porosity,
even if treated with quite high temperature (Figure 44) respect what it is possible with
MZN. Sample obtained in this way, indeed, shows surface area of 140.0+0.5 m?/g and pore
volume of 0.19 cm3/g (usually MZNs have 204+0.5 m?/g surface area and 0.31 cm3/g pore
volume). However, the response to a magnet is not as good as the one obtained with the
treatment at higher temperature. Indeed, in Figure 45 is visible how this system appears
slower than the previous reported ones, and neither after one hour of magnetic sorting
the system was fully recovered from the magnet, maybe due to poorer saturation
magnetization.
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Figure 44: Nitrogen physisorption of MZN and mMZN-8% treated at 450 °C, in the inlet the pore volume distribution.

Moreover, TEM images show the different internal structure of the sample from that
obtained with 700 °C thermal treatment, as is visible in Figure 46, and the presence of
cobalt and iron inside nanoparticles is confirmed by EDX spectrum recorded in the middle
of a single particle. These nanoparticles appear very different from the one obtained with
700 °C treatment, presented in Figure 21 and Figure 46 d. Indeed, here the big crystallites,
which composed previous reported samples, are not detectable, and cobalt ferrite
particles seems also smaller compared to the classical mMZNs. Unfortunately, neither
XRD nor SAXS can give information on crystallite size of the magnetic phase. The XRD
peaks of the CoFe;04 are very broad and hidden by the peaks of ZrO, while the SAXS
scattering due to the Co-Fe oxides and to the MZN porosity are overlapped.

Figure 45: mMZN-8 treated at 450 °C for 4 h, recovered with a magnet at different times: 0, 5, 10, 15, 30, 60 minutes.
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Figure 46: TEM images of mMZN8% treated at 450°C (a) and at 700 °C (b) and EDX spectrum (c) recorded in the middle
of a single particle

Certainly, further investigations need to be done to improve magnetic performance and
for a better understanding of the structure and magnetic properties of the nanoparticles.

Strategy #2:

Thus, to obtain nanoparticles that couple good magnetic properties and a porous and
protecting structure, cobalt ferrites nanoparticles were first synthetized and then used as
nuclei for the growth of previously reported mesoporous zirconia nanoparticles. To do so,
polyol method, which employ metals nitrate salts precursor and, in our case,
triethylenglycol as reducing and capping agents, was employed to obtain single-domain
nanoparticles. This protocol produces nanoparticles that are stable enough in polar
solvents, such as ethanol, needed for the synthesis of MZN, that allow the use of these
particles as seeds in our synthesis method. In this way, no high temperature thermal
treatment is required to produce magnetic phase inside zirconia, and a porous structure
can be maintained.

CoFe204 nanoparticles obtained with this method are quasi-spherical and with diameters
between 3 and 6 nm (Figure 47a) and EDX spectrum obtained with TEM further confirms
their composition (Figure 47c) while XRD (Figure 47b) confirms the cubic spinel structures
of cobalt ferrites: peaks related to this phase are present (red vertical line in the image)
and the Scherrer analysis of the peak broadening confirm a size of 5+ 0.5 nm.
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Figure 47: TEM image(a), XRD pattern (red lines correspond to CoFe,04(ICSD # 41257)) (b) of CoFe,040btained with
polyol synthesis and EDX spectrum obtained on TEM image.

These nanoparticles were then used as nuclei for the growth of zirconia, introducing them
in the reaction environment before the addition of zirconium precursor. The reaction was
conducted as a normal synthesis of MZN, using a mechanical stirring instead of a magnetic
one, with a ratio between seeds and final expected zirconia of 50 % wt/wt, which
correspond to 33 %wt/wt of the total compound. The so high amount was found as the
best one to obtain good response to a magnet, no segregation of two phase (one magnetic
and one made of zirconia with low amount of seeds) and good sphericity of the final
system.
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Figure 48: FE-SEM image of MZN obtained with CoFe204 seeds (a) and distribution of size obtained treating images
with ImageJ software (b) [116-117]



Figure 48 shows magnetic MZNs obtained with this protocol: almost spherical
nanoparticles are visible even if some impurities are present. The standard deviation on
measured diameters is only the 10%, and the mean diameter obtained is 305+30 nm.
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Figure 49: Spectrum, maps (inset) and quantifications of elements (table in inset) obtained with EDX at FEG-SEM on
massive sample of CoFe,0,@MZN

EDX spectrum obtained on the composite sample (Figure 49) confirmed the presence of
iron and cobalt and quantifications was obtained. The nominal weight percentage of the
CoFez04 in CoFe;04@MZN (33%) seems diverging from the one obtained, but this
difference could be ascribed to the weight of capping agent (triethylenglycol), which
determines an overestimation of the loaded magnetic phase. Moreover, the map of the
elements (Figure 49: inset) shows the homogeneity degree of the CoFe;04 distribution
and regions with higher amount of cobalt and iron could be found. These situations could
be ascribed both to the difficulties in dispersing seeds of magnetic nanoparticles in the
reaction environment, and to inhomogeneity of stirring during the synthesis, as previously
reported.

XRD patterns of CoFe;04 and CoFe,04@MZN, reported in Figure 50, show how tetragonal
zirconia is predominant. However, in this case peaks at 57 and 62 degrees, related to
cobalt ferrite, are visible also in the nanocomposite, due to high quantities of CoFe;0s.
Table 17 compare the size of the CoFe;04 obtained by the Scherrer analysis of the XRD
peaks.
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Figure 50: XRD diffractogram of CoFe,0,4 (black line), CoFe,0, treated in hydrothermal condition used for synthesis of
zirconia (red line) and CoFe,0,@MZN (blue line) peaks related to spinel cobalt ferrites (ICSD # 41257) and tetragonal
zirconia (ICSD # 164862) are highlighted with spikes.

Table 17: XRPD fitted diameter for CoFe,04 obtained with polyol method and coupled with MZN; <L> ., is the diameter
of crystallites.

Sample <L>yol (nmM)
CoFey0q4 5.0£ 0.5
CoFe04 hydrothermal |  5.7+0.6
CoFe204@MZN 4.0+0.5
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Figure 51: Hysteresis loops of cobalt ferrite NPs (red line and dots), cobalt ferrite in zirconia (black line and dots),
measured at 5K (a) and measured at 300K (a).

DC magnetic measurements were performed and at 5 K and all samples show “quasi static
behaviour” (i.e. blocked ferrimagnetic nanoparticles) (Figure 51a), showing hysteretic
behaviours. The magnetic properties of monodomain nanoparticles are strictly related to
their size and morphology, as previously reported. This correlation is well described by
the M vs H curves measured at 5 K (Figure 51a). Both samples present quite high values
of coercivity, as expected considering the high magneto-crystalline anisotropy of CoFe;04



NPs [184]. It is evident that, once the cobalt ferrite nanoparticles are dispersed into
zirconia (Figure 51a, black line and dots), a change occurs in the magnetic properties of
the material respect to "bared" NPs (Figure 5143, red line and dots), with an increase of Hc
and a decrease of Ms, even if only the mass of the magnetic phase was taken into account.
In order to dispel any doubt that zirconia was the only one responsible for these changes,
it was decided to subject the magnetic particles to the same hydrothermal treatment but
without incorporating them into zirconia to see how much the zirconia was responsible
for the changes that occurred. The Scherrer analysis of the XRD pattern (Figure 50, red
line) shows that the crystal sizes were only slightly increased (see Table 17).
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Figure 52: Hysteresis loops of cobalt ferrite NPs (red line and dots), cobalt ferrite in zirconia (black line and dots), cobalt
ferrite after hydrothermal procedure (green line and dots); detail of hysteresis measured at 300K (a), full hysteresis
measured at 300K (b). and at 5K (c).

The hysteresis loop of the particles thus treated (Figure 52c, green line and dots) shows
equally evident differences with respect to the same particles in zirconia: there is an
increase in Ms and a decrease in Hc. Therefore, zirconia increases the coercive field of the
material produced but dampens the saturation magnetization. The same can be seen from
the hysteresis of the same materials at 300K (Figure 52a and b): coercive field of cobalt
ferrite dispersed in MZN’s magnitude is ten time the samples of bare cobalt ferrite.
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Figure 53: (a) 5m parameter of cobalt ferrite NPs (red line and dots), cobalt ferrite in zirconia (black line and dots),
cobalt ferrite after hydrothermal procedure (green line and dots); (b) remanent magnetization curves.



Data coming from IRM and DCD (Figure 53b) show that CoFe;04 after hydrothermal
treatment (Figure 53a, green line and dots) has a greater negative &m value respect to the
same NPs incorporated in zirconia (Figure 53a, black line and dots). This proves that
zirconia has the capability to decrease the amount of dipole-dipole interactions respect
to magnetizing interaction. It is important to underline that by dm analysis is just possible
to determine what kind of interactions are predominant and affect the magnetic
behaviour of the system. Indeed, magnetizing and demagnetizing interactions,
simultaneously present, contribute in an opposite way to the shape of the curve, thus
resulting in a balance between the different contributions [175].

Table 18: Saturation magnetization (Ms); reduced remanence magnetization (Mgr/Ms); coercive field (Hc) T=5K; coercive

field (Hc) T=300K; interaction field (H;,); switching field distribution (SFD); difference between Hc measured by
hysteresis and DCD (AH¢). Uncertainties on the last digit are given in parentheses.

Sample Ms (Am2Kg?) | Ms/Ms | 5K_Hc(T) 300(% He Hin (T) SFD (T) | AHc(T)
CoFez04 88,0(8) 0,64(1) | 0,94(1) 0,001(1) 0,03(1) 1,15(1) | 0,19(1)
CoFe20:@MZN 82,4(8) 0,55(1) | 1,55(2) 0,038(3) 0,08(1) 1,83(1) | 0,24(1)
CoFe;04 HT 86,9(8) 0,70(1) | 1,33(2) 0,003(3) 0,1(1) 1,50(1) | 0,15(1)

Both samples showed Ms values quite close to bulk values (93 Am?Kg™), as also reported
for highly crystalline cobalt ferrite nanoparticles [185]. In addition, they exhibited values
of reduced remanent magnetization (Mgr/Ms) close to the one related to bulk cubic
symmetry CoFe;0s, indicating a tendency toward a magnetic anisotropy with cubic
symmetry in the cases of "bared" CoFe;04 and after hydrothermal procedure [176], but
with a decreased value for MZN. The CoFe;04 sample shows a slightly lower value of
switching field distributions: 1.15(1) vs 1.50(1) and 1,83(1) T, in agreement with the lower
Hc, but, most importantly, their switching field distributions (SFD) are narrow, indicating
that the sharp particle size distribution is associated with a sharp SFD. This represents a
clear advantage, since it corresponds to a sharp reversal of the magnetization of the whole
ensemble and to a narrow distribution of superparamagnetic (SPM) blocking
temperatures. All the values are reported in Table 18.
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Figure 54: Nitrogen physisorption of bare MZN (red) and CoFe,0,@MZN (black)




Among all these promising properties, the goal of the synthesis of these structures was to
obtain a magnetic nano-tool presenting remain porosity. Figure 54 shows how in this case
a porous structure is obtained, reaching a surface area of 182.6+0.4 m?/g and pore volume
of 0.28 cm3/g and pore diameter between 3.8 and 5 nm, whom compared to “normal”
MZN seems in good agreement (i.e. 204+0.5 m?/g, 0.31 cm3/g and 5 nm). The broad
distribution of pores sizes can be ascribed to the presence of magnetic nanoparticles that
can interact during the micelles formation of template agents. This result of porosity
confirms the possibility of employing the system for many applications thanks to the high
surface area, such as DDS, and shows the needs of further investigations. Moreover,
results from EDX specimens show also the needs of investigation on magnetic seeds,
tuning both magnetic properties and surface characteristics, to obtain a more
homogeneous system.

3.3.4. Synthesis of core-shell structure of different spinel ferrites

Bi-magnetic core-shell particles

To increase the field of applicability of magnetic nanosystems and improve the previously
reported objects, bi-magnetic core-shell structures of spinel ferrites have been
synthetized. Hard and soft magnetic materials were interchanged in core and shell to tune
magnetic properties. Thus, it could be possible to produce a system with coupled
magnetic phase where saturation magnetization and coercivity have desired
characteristics for the application both as imaging probe and for hyperthermia
treatments. Indeed, for MRI applications, high saturation magnetization and low
susceptibility are needed, while for hyperthermia treatment high anisotropy and
susceptibility are necessaries, so is evident the requirement of coupling two different
magnetic phases that could act together in a theranostic system.

Thanks to the collaboration with Gurvinder Singh in NTNU University of Trondheim and
the facility of NanolLab, several core-shell structures have been synthetized during the
period abroad. Starting from CoFe,04 structures, Ni and/or Zn ions have been introduced
to modify magnetic properties of such hard-magnetic material. Thermal decomposition
method employing acetyl acetonates precursor of metal ions and oleic acids, oleyl amine
and hexadecandiol as capping and reducing agents were used to obtain such systems,
following an optimized procedure derived from the work of Sun et al.[107] (see “Materials
and Methods, Synthesis of core-shell spinel ferrites” for details). In this way, several core
nanoparticles with doping content of 0, 25, 50 and 75% mol of Ni or Zn replacing cobalt in
CoFe;04 have been synthetized. In Figure 55 core nanoparticles with different
stoichiometries are reported. As one can see, very small nanoparticles are obtained with
this protocol, with diameters between 6 and 8 nm (reported in Table 19). However, the
sphericity is not very high and seems quite polydisperse in diameter, also due to the so
small dimension.



Table 19: Dimension of core nanoparticles obtained treating images with ImageJ obtained with S(T)EM [116-117]

Sample Diameter
CoFe;04 8+2
Coo.75Nio.25Fe204 7+2
Coo.sNipsFe204 7+2
Coo0.25Nio.75F€204 8+2

Coo.75Zno.25F€204 7+2
Coo.5ZnosFe04 7+2
Coo.25Zng.75F€204 72

Figure 55: S(T)EM images of core particles: CoFe;04 (a), Coo.75Nio.25Fe204 (b), Coo.sNio.sFe204 (c), Coo.25Nio.75Fe204 (d),
Co0.25Zn0.75F€204 (e), Coo.5Zno.sFe;04 (f), Coo.75Zn0.25Fe204 (g)



XRD measurements were performed to confirm spinel crystal structure of these samples.
As one can see from Figure 56, doping agents did not affect the spinel structure [186].
Moreover, the high FWHM of diffractogram peaks confirm the small dimension of

nanoparticles.
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Figure 56: XRD pattern of core of CoFe,0, doped with Ni (a) and Zn (b)

DC magnetization measurements were performed on samples doped with Zn, due to the
better shape and size distribution, to confirm the single domain both crystalline and
magnetic. As expected [172], samples show hysteretic behaviours at 5K (Figure 57a), with
increasing saturation magnetization and decreasing coercivity with higher content of Zn
(Table 20). On the other hand, Ms measured at 300 K show lower values respect to bare
cobalt ferrites for quantities up to 50% of Zn, but come back up with the higher content
of this ion (Figure 57b). These results, however, are not in agreement with what reported
in literature, where is fount that increasing Zn content more than 50% molar, leads to a
decrease in Ms at room temperature, even if a detailed study of the behaviour of
nanoparticles of Zn substituted CoFe;0a is still not present [95, 97, 101, 187-191].
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Table 20: Coercive field (uoHc) T=5K; magnetization at 9 T (Msr) T=5K; saturation magnetization (Ms) at 5 and 300 K;
reduced remanence magnetization (Mg/Ms); maximum in temperature (Tmax) obtained by ZFC-FC, temperature of
irreversibility (Ti:) and blocking temperature (Ty). Uncertainties on the last digit are given in parentheses.

Sample u.OHc_sK Mot (SK) M; (5 K) Mr/Ms Ms (300 Tmax Tire To
(T) (Am’Kg?) | (Am>Kg™) K) (K) (3%) (K)
(Am? (K)
Kg™)
CoFe204 1.06(1) 86.297(4) 89.26 (1) 0.6 73.40(1) | 290(3) | 323(9) | 212.0(2)
Co0.75Zno.2sFe204 | 0.672(1) | 85.996(6) 88.9 (3) 0.55 67.59(2) | 286(3) | 330(10) | 242(2)
CoosZnosFe 04 | 0.464(2) | 98.018(4) 100.50 (2) 0.56 71.33(2) | 229(3) | 247(9) 197(1)
Coo.25Zno.7sFe204 | 0.273(3) | 119.739(6) | 125.67 (5) 0.5 82.10(3) | 192(3) | 215(10) 176(1)
CoFe,0, - ZFC
6 CoFe,0, -FC
1 Co, Zn,_Fe0, - ZFC
Co, .. 2Zn, . Fe,0, -FC
54 Co,.Zn, Fe, O, - ZFC
/'\\ Co, Zn,Fe,0, - FC
ol / N\ Co,,.Zn,_ Fe0, - ZFC
= / \\ Co, ,.Zn,.Fe,0, -FC
= 7 N
< 7 G
= . / /— \\\\
14

50 100 150 200 250 300 350
Temperature (K)

Figure 58: ZFC-FC measurements on cobalt ferrite and zinc substituted cobalt ferrites.

ZFC-FC measurements were performed in core samples and show how Tmax, Tirr and Ty
decrease with increasing quantities of Zn (Table 20). Indeed, Zero Field Cooling-Field
Cooling measurements are usually employed to study the thermal dependence of
magnetization. The ZFC magnetization curves have a maximum at a temperature (Tmax),
which is related to the average blocking temperature through the relation: ToXBTmax;
where B is a proportionality constant, depending on the type of size distribution. The
temperature below which the ZFC and FC curves show an irreversible behaviour (Tir, in
this case fixed at 3%) is associated with the blocking of the biggest particles, assuming that
the anisotropy energy barrier is determined by the magneto-crystalline anisotropy. Above
this temperature a fully superparamagnetic regime is entered. Indeed, as reported in
“Introduction”, a superparamagnetic state is reached when all the particles are in the
unblocked state and their magnetic moment switches due to thermal vibrations/energy
[114].

From these results is clear how the increasing quantity of Zn lead to an increasing
superparamagnetic state of the core nanoparticles.



However, further investigations on magnetic properties and structures of the core are
needed to deeply understand the system.

Then, shells on doped cobalt ferrite core were introduced varying composition for further
tuning properties for biomedical applications. In particular, Zn and Ni doped cobalt ferrites
shells were synthetized on CoFe;04 core. Nickel doped cores were covered with Zinc
doped CoFe,04shell and Zinc doped cores were covered with Nickel doped CoFe;0sshells,
in order to have each system and its opposite (Table 3).

Better results were obtained with CoFe204 core and Zn or Ni doped CoFe;04 shells, where
nanoparticles appear more spherical and less polydisperse (Figure 59 for Zn doped and
Figure 60 for Ni doped). Moreover, shells thickness, measured as the difference in
diameters measured by S(T)EM between core and core-shell, appears more coherent
between different samples (Table 21 and Table 22 and Figure 59 e).
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Figure 59: S(T)EM images of CoFe;04 with shells of Zno.25C00.75F€204 (a), Zng.sCoo.sFe204 (b), Zno.75C00.25Fe204 (c),
ZnFe;04 (d) and comparison of fitted diameters of core and core-shell as example (e)

Table 21: Dimension of nanoparticles obtained with treating images obtained with S(T)EM with Imagel[116-117]

Samples Diameter (nm) | Shell Thickness (nm)
CoFe;04 (core) 812 -
CoFe04@ Zno.25C0o0.75F€204 14+3 ~2.65
CoFe;04@ ZnosCop.sFe204 1043 ~0.7
CoFe04@ Zno.75C00.25F€204 102 ~0.65
CoFe04@ ZnFe;04 1043 ~0.56




Figure 60: S(T)EM images of CoFe;04 with shells of NiFe;04 (a), Nio.25C00.75F€204 (b), Nio.sCoo sFe;04 (c),
Nio.75C00.25F€204 (d)

Table 22: Dimension of nanoparticles obtained with treating images obtained with S(T)EM with Image) [116-117]

Samples Diameter (nm) | Shell Thickness (nm)
CoFe;04 (core) 812 -
CoFe04@ Nip.25C00.75Fe204 1243 ~1.9
CoFe204@ Nip.5Coo.5Fe204 1242 ~1.25
CoFe;04@ Nig.75C00.25Fe204 1143 ~1.05
CoFe204@ NiFe 04 1243 ~1.65

The introduction of the shell did not affect structurally, size apart, nanoparticles, and XRD
patterns did not change upon modification (Figure 61), which is another proof of doping
without segregations of other crystal phases.
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Figure 61: XRD patterns of CoFe;04 with Ni (a) or Zn (b) doped CoFe;0, shells

The so formed core-shell nanoparticles are then characterized with DC magnetization
measurements, in order to see the behaviour through modifications, even in this case Zn
doped shell samples have been chosen. Nanoparticles show hysteretic behaviours at 5 K,
showing almost the same behaviour of core doped with Zn, with increasing magnetization
saturation and decreasing coercivity, augmenting the quantity of Zn, but to a lesser degree
than those observed with core. Indeed, after a first increasing in Hc values, due to the
addition of the shell and the higher volume of nanoparticles, a decreasing tendency with
the increasing amount of zinc is observed, up to the value related to ZnFe,04 shell, where
Hc appears even lower than that measured for core. As previously reported, these effects
could be ascribed to the introduction of the soft magnetic phase of ZnFe;0a.

The most interesting thing is the absence of kink around zero field, that means that the
two magnetic phases, the one from the core and the one from the shell, are coupled and
there is no segregation, differently from what appears with mMZNs.
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Figure 62:Hysteresis loop of Zn doped shells recorded at 5 K (a) and 300 K (b)



Table 23: Coercive field (LuoHc) T=5K; magnetization at 9 T (Mor) T=5K; reduced remanence magnetization (Mg/Ms);

saturation magnetization (Ms) at 5 and 300 K. Uncertainties on the last digit are given in parentheses.

MoHc_5K | Mot (5K) M;(5K) | Ms(300 K)
sample M| amekg?) | "™ | (am? kg | (Am2kg?)
CoFe;04 1.06(1) | 86.297(4) 0.6 89.262 (2) | 73.40(1)
CoFe;04 @Co0.75ZNn0.25Fe204 | 1.493(6) | 87.696(6) 0.78 | 90.820(4) | 78.76 (3)
CoFe;04 @Coo.5ZnosFe;04 | 1.373(7) | 82.483(5) | 0.79 | 84.614 (4) | 73.01(2)
CoFe;04 @Coo.25Zn0.75Fe204 | 1.124(6) | 87.378(4) | 0.78 | 89.172 (4) 57.4 (2)
CoFe;04 @ZnFe,04 0.856(5) | 96.310(7) | 0.77 | 97.446(7) | 79.92(2)

Also in this case ZFC-FC measurements were performed, but did not show any
superposition in the studied region of temperature. The superparamagntec character of
these samples seems not confirmed by these preliminary results, thus further
investigations are needed.

Moreover, further investigations of the systesms need to be performed, in order to
establish all magnetic and structural properties of all core-shell nanoparticles, for the right
application in the biomedical fields.

Magnetic-dielectric core-shell particles

Preliminary results were also obtained trying to couple a magnetic core and a zirconia
shell with thermal decomposition methods. A previously synthetized batch of Fe304 seeds
was treated with oleic acid and Zr(acac)s to obtain a shell on these nanoparticles made of
ZrOy. Iron oxide has been chosen for this test due to the good affinity between iron and
zirconium, as previously reported. In Figure 63 a and b, S(T)EM images of core and core
shell samples are reported. Small nanoparticles were obtained also in this case, with quite
good circularity and not too high polydispersion, which increase with the introduction of
the shell. A preliminary proof of the shell formation is the increasing of the diameter of
nanoparticles from 7 to 9.7 nm, as is visible in Figure 63c (table in inlet). However, from
Figure 63 c, no differences in XRD diffractogram are visible, maybe due to the low amount
of ZrO; introduced. Further characterization and tests are needed to see if the
introduction of the shell was really formed and this sample could be considered as a good
starting point to couple superparamagnetic cores obtained with thermal decomposition
methods and zirconia.
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Figure 63: S(T)EM images of Fe304 core (a), Fe304@Zr0O2 core-shell (b), distribution of diameters of core (black) and
core-shell (red) (c) and XRD measurements of core (black) and core-shell (red) (d).

Exchange Ligand

The synthesis of these systems, however, produce nanoparticles that are dispesible in
apolar solvents, due to the oleic acid as capping agent, which makes impossible the
application in biological systems. Thus, to make them suitable for water environments,
preliminary tests of exchange ligand were performed. BPMG and PMIDA were used as
new legands for nanoparticles, and the protocol from X. Wang et al [142]. was followed,
which employed ethanol as solvent. A high amount of exchanging molecules was mixed
with as synthetized nanoparticles, in particular CoFe;04, in ethanol, with the help of a
sonication system. The resulting nanoparticles now seems having good affinity with
water. However, TEM images reveal that the phosphono-carboxylic acids partially
degraded metal oxides, as is visible in Figure 64, and coupled with EDX spectra seems that
the molecules extract metal ions due to their acidity. Indeed, lower quantity of Co appears
respect to the one of iron, and the peak related to P is very high. It could be due to the
high acidity of new ligand and the capability of it to produce metal-organic framework,
especially between cobalt and PMIDA, as founded in literature [192-193]. A proof of this
theory is visible in Figure 64b, where a polymer structure appears surrounding
nanoparticles, and react under microscope beam. However, it has been found in literature
that phosphonic acids could be good capping agents also for these system [194-195], so
further investigations were started.
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Figure 64:TEM images of CoFe204 after exchange ligand with BPMG (a and b) and EDX spectra recorded on it (c).

Basification with buffer solution seems not having good results, but no characterization
was performed, due to instrumental problems. However, with tests of dispersion in water,
it seems that the system was not the right one, yet.

A good compromise could be found with aprotic solvents, where the acidity and/or
protonation-deprotonation are limited.

Further investigations are certainly needed to find the best protocol for exchange ligands
to finally couple these seeds with MZN, as the system prepared with core obtained with
polyol method.



3.4. Orthopaedic applications

3.4.1. Surface modifications of bulk materials

Layer by layer technique are usually used to modify surfaces with organic molecules,
polymer or silane, employing also the sol-gel chemistry [143]. Different kind of interaction
can be used, such as electrostatic bond, covalent bond, hydrophobic interaction and so
on. Moreover, all these kinds of links are affected by environmental conditions, that
determine the successful of covering and the stability of the layer. Nanoparticle layer
deposition is a technique that is in development and, nowadays, not widely used due to
the lack of protocols to make a reproducible cover of surfaces [144].

Many techniques are used to modify the surface of a solid: sputtering, dip coating, spin
coating, spray-coating, plasma coating, drop casting, electrochemical deposition and
electromagnetic deposition [70, 73, 145-146]. The drop casting consists on the deposition
of a drop on a flat surface, that evaporating deposits nanoparticles. The thickness of the
layer depends on the concentration of nanoparticles in the colloidal solution and can be
tuned also varying ionic force, pH and volatility of the solvents. In Dip coating the
substrate, immersed in the colloidal suspension, is withdrawn at a constant speed to avoid
any jitters. Viscosity, capillarity and evaporation speed of the solvent govern the
deposition and the formation of the layer. Physical-chemical properties of the solvent are
always crucial for the deposition, affecting its affinity with the surface [147].

After the modifications of MZNs with organophosphate, it has been seen that, when the
dispersion of nanoparticles was left drying, layers of nanoparticles on the internal surface
of the vial, with optical opal like behaviours, were spontaneously formed. Starting from
this evidence, analyses with FEG-SEM were done on these ordered multilayers. From
these analyses it has been found that neat layers were produced during drying of colloidal
solutions of MZNs, as one can see in Figure 65.

Figure 65: Examples of layers on silicon, obtained with MZN-PSer

Nanoparticles appear very disordered, but small ordered regions with cubic or hexagonal
packing can be observed, as one can see in Figure 65 (evidenced in red). A first attempt
was made with Drop casting, in order to establish the best conditions for the deposition,
but poor results have been obtained because of the low homogeneity and reproducibility



of the formed layers, mainly for the difficulties in controlling the surface tension and
vaporization of solvent.

Dip coating, due to higher reproducibility of the technique, was then employed to perform
different tests varying the surfaces (with particular care on the smoothest ones) and its
functionalization, functionalizations of nanoparticles and solvents of colloidal
suspensions.

The best results were obtained at the lower speed (0.01 mm/s) allowed by our dip coater
instrument and with MZN-PCOOH and amino-modified surfaces.

The modification of the studied surfaces (glass, silicon and titanium) was firstly obtained
using an atmospheric plasma device able to activate and functionalize the surfaces with a
single step (scheme of the plasma device is reported in Figure 66, thanks to the
collaboration with Nadir srl.).
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Figure 66: Schematic representation of atmospheric plasma device and main characteristics.

The preliminary tests on amino-functionalized surfaces were carried out on glass and
silicon, modified with APTES and with MZN modified with PCOOH. Borosilicate glass slides
and Silicon wafers were chosen for the first studies because of their smooth surface and
because they can be easily modified with silane precursors. From Figure 67, one can see
how polarity of solvents influences the covering of surfaces: organic solvents involve low
covering degree and low uniformity respect to the water and water buffer solutions.
Moreover, the choice of the right pH value, seems to be crucial for better coatings, as is
evident from Figure 67 d, e, f, where a decreasing of bonded nanoparticles to the surface
is visible from pH 4 to 9. Indeed, it has been found that the best conditions for the



deposition with this NPs modification on glass were obtained using acidic conditions or
water, where surface charges on nanoparticles were less than with basic pH (see -
potential in Figure 15). As expected, higher percentages of covering were reached if amino
groups were present on the surface and the carboxylic one on the nanoparticles and was
able to interact strongly with bulky surface, condition reached in this case with buffer at
pH 4 (Figure 67 g, chosen for FEG-SEM analysis after preliminary evidences at optical
microscope) due to protonation and deprotonation of both species and from results
obtained on bare glass (Figure 67 d-f).
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Figure 67: Dip coating deposition of MZN-PCOOH on glass: a) ethanol dispersion, b) acetone dispersion, c) water
dispersion, d) acetate buffer at pH4 dispersion, e) MES buffer pH6 dispersion, f) CAPS buffer pH9 dispersion. g)
Aminated glass and MZN-PCOOH dispersed in acetate buffer pH4.

Figure 68 shows the effect of the functionalization of the surface of a silicon wafer using
a colloidal dispersion of MZN-PCOOH in water or buffer solution: the surfaces were
partially functionalized, so the difference between the amino-modified surface behaviour



and the unmodified one is visible. The differences between the degree of covering is also
evident and the modified part result highly covered in both samples. Very good layers are
obtained with pH7 buffered solution (Figure 68b) chosen because is the optimal pH for
possible further modifications of the protocol, discussed later, compared to pH 4, which
previously appeared as the best for covering. Moreover, taking into account pKa values of
both functionalizing molecules, pH7 allows to have ionic species with opposite charge on
the surface and on the MZN [196-197].

Figure 68: Dip coating technique: MZN-PCOOH on aminated silicon, a) dispersion in water, b) dispersion in TRIS at pH7.

MZN-PCOOH and amino-modified surfaces were preferred to MZN-PNH2 and carboxylic-
modified surfaces: atmospheric plasma deposition does not work properly with the
carboxylated-silane precursor (sodium salt of carboxyethylsilane triol) because a water
solution must be used, while alcoholic solution is employed with APTES.

Figure 69: Dip coating deposition on bare titanium alloy: MZN-PCOOH in acetate buffer at pH4.

Tests on titanium were then performed, to confirm the possibility of modifications in
titanium implantations. First the affinity of nanoparticles with titanium was tested (Figure
69), with bare metallic surface and acetate buffer dispersion at pH 4, to see electrostatic
interaction between MZN-PCOOH and the surface. Ti alloy was then modified using
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atmospheric plasma device with APTES, to obtain an -NH; group enriched surface, and dip
coating technique was employed to obtain the nanoparticles layers.

However, the behaviours of metals to plasma treatments are totally different from the
previous surfaces, due to the conductive character of the system, so the quality of
covering is very low, especially for our purposes, probably due to polymerizations of
APTES also through amine moieties.

So, covalent carbamide coupling has been exploited to promote the linking of
nanoparticles in a more permanent way, due to the appeal of this surface in implants
applications. In this procedure, carboxylic moieties are usually activated with imide
molecules to allow the linking with primary amino groups, producing a carbamide bond.
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Scheme 6: Schematic representation of possible interaction between modified nanoparticles and surfaces: weak
interaction between carboxylated nanoparticles and aminated surfaces (a) and the reverse situation (b) and covalent
coupling with carbamide bond between carboxylated nanoparticles and aminated surfaces (c)

Procedure and details of the reaction are reported in “Coupling with nanoparticles” in
“Materials and Methods” section. The first trials on the surfaces functionalized by APTES
using the plasma promoted process, however, did not give successful results for our
purposes (Figure 70), indeed, not uniform coatings were produced. For these amino-
modified surfaces, the behaviour was different from the expected one, so tests for the
confirmations of the presence of primary amine, needed for carbamide bonds formation,
were done. IR spectroscopy did not give us any confirmation of the presence of this group
[198], so ninhydrin assay was performed. It consists in a colorimetric assay for the
detection and quantification of primary amines in proteins (see Ninhydrin assay in



Materials and Methods). The test done pointed out that no primary amines were present
on the surface of the titanium, making impossible the covalent linking with nanoparticles.
This absence could be caused by the technique and parameters employed for the
modification, indeed, plasma device can induce polymerizations of the precursors
randomly or with different degrees, so involving also the amine terminal group of the
monomer, that results in a useless surface for our purpose. This behaviour was not
pointed out, and a problem, with previous results due to the ability of each types of amine
to produce hydrogen or ionic bonds.

Figure 70: EDC/S-NHS protocol used to couple nanoparticles to modified Ti alloy: MZN-PCOOH on Ti-SiO2-NH.

So, other trials were not performed due to the behaviour of the modifying agent and of
the surface with plasma treatments with the chosen working conditions, but better results
can be obtained in the future, setting the best parameters for the covering.

Getting these points, the focus was put in the amino-modified titanium alloy with other
ways of modifications, which appear faster and easier for our purposes. Sol-gel chemistry
and dip coating protocols were used at the beginning: a film of TiO, was produced on the
top of the material using Piranha solution for the oxidation, to which it has been grown
up a silica layer obtained with APTES as precursor. To be sure of the anchoring and
polymerization of the monomer to the surface, a step at 120 °C in oven was done,
followed by the ninhydrin assay to confirm the presence of free primary amine. With
positive assay results, covalent coupling between surface and nanoparticles was
performed. The outcomes of these tests were better than the previous ones, and more
uniform surfaces were obtained (Figure 71). Moreover, dip coating was used to produce
a “control” sample, using only electrostatic bonds with acetate buffer colloidal solution of
MZN-PCOOH at pH 4 (Figure 71 a and c). As one can see from images, the most
homogeneous coating is the one obtained with the linking of dip coating technique and
covalent bonds. Moreover, this sample is the one with higher degree of covering, almost
total, which means that the coupling of chemical bonds with dip coating technique is the
best choice for the covering.



Figure 71: Ti grade 5 alloy superficially modified with APTES: dip coating with MZN-PCOOH in acetate buffer at pH4 (a,
b), covalent coupling with MZN-PCOOH and with dip coating (c, d).

After these tests, Ti was modified using oxidation and PNH2, to further improve the
linkage of carboxylic-modified nanoparticles and to avoid silica layer, that can be less
stable than the bond with phosphonate molecules [132, 134]. This modified surface was
then linked to MZN-PCOOH to see how this changes the system.
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Figure 72: FEG-SEM images of MZN-PCOOH covalently linked to Ti-PNH2 at different magnifications: 25KX (a), 5KX (b),
and 2.5KX (c)

Figure 72 shows how it was possible to obtain a good layer of nanoparticles covalently
linked to the surface, also in this case. It is clear, however, that roughness of the surface
influence the homogeneity of the covering.



At this point, preliminary tests were done for biofilms growth (Staphylococcus
Epidermidis) on this last sample, to see the growth of bacteria on the surface. As one can
see from Figure 73b, small amount of bacteria grow on Ti modified with nanoparticles,
while biofilms are highly present on tests performed on bare titanium (Figure 73a),
confirming the fact that this system can be employed to improve artificial limbs.
Moreover, nanoparticles are still porous, so they can host antibiotic molecules or silver
nanoparticles to further improve the opposition on bacterial growth, also with prolonged
release of antibacterial Ag* ions in the time. Moreover, increasing roughness of the
surface of implantation can improve cell adhesion and differentiation, promoting bone
regenerations, also thanks to the coupling of these materials [61-63, 68, 199].

Figure 73: FEG-SEM images of fixed bacteria grown on bare titanium (a) and Ti-PNH2 linked with MZN-COOH (b).
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3.4.2. Silver modifications of MZNs

It is known from literature that silver colloidal solutions act as antibacterial agents to
contrast several infections [200-204]. Indeed, silver is usually used to treat bacterial
infection since XV century [205-206]. Due to these properties, it was thinking to apply
silver nanoparticles to our system made of zirconia, to obtain a tool that can be anchored
to surfaces, eventually loaded with drugs (i.e. antibiotics) and that possess long term
activity against bacteria without circulating agents. The advantage of this solution,
compared to the use of free silver nanoparticles, is that the particles, immobilized inside
the pores of the MZN, are not able to move into the body and translocate to various
tissues [207-209].

So, it has been decided to fill up the 50% of the pore volume of the MZNs with silver
nitrate, in order to have 37% w/w nominal of silver, but leaving open the pores to allow
the loading with drugs. A classical wet impregnation method was employed, to fill MZN
with the salt and then the system was reduced with formaldehyde solution. With this
method a system like the one in Figure 74 is usually obtained. As is visible from FEG-SEM
images recorded using both backscattered and secondary electrons, brightest spots
obtained by backscattered electrons represent silver NPs on the surface of MZNs (Figure
74 a, e, g). It is clear that not all the metals went inside the pores, but particles grow also
on the surface of zirconia confirmed also by TEM images (Figure 74 d), where darkest
particles represent AgNPs. Figure 74 b shows also very small dark spot on the MZN that
could be the evidence of AgNPs inside the pores. High resolution TEM images cannot be
collected in the internal part of nanoparticles because of the thickness of the MZN. EDX
analysis confirm the presence of Ag in the internal part of zirconia, as shown in Figure 74
¢, and quantities are reported in Table 25. Value obtained with EDX quantification show
that 14% mass of silver is present inside the single particles reported in Figure 74b,
however this quantification is not representative of all the sample, due to sampling
problems of the technique (few nm of sampling). Moreover, due to the inhomogeneity,
silver grows outside pores, also during the analysis with the microscope, reduced by
electrons derived from the microscope. As one can see in Figure 74 a, indeed, a big
amount of silver outside pores was formed during the analysis, probably deriving from
unreacted salts. A further confirmation of the presence of nanoparticles with the same
size of the pore is given by the XRD and SAXS measurements. Two Ag populations with
different crystal sizes has been introduced both for XRD and SAXS in order to fit the
diffraction patterns. Figure 75 shows the XRD and SAXS fits and Table 24 reports the
average volumetric sizes of the fitted populations.

The particles size obtained for the diameters are 3 and 11 nm with SAXS: the volumetric
distribution reported in Figure 75c shows that particles with average diameter of 3.2 nm
circa, the average value of the pore diameter of zirconia (Figure 76), are the main fraction
seen by SAXS. This confirms the presence of a large fraction of AgNPs inside pores. The
larger size measured by WAXS correspond to the large Ag particles grown outside the
pores. Quantification of the two phases obtained with these techniques appears different:
from SAXS, ratio between peaks area of volumetric distributions shows that the bigger
particles are 10% of the total, while from WAXS are 66%. Another time appears the



difficulties on quantification with X-ray techniques:
underestimated with WAXS, while bigger with SAXS.

smaller

nanoparticles are

Table 24: SAXS and WAXS dimensions of particles of silver fitted as sphere

sample | SAXS{D)vorl SAXS (D)yoi2 | WAXS(D)yol | WAXS (D)yo2
P (nm) (nm) (nm) (nm)
MZN@Ag 3 11 1.6 35

500 nm

Full scale =15 _counts/s

Figure 74: FEG-SEM (a, e, g) and TEM (b, d, f) images of different MZN@Ag samples obtained with the second protocol
and HR-TEM (h) of single Ag nanoparticle on the surface of zirconia. Typical EDX spectrum is reported (c) on TEM
specimens (b) in the underlined region.
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Table 25: Quantification of elements from EDX spectrum recorded with TEM reported in Figure 74c

Atomic (%)
0 (K) 55.6
Zr (L) 39.7
Ag (L) 4.6
— Observed
Silver
a Silver (2) | 10000 observed
3 —— calculated
calculated2
calculated sum
background
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Figure 75:XRPD (a) and SAXS (b) measurements on MZN@Ag, with radii distributions obtained with SAXS (c), XRPD
fitted with ICSD # 64706 for silver.

Nitrogen physisorption was also performed on the samples obtained in this way, before
and after the introduction of Ag (Figure 76). As is visible from the graph, surface area and
volume and diameter of pores decrease after the introduction of silver. Indeed, surface
area decrease from 330 to 285 m?/g, pore volume from 0.23 to 0.16 cm3/g, while pore
diameters from 3.14 to 2.87 nm.
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Figure 76: Nitrogen physisorption of MZN and MZN@Ag, compared. In the inlet pore distribution of samples.

These results confirm the presence of silver inside pores and the retained mesoporous
structure of zirconia nanoparticles. Moreover, pore diameter obtained with this analysis,
confirm the rightness of the dimension obtained with XRD measurements.

On this sample, first antibacterial tests were performed using E. coli. As one can see from
Figure 77, nanoparticles start to have some action on bacteria around 300 ug/ml of
concentration, at which they kill more than 50% of the bacteria during inhibition growth
tests. This means that higher concentration of nanoparticles is required to completely
inhibit the growth. Viability tests on bacteria, with higher concentration tested, show how
completely inhibition growth is reached with concentration of MZN@Ag of 500 pg/ml.
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Figure 77: Preliminary biological tests results: on the left the growth of bacteria during time (OD600: Optical Density of
600 nm) and on the right the viability at the end of the experiment.

Although in parallel an oxidation way was performed, to see if improvement of the
formation of AgNPs only inside pores can be obtained, thanks to the insolubility of the
oxide. To do so, silver salt was oxidized with sodium hydroxide solution and then reduced
with glucose solution, as previously reported. However, even the nanoparticles obtained
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in this way present a lot of silver outside pores, as shown in Figure 78, that also in this
case reacts under microscope beam.
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Figure 78: FEG-SEM (top) and TEM (middle) images of MZN@Ag obtained with oxidative protocol and EDX spectrum
(bottom) obtained in the spot pointed with 1 in TEM image.

So, to try to produce silver deeper inside pores of zirconia, another approach was tested,
always through the oxidation path. MZN synthesis was modified using Na;HPOs salt
solution instead of the one with NaF, to modify the surface of nanoparticles and bond Ag*
ions, thanks to the affinity with PO43 [150, 200]. Nanoparticles obtained (MZN-PO4) show
the same shape of the ones with the normal procedure (Figure 79).



Figure 79: FEG-SEM image of MZN modified with phosphate salt during synthesis

Then, wet impregnation method of AgNOs, oxidation (with NaOH) and reductions with
glucose was used to produce AgNPs and the obtained nanocomposite is shown in Figure
80. In this case the amount of silver was decreased, to reduce silver outside of MZNs,
fixing the amount for filling up the 25% of pore volume, but as one can see, also in this
case silver is present outside and inside zirconia. Here, however, the AgNPs outside
appear linked to MZN, probably via -Zr-O-P-O-Ag bonds.

Figure 80: TEM (top) and FEG-SEM (bottom) images of MZN-PO4@Ag and EDX spectrum of a point in the middle of the
particle in the TEM image in the right.
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After the evidence of the presence of particles outside pores, not bonded to zirconia,
other analyses were done to understand if it was possible to reduce Ag* with a thermal
treatment in a reducing atmosphere, avoiding crystallization of zirconia and a reduction
step in solution. First, a TPR test was performed on sample obtained with the deposition
of AgCl inside pores, due to the impossibility to perform this test with nitrate salts. Indeed,
with reduction steps and due to intrinsic characteristics of nitrate, it can produce
ammonia with reducing atmosphere and decompose at lower temperature compared to
chlorinated samples, affecting results and being harmful for the instrument. To do so, first
of all, NaCl was impregnated on MZN, then it was left reacting with AgNOs and washed,
to remove NaNOs and left the insoluble AgCl. The so obtained MZN@AgCl was then
treated in TPR, with 4.84% H,/Ar gas fluxed at 40 mL/min, with a temperature range from
30 to 850 °C (10 °C/min) and a thermo-conductivity detector at 100 °C. The results from
TPR analysis are reported in Figure 81. As one can see from the graph, the reduction of
silver happens between 200 and 350 °C, that make theoretically possible the reduction
before the crystallization of zirconia, as previously reported. Electron microscope images
of MZN@AgCI, recorded with secondary electrons (InLens detector) and back scattered
secondary electrons detectors, before the TPR treatment (Figure 82) show how reduced
silver is not visible in nanoparticles. Only few amounts of Ag can be seen outside MZNs,
that has been reduced from microscope beam (Figure 82).
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Figure 81: TPR of MZN compared to MZN@AgC/

Figure 82: FEG-SEM images of MZN@AgC/



Moreover, to deeply understand the behaviour of zirconia and silver under thermal
treatment and to see if it was applicable to our system, MCX line at Elettra Synchrotron
was employed to study MZN@Ag with XRPD technique using a particular oven that the
line is equipped with [181]. The screening of the temperature was done in the range from
25 to 600 °C, with steps of 10 °C/min, and diffraction patterns were recorded each 100 °C.
Samples prepared with wet impregnation method of AgNOs with different molar % were
tested: 3%, 25% and 50%. 5% H,/Ar atmosphere was used as reducing agent. In Figure 83
diffraction patterns are reported, and peaks related to silver are pointed with a star. As
one can see, only samples with 25 and 50% of silver present typical peaks related to the
metal (pointed with stars in graphs).
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Figure 83: X-ray diffraction spectra of MZN (a), MZN@Ag3% (b), MZN@Ag25% (c), MZN@AG50% (d), A = 1.12576 A,
appearing of monoclinic phase (ICSD # 417639) pointed with dots and of silver phase (ICSD # 64706) with stars.

From these analyses, is possible to say that a thermal treatment under reducing
atmosphere is allowed to produce silver particles without crystallization of zirconia,
maintaining the temperature below 500 °C. Indeed, monoclinic crystal phase, the most
thermodynamically stable, starts to appear around 500 °C (pointed with a dot in graphs),
that means that a deeper crystallization process is occurring. Other peaks present in the
patterns are related to small crystallites of tetragonal zirconia, also at room temperature,
as previously reported in the description of the synthesis of MZNs, or in sample with
50%mol of Ag from the reduction of Ag* under light. Certainly, further investigations are

needed to finally prove the possibility of this treatment without affecting porosity too
much.
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3.5.  Preliminary tests of coupling with antibodies

In order to obtain a tool which is able to recover analytes, mMZN-8% has been superficially
modified with targeting agents or probe. As previously reported, mMMZN-8% has been
chosen for applications thanks to the better properties that the system exploited during
physical-chemical analyses. Initially, mMMZN has been modified with phosphonic acids with
carboxylic terminal group, to link it to antibodies via carbamide bonds. The successful of
modifications has been proven with Z-potential measurements (Figure 84). As usual,
phosphonic acids increase the surface charge of nanoparticles, even if are loaded with the
magnetic phase, probably also interacting with CoFe,04, as previously reported with
magnetic characterizations.
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Figure 84: -potential measurements on MZN, mMZN, and mMZN-PCOOH

The so modified system was employed for the linking with antibodies, for the early
detection of the disease, which could be able to capture circulating proteins as biomarker
of cancer [25, 52, 210-212].

Conjugation between nanoparticles and antibodies were performed employing the
EDC/S-NHS protocol reported in Protocol for Ab conjugation in Materials and Methods.
Here, nanoparticles were suspended in MES and EDC and sulfo-NHS were added to the
suspension for the carboxylic groups activation. Then, the Abs were added, left reacting,
and glycine or ethanol amine were used to stop the reaction. An antibody modified with
HRP was used to see if the linking happens successfully and to quantify the amount of
protein bonded to nanoparticles, because other common protocols for protein
guantification result useless with our systems. The quantification of Ab-HRP on the NPs
was performed with the TMB modification, classical for ELISA tests. These tests show also,
as anticipated, how is crucial to avoid the use of PBS during reactions between proteins
and MZNs modified with phosphonic acids.



Figure 85: Analysis employing TMB reagent to follow the presence of antibodies during reaction, washing steps and on
final system of mMZN-Ab-HRP

Figure 85 shows the development of the assay with TMB for reaction environment,
washing steps with MES buffer, PBS buffer and TRIS buffer and mMZN-Ab-HRP. This image
is taken before stopping of the TMB reaction with H,SOa4, and shows how, with washing
steps in MES, the concentration of Abs decreases (colour changes from orange to light
blue means a decreasing in concentration), but if the system is washed with PBS the
concentration increases again. This is a proof of the needs to avoid phosphate buffer if
working with MZNs modified with phosphonic acids due to competition reactions
between phosphor-containing molecules, as reported in “Results and Discussion,
Functionalization of MZN” chapter. Indeed, if washed again with TRIS, a non-containing
phosphor buffer solution, the amount of Abs released decrease again. As previously
reported, these results were further investigated from Prof A. Scarso’s research group,
and they found that these behaviours with phosphate buffers decrease if bis-phosphonic
acids were used. However, difficulties on synthesis make impossible the tests with bis-
phosphonic acids with carboxylic ending group in our systems and the commercially
available PCOOH was further used and PBS avoided.

Understood this point, conjugation avoiding PBS was performed and the Abs on
nanoparticles were quantified reading at 450 nm using a plate reader with UV-Vis light.
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Figure 86: Calibration curve of Abs concentration and quantification of Abs in washing steps and on nanoparticles,
after the blocking step with H,SO4

In Figure 86 is visible how in this case the concentration of Ab decreases with washing
steps and now, in principle, is possible to quantify the antibodies linked to the
nanoparticles. From calculations, it results that 23 pg of antibodies were linked per mg of
nanoparticles, that correspond to 500 Abs for nanoparticle. This high value can be
ascribed also to the possibility of the conversion of TMB from nanoparticles. The quantity
of antibody linked with the washing steps in PBS, indeed, were quite high even if there
was the detaching of big part of the proteins (0.2 ug/mg, 9 antibodies for nanoparticle),
that can be ascribed to the catalysis of TMB by the nanoparticles. Indeed, it is known that
commercially available ELISA kits with TMB suggest avoiding the presence of iron ions in
the environment of the assay due to possible interaction. These trials show how this
system is not the best one for the development of an ELISA performed in this way. Further
tests could be performed to see if it is possible to use other dye that have no interaction
with nanoparticles, as a deeper investigation of the coupling of phosphonic acids modified
nanoparticles and protein.



4. CONCLUSIONS AND
FUTURE PERSPECTIVES
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During this work, several nanostructures have been developed for many biomedical
applications. Zirconia was chosen as common denominator for all the made and
investigated as valid alternative to systems made by silica [6-8]. Thus, we obtained
theranostic, biosensing and orthopaedic devices, totally avoiding the employment of silica
or organosilanes. To do so, phosphate and phosphonate molecules have been used to
modify the surface of zirconia nanoparticles, thanks to the high affinity of Zr with P [17,
213-214]. The study shows how all the phosphor-containing molecules tested are able to
link to zirconia nanoparticles, allowing also further modifications. Moreover, it has been
seen that the best choice is the use of bis-phosphonate molecules, that strictly bond the
nanoparticles, allowing a stronger way of functionalizations for other modifications and
applications. However, the employment of these molecules was not ever easy or possible,
due to the lack of products commercially available and difficulties on synthesis.

To obtain a theranostic device, cobalt ferrites have been introduced inside pores of
zirconia, using wet impregnation and thermal treatments [135]. Different quantities of
magnetic phase have been loaded and fully characterized. From these results it has been
seen that cations deriving from CoFe;04 can go in solid solution with zirconia, producing
also soft magnetic phase, in addition to the hard one made of CoFe,04, and affecting
Mossbauer spectra, where a paramagnetic contribution is also visible [47, 170]. For
deeper investigation, also the loading with only iron ions has been performed, and it has
been seen that the stabilization of the tetragonal phase of zirconia is obtained, without
the formation of any segregated iron oxides. Established that the best sample obtained,
for shape and magnetic properties, was the one loaded with the 8 %mol/mol of CoFe;04,
it has been modified with bis-phosphonic acid with tio-ending group, for the linking of
gold nanoparticles obtained with laser ablation protocols, provided us by the research
group of Prof M. Meneghetti [35, 139-140]. In this way a system that could be recovered
by magnetic sorting and exploiting plasmonic properties has been produced. The fast
recovering was proved with magnetophoretic characterization and, after the modification
with Raman reporters, the possibility of SERS analyses has been tested. Moreover, this
system can potentially be applied in theranostic, taking advantage of the possibility to
perform hyperthermia both with plasmonic and magnetic properties, and to use it as
imaging probe. However, tests on hyperthermia and relaxations times (for the
applications as contrast agents) are needed for practically apply it, as well as toxicity
assays.

A further improve has been tried, to obtain a system which could be still porous but with
good magnetic properties. First, a trial with decreased temperature of thermal treatment
was performed, using also results obtained at MCX line at Elettra Synchrotron of Trieste.
However, the so obtained system did not show a faster recovering with the magnet as the
one previously obtained, and so, another way was investigated. CoFe;04 seeds, obtained
with polyol method, were used as nuclei for the growth of MZNs, to obtain a porous
structure with superparamagnetic character at room temperature [87, 123, 173]. In this
way, a porous structure, comparable to the normally obtained MZNs, with magnetic
properties comparable to bulk cobalt ferrites was obtained. Furthermore, to increase and
tune the magnetic properties, bi-magnetic core-shell structures of cobalt ferrites doped



with zinc or nickel were synthetized with thermal decomposition protocols at NTNU
University of Trondheim, in collaboration with G. Singh and D. Peddis. In this way coupled
magnetic phases were obtained, and tuning of coercivity and saturation, varying doping
content, was possible. However, deeper investigation and characterizations of these
systems are needed for a better optimization of the desired characteristics and to obtain
a hydrophilic system. Preliminary study on coupling magnetic core and dielectric shell,
made in this case of zirconia, was done employing thermal decomposition method, and a
good starting point for the inclusion of magnetic seeds in zirconia matrix was achieved. In
this way, it could be easier to couple single-domain magnetic seeds with the desired
properties to our mesoporous zirconia nanoparticles, increasing the possibility to obtain
porous structures and decreasing toxicity, avoiding also the possibility of metal ions
leakages, of core-shell nanoparticles made of heavy metal oxides, which could be applied
to biological systems. However, better characterizations are needed, to deeply
understand the construction, such as also trials on reproducibility and coupling with MZN.

In parallel, investigations for the possible application of the system in orthopaedics were
performed. Starting from the evidences of layer organizations of modified nanoparticles
on several bulky surfaces, trials to obtain a homogeneous layer made of MZNs have been
done. Solvents and surfaces were screened to find the better conditions for nanoparticles
layers formations, as well as techniques of deposition (such as drop casting and dip
coating protocols). Then, we studied the interaction between nanoparticles (MZN-
PCOOH) suspended in buffers solutions (suitable for biological applications compared to
organic solvents) and amino-modified medical grade titanium, for a practical application.
The surface of titanium was firstly modified using atmospheric plasma device to introduce
amino-group on it [198]. After some tests and the discovery that no primary amino-group
were present, we move to the functionalization via sol-gel method, which provides
primary amines necessaries for further modifications. The so modified surface, using
APTES as amino and silane precursor, was linked to carboxylic-modified nanoparticles via
EDC/S-NHS protocols, obtaining structures with nanoparticles strongly bonded to the
surfaces. Indeed, trials employing dip coating coupled to chemical bond have been
performed and were compared to depositions without covalent chemical bonds. Even in
this case, trials for avoiding organosilanes were performed, employing phosphor-
derivates. PNH2 was linked to titanium and EDC/S-NHS protocols were performed to
attach MZN-PCOOH. The so obtained surface was tested for the growth of bacteria to
follow biofouling formations, revealing the improve of modifications of surfaces due to
lower growth of bacteria.

To further improve the system and obtain an antibacterial nanocomposite with long term
activities, silver nanoparticles were synthetized inside pores of zirconia [150, 200-202,
208-209]. Several protocols have been performed, up to the definition of the best
condition of synthesis, in terms of remain porosity, linking of silver to zirconia and
antibacterial activity. The better results were obtained with two different protocols: one
employing classical wet impregnation of silver nitrate inside pores of zirconia and
subsequently reduced with formaldehyde solution, and a second one employing modified
zirconia (MZN-PQO4), wet impregnation of silver nitrate, oxidation and reduction of silver.
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With the first method, nanoparticles with silver both inside and outside pores are
obtained, and good antibacterial activity was found (total inhibition growth at 0.5 mg/ml
of MZN@Ag). With the second one, AgNPs appear stronger bonded to MZNs, probably
thanks to the presence of phosphate moieties, even if also in this case silver appears also
outside pores of zirconia. Preliminary data coming from thermal treatments with reducing
atmosphere were obtained with TPR measurements and at MCX line at Elettra
Synchrotron, showing that wet impregnation and low temperature thermal treatment
could in principle be used to obtain silver inside zirconia without affecting porosity.
However, these results are only a first approach and need further investigations for better
understanding of the treatment and to see if particles grow only inside pores. The so
obtained system, indeed, could be improved with the loading of antibacterial drugs, which
can act in the short term, leaving silver ions to release in longer periods. Moreover, trials
can be conducted to covalently link MZN@Ag to bulky surfaces, to obtain a
nanostructured layer which can also exploit antibacterial activity in short and long times,
for the application in prosthesis.

In addition, to improve the system and obtain a device with active targeting properties for
applications in biosensing and theranostic, a preliminary study for the attachment of
antibodies was performed. In this case, mMZN-8, modified with PCOOH, was employed
to link Ab-HRP with EDC/S-NHS protocol. This modified protein was chosen for the
possibility of quantification given by the HRP moiety, an enzyme which produces H,0; and
allow the reaction of TMB dye for quantification. However, this system shows the critical
aspect in avoiding silica layer: the phosphonate moiety can be replaced by PBS, detaching
the linked protein, making useless the system. This also shown the needs to use bis-
phosphonate molecules, which appear more stable upon replacement, and highlights the
necessities to improve the library of available molecules, decreasing also the difficulties
on syntheses.

Practical trials on the applications of all the systems described above are actually needed
to complete the study on these promising materials for the application in biomedicine.
Indeed, the reactive character of zirconia could make difficult the loading of certain
drugs/molecules, catalysing the broken of specific bond (as seen for phosphate
molecules), making impossible the employment as DDS. Moreover, the coupling with
other metal oxides could increase the catalytic activity of the system, making other
reactive centres. Although this novel system requires extensive characterization and tests
to be sure to apply it in the more appropriate and safe way, but the preliminary results
obtained in this work are very encouraging.
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