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State of the art:

In the last years inorganic nanomaterials have gained a major role in medical imaging techniques
thanks to their easily adjustable compositional and physicochemical characteristics, thus allowing the
characterization of cellular functions and molecular processes inside living organisms [1].

In addition, the surface of the nanomaterials can be functionalized with biomolecules to increase their
binding specificity for a more efficient diagnosis. Among the various types of nanomaterials, metal-
based nanoparticles (NPs) such as Gadolinium-based nanoparticles (Gd-NPs) have been exploited as
contrast agents (CA).

Due to Gadolinium properties (large spin magnetic moment and high X-ray attenuation coefficient)
Gd-based CA have been widely utilized in Magnetic Resonance Imaging (MRI) and Computed
Tomography (CT). It also possesses the highest thermal neutron capture cross-section among all
stable radioisotopes and for that has been exploited for therapy in oncology [1].

To date, several synthetic approaches have been proposed for the preparation of inorganic
nanoparticles. By these approaches nanoparticles with different composition, size, surface
functionalization can be obtained. These features can be modified according to the field of application
that generally include diagnosis of solid cancer and imaging of neurodegenerative diseases [2,3].
Indeed, the precise diagnosis of brain diseases largely depends on the performance of imaging
technology and is crucial to efficiently improve the treatment outcomes.

Objectives and Scope of Research

Since the advent of nanomaterials and their application in clinical diagnosis and drug discovery
inorganic nanomaterials and NPs have been investigated as CAs with improved relaxivity and
biocompatibility in MRI [1,6]. Moreover, NPs can be conjugated to several biomolecules or polymers
to improve the pharmacokinetic characteristics and control biodistribution upon injection (Fig.1) [1].
The scope of the Research activity is the development of inorganic nanoparticles with particular
interest towards Gd-based nanoparticles to be used as contrast agents for imaging purpose, with a
focus on brain cancer and neurodegenerative diseases.

The latter are usually diagnosed a long time after the onset, by the appearance of specific symptoms.
Thus, an early detection with effective non-invasive diagnostic method is vital for an early treatment
before neural damage becomes too severe for reversal of the disease.

The main challenge related to neuroimaging and drug delivery is represented by the existence of the
blood—brain-barrier (BBB), which strictly restricts the entry of therapeutic agents and CAs into the
brain.

The idea is to provide new tools to further understanding neuropathologies and imaging them at an
early stage by using nano-approaches combined to imaging techniques, such as MR, X-ray phase
contrast tomography (XPCT) and photoacoustic imaging (PAI), by studying them at a nano-sized
level to recognize specific disease-relevant cell populations without tissue manipulation [1,4,5].
Therefore, my research will be aimed to the synthesis, physiochemical characterization, and
exploitation of cell-targeted ultrasmall NPs as imaging tools of neurons and/or glia cells in brain
diseases models.

Even though Gadolinium will be the metal that I will primarily employ in my research, I expect to
possibly evaluate also other elements (such as Cu, Zn, Mn) to obtain ferrite and/or metal-doped NPs.
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The workplan of the project consists of several objectives (OBJ) reported hereafter:

OBJ 1. The design and the synthesis, the physiochemical characterization and the surface
derivatization of ultrasmall nanoparticles. Great attention will be given to the control of the size of
the nanoparticles to be kept as small as possible to allow crossing biological barriers, as the blood
brain barrier. Concerning the functionalization, the surface of the nanoparticles will be decorated with
phospholipid or PEG molecules in order to increase the biocompatibility of the nanoparticles on one
hand, and with targeting moieties for the cell binding specificity.

OBJ 2. The biocompatibility and the targeting capability of the nanoparticles will be evaluated in
simplified 3D cellular models of the brain. The 3D models will be developed using the hydrogel-
based technology for the simultaneous encapsulation of different brain-derived cell lines.

OBJ 3. The imaging performance will be evaluated. To this aim, in collaboration with groups experts
in different field of imaging, phantoms of the nanoparticles and of the 3D cultures administered with
the nanoparticles will be prepared and analyzed to detect the contrast signal.

OBJ 4. Finally, the nanoparticles will be provided to external collaborators for in vivo imaging tests
in animals affected by brain disorders. The capability to cross the BBB and reach the cellular target
will be evaluated together with the imaging performance.

Scientific methodologies for the achievement of results

The research activity will be carried out at the laboratories of the Institute of Nanotechnology, CNR
Nanotec, equipped with facilities for the synthesis and the characterization of nanomaterials, and for
the 3D cellular studies. In particular, the synthesis of the nanoparticles will be performed in the
Nanochemistry laboratory where I already worked during my internship.

To date several preparation approaches are available for the synthesis of inorganic nanoparticles.
Therefore, an accurate screening of state-of-the-art research works describing wet-chemistry
approaches will be performed to collect all the useful information for the synthesis of the
nanoparticles with the best physiochemical properties.

As an example, the following procedure is proposed for the synthesis of ultrasmall NPs: by using a
one-pot process (Fig.2) from GdCl3-xH20 as precursor, particles with an average diameter of less
than 2 nm can be obtained. [3] This size range is optimal to cross the BBB.

Although NPs are generally thermodynamically and kinetically stable, clinical applications are still
limited due to the risk of heavy metal release, toxic in free form and hence a threat to the human body.
To reduce the toxic effects referring to the literature, surface encapsulation chemistries will be
adopted. One of the possible approaches is the Pegylation of NPs, that consists in coating the surface
with PEG molecules to increase their residence time in micro-vessels and diffuse through the brain
extracellular space (ECS), thus increasing their brain delivery, as already reported [2]. Alternatively,
lipids and their derivatives are also used to functionalize the CAs to enhance biocompatibility [1].

Finally, NPs targeting toward a specific cell membrane receptor will be achieved by conjugating
nanobodies (the smallest fragment of Ig with antigen-binding activity), small peptides or sugar
residues to their surface. To this aim, different ligands will be evaluated for targeting receptor highly
expressed at the BBB, among those proposed in the literature. As an example, Apolipoprotein
peptides or AngioPep2 targeting the low-density lipoprotein receptors (LDLR) family [6]. Moreover,
one or two nanobodies directed against antigens specifically expressed by neurons and/or glia cells
will be selected and purchased [7].
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The characterization of the nanoparticles will be performed using the equipment available in the CNR
facilities, that include a Transmission electron microscopy (TEM) and a dynamic light scattering
(DLS) setup to analyze size and morphology. Elemental analysis will be also performed to determine
the composition of the NPs.

Additionally, the activities described in OBJ2 will be carried out at the biology laboratories of
Tecnomed at CNR Nanotec. In the cell culture facility, the 3D hydrogel matrices to be used to embed
the brain-derived cell lines will be prepared. Several polymers have been proposed as hydrogel
forming precursors to host brain cells. Beyond the extremely simplified structure of these models,
they represent good preliminary systems to assay the biocompatibility and targeting capability of the
developed nanoparticles. Commercial cytotoxicity kits and assays will be used to test the
biocompatibility of the nanoparticles, while confocal analysis will be performed to monitor binding
and uptake. To this aim, the surface of the nanoparticles will be decorated with fluorescent dyes to
enable fluorescence analysis.

Collaborations with partner facilities and groups will be established to assess the imaging
performance of the nanoparticles and their potential as cell targeted CA.

Finally, after the preliminary investigation of the nanoparticle safety and CA performance I hope that
the nanoparticles will be tested in animal models of brain diseases to determine their binding
specificity, biodistribution and biocompatibility in vivo.

Therefore, at the end of my PhD, I expect to establish robust expertise both in the nanomaterial
science and in 3D cell bioengineering, and to develop new nanomaterials with potential use in human
diagnostics of brain disorders, including neurodegenerative diseases and cancer.

Expected timeframe

The research activity will be programmed over the three years of the Doctorate and carried out in
scheduled timeframes, though some of them will be run in parallel to circumvent possible drawbacks
and to meet the project objectives.

The following Gantt chart reports the timeframe of the activities according to the objectives described
in the previous section.
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From the Third year up to the end of the Doctorate: Testing the imaging performance of the
nanoparticles in collaboration with external facilities and groups experts in imaging.

Testing the imaging performance of the nanoparticles upon internalization into the 3D cellular
systems.
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Scheme 1 Schematic illustration of the nanomaterials applied for
glioma imaging. Generally, those kinds of nanomaterials can be
divided into organic nanoparticles such as liposomes and synthetic
polymers, inorganic nanoparticles like Au and SiC, nanoparticles,
and organic/inorganic hybrid nanoparticles such as Au nanerods
encapsulated by metal-organic frameworks (MOFs). A large
variety of imaging modalities, including magnetic resonance (MR)
imaging, fluorescence (FL) imaging, photoacoustic (PA) imaging,
positron emission computed tornography (PET), can be achieved
by nanomaterials for comprehensive detection and diagnosis of
glioma. Nanomaterials are endowed with blood-brain-barrier
(BBB) penetration ability through surface modification of targeting
molecules, the assistance of external stimuli such as focused
ultrasound, or other strategies.
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Figure 2: Project workflow
Image references: https://doi.org/10.3390/ijms222111654
https://doi.org/10.1063/1.4954182

Figure 1: from: Zhao et al. J] Nanobiotechnol (2021)
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