UNIVERSITA
DEGLI STUDI
DI PADOVA

Head Office: Universita degli Studi di Padova

Department of Biology

Ph.D COURSE IN: BIOSCIENCE
CURRICULUM: BIOCHEMESTRY AND BIOTECHNOLOGY
SERIES: XXXI°

Nanocomposite scaffolds and biomimetic peptides
In neural regenerative medicine

Coordinator: Ch.mo Prof. lldiko Szabho

Supervisor: Ch.mo Prof. Francesco Filippini

Ph.D student: Yuriko Suemi Hernandez Gomez



L= I I Y O TR PP 3
ABBREVIATIONS ...ttt ettt e e ettt e e e e e e e e anbae e e e anreeeeeannes 5
1. INTRODUGCTION .. ...ttt ettt et e e e et e e e e e anbb e e e e e nne e e e e annreeeeennes 8

1.1 REGENERATIVE MEDICINE AND NANOTECHNOLOGY .......ccciiiiiiiiiiiieeeiiieeeene 8

1.1.1 Micro and nano-extracellular cues regulating cell behaviour................cccceeeeen. 8
1.2 STRATEGIES IN REGENERATIVE MEDICINE ......cooiiiiiiiiiiee e 9
1.2.1 Biomaterial-based therapy: the scaffold/matriX...........ccccconiiiiiiii, 9
1.2.2 Biomaterial-based therapy: the biochemical cues ...........c.cocoiiiiiiiiiiiiiiiiennn. 11
1.2.3 Cell-based therapy ......couuo i 13
1.2.4 Combinatorial approach ... 14
1.3 THE NERVOUS SYSTEM ...ttt 16
1.3.1 Nervous System Organization .............ccuueeiiiiiiiiiiec e 16
1.3.2 Cells of the Nervous SyStemM........ccooiiiiiiiiiii e 17
1.3.3 Neurite outgrowth and neural circuit development............cooooiiiiiiiiiiiiiiiis 19
1.3.4 Mechanism of neural growth and polarization .............cccccooniiie, 21
1.3.5 PNS regenerative Capacity ... 22
1.3.6 CNS regenerative Capacity .........ccoooiiiiiiiiiiiee e 25
1.4 THE REGENERATIVE MEDICINE IN THE NERVOUS SYSTEM ........ccccvvieennnen. 25
1.4.1 Regenerative strategies in PNS ... 25
1.4.2 Regenerative strategies in CNS...........cuiiiii e 27
1.4.3 Tools used in neuronal regenerative MediCine ...........cccccoviiiiiiiieei e 29
1.5 THE CELL SYSTEM... .ottt e e 31
I T I 1Y PR RRSTPRR 31
1.5.2 SH-SYBY CELL LINE ...t 32
1.6 CONTACTIN FAMILY ...ttt e e e e e e e e e e nneeas 33
1.6.1 CONtACHIN-T .. 35
1.6.2 CONtACHIN-2.... e a e 35
1.6.3 CONLACHIN-3/A/5/B ...t e e e e e neee e e 36

1.7 ROBO FAMILY .ttt ettt e et e e et e e e et e e e et e e e e nnnneeas 37

1.8 DCC PROTEIN ...ttt et e e et e e e et e e e e e e e e nnneeeas 40

1.9 LTCAM FAMILY L.ttt et e et e e et e e e e nae e e e e e e e ennneeens 42

1.9.1 L1CAM PROTEIN ...ttt e e e eee e 44

1.9.2 NEUROFASCIN PROTEIN ....cooiiiiiiiiiiiie e 46



2.
3.

4.
5.

1TL9.3 NRCAM ...ttt e st e e s b e e s e e e nnne e 48

IR R ] | PSSR 49
1.10 CARBON NANOSTRUCTURES FOR POLYMER-BASED NANOCOMPQOSITES 50
1.11 CARBON NANOTUBES (CNTS)....iiiiiiiiiee et e e e e e e e 51

1.11.1 CNTs and neural regenerative MediCine .............cccuuviiieiiiiiiiiiiiiee e 52
TA2 GRAPHENE ...ttt e e e e et e e e e e s e e e e e e e e e eeannnes 55

1.12.1 Graphene and neural regenerative mediCine............ccccccoviiiiiiiiieeie e 56
1.13 CARBON NANOHORNS (CNHS) ...ttt 58

AIM OF THE PROUJUECT ...ttt ettt ettt e e e e e e e e e e e e e e nnnnnaees 60

RESU LT S L. ittt e e e e e e et e e e e e e e e s s aa e e e eeeeeeesansaseneeaeeeeennnnsnneees 61
3.1 THE SCAFFOLD ...ttt e e e e e e s s e e e e e e e e e nnsrneees 61

3.1.1 Effect of different functionalized CNSs as fillers on the physical properties of

biocompatible PLLA COMPOSITES ......covviiiiiiiiiiiiiiiieee e, 62

3.1.2 Effect of different CNS@PLLA composites on neuronal differentiation.............. 89

3.1.3 Effect of patterned scaffolds on cellular behaviour.............cccccceeeiiiiiiie 93
3.2 THE BIOMIMETIC PEPTIDES ...ttt 105

CONCLUDING REMARKS ..ottt a e e e e e e e e e e e e e e e e nnnssneees 145



ABSTRACT

The incapacity of injured adult central nervous system to restore damaged neuronal circuitry
and the large peripheral nervous system nerve defect inability to be naturally regenerated
are a critical medical and social issue.

An emerging approach in neuronal regenerative medicine is the use of native extracellular
stimuli at nano-scale level influencing cell growth, differentiation and regeneration. Our
biomimetic nanosystems mimic as much as possible the nanotopographic, conductive
features and guidance cues of the neuronal extracellular environment. They are made of a
freestanding and biocompatible nanocomposite scaffold, combining conductive,
mechanical and topographical feature of carbon-based nanomaterials with the
biocompatible properties of the poly-L-lactic acid (PLLA) matrix. Moreover, biomimetic
peptides have been developed deriving them from neuronal proteins involved in the control
of neurite outgrowth and axon pathfinding. In recent work from our team, the combination
of the nanocomposite scaffold and the peptides proved to enhance neuronal differentiation
of a human neuroblastoma cell line and to promote per se neural differentiation of human
multipotent stem cells, even in the absence of exogenously added neurotrophins.

In my PhD project | further developed such biomimetic nanosystems.

About the scaffold, we checked the biocompatibility and effect on neuronal differentiation of
varying types and concentration of nanofiller. We increased from 0.25 to 5% CNTs
dispersed in the PLLA-matrix to improve electrical conductivity and nanoroughness of our
nanocomposite scaffold. The enhanced CNTs concentration doesn’t affect cell proliferation,
viability and adhesion while promoting neurite elongation. Moreover, we tested the same
range of carbon nanohorns (CNHs) and reduced graphene oxide (RGO) dispersed in the
PLLA matrix and proved they are as biocompatible as CNTs. Interestingly, 5%RGO has an
inductive effect on neuronal differentiation. In last months, 3D printing has been used for
patterned scaffold that allow to control the cell growth direction.

About biomimetic peptides, we focused on the characterization of novel peptides sharing a
conserved motif to better reproduce neuronal biochemical cues. These peptides are derived
from the Ig-like domain of a number of proteins playing important roles in neuronal
differentiation and axon elongation: CHL1, Neurofascin, NrCAM, DCC, ROBO2 and 3,
Contactin 1, 2 and 5. All such peptides were able to promote neuritogenesis and neuronal

differentiation of SH-SY5Y cells, with efficacy similar to previously tested peptides.



In order to shed light on the mechanism by which our peptides act, we studied L1-A peptide
in comparison to L1CAM extracellular domain it is derived from. As negative controls we
used a scrambled and mutant version of the L1-A peptide. In silico simulations and in vitro
evidence suggest an agonist-antagonist mechanism for our peptides: L1-A peptide binds
L1CAM and exerts the same neuritogenic effect of the protein acting as L1CAM’s agonist;
scrambled and mutant peptides bind the protein and inhibit the L1CAM homophilic binding,
but they are not able to activate the signalling intracellular pathway leading to neuronal
differentiation, acting as antagonists of L1CAM.

In conclusion, our new nanocomposite scaffold and biomimetic peptides are potential tools
for neuronal regenerative medicine, even if further investigations are needed to check their

effect in combination.
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1. INTRODUCTION

1.1 REGENERATIVE MEDICINE AND NANOTECHNOLOGY

Regenerative medicine is an interdisciplinary approach addressed to create living,
functional tissues to repair or replace tissue or organ function lost due to age, disease,
damage, or congenital defects according the definition of the US National Institutes of
Health. It wants to replace the current therapy of transplantation of intact organs and tissues
to treat organ and tissue failures and loss that often is limited by donor supply and
characterized by severe immune complications. Basically, there are two approaches: the
first one is addressed to stimulate or reactivate the natural regeneration ability of the human
body at the target site; the second one wants to inject cells/ tissue/ synthetic organ to
replace the damaged part. Recent advancements in both approaches are based on the
synergy between regenerative medicine and nanotechnology, due to the evidence that cell
identity and function is strongly influenced by nanoscale changes in the dynamic
extracellular environment, where the size of most biomolecules and structural components
ranges from 0.2 nm to 200 '. About the first aim, researches are focusing in defining the
environment stimuli promoting or inhibiting natural cell regeneration to mimic or to
antagonize them. About the second aim, nanotechnology is often combined to stem cell
biology to characterize the environmental stimuli able to promote stem cell differentiation

toward specific cell lineage 2.

1.1.1 Micro and nano-extracellular cues regulating cell behaviour

The extracellular stimuli acting at micro and nanoscale level can be divided in biochemical,
physical and mechanical cues.

Biochemical cues are provided by the multiple interactions that cell faces during its
development, that are: i) cell-cell interactions by specific cell receptors such as cadherins,
cell adhesion molecules (CAMs), and ephrins; ii) cell interactions with ECM components
such as fibronectin, laminin, heparin sulfate; iii) cell interactions with soluble factors i.e.
growth factors, cytokines and ions. Such biochemical cues interact with cell receptors
activating signalling cascade and determining cell behaviour. Notably, current researches
indicate that temporally and spatially regulated presentation of these stimuli is fundamental

to control cell function in the proper way.



Physical cues and mechanical cues are tissue properties such as stiffness, elasticity,
Mpatterned structure, matrix degradability, permeability and conductivity. The microscale
reflects the tissue architecture while the nanoscale indicates surface modification (e.g.
biomolecule attachment for cell adhesion, proliferation, and differentiation). Recent
researches report that interaction between cells and their microenvironment can reorganize
cytoskeleton and induce specific cell signalling that regulates cell behaviour, including
polarity, migration, proliferation, and differentiation. The conversion of mechanical and
physical force into biochemical information is known as mechanotransduction, an essential
process for the development and physiology of the organism. Moreover, spatio-temporal
regulation of the mechanotransduction pathways involved in cell-matrix interaction is

essential to modulate cellular behaviour correctly °.

1.2 STRATEGIES IN REGENERATIVE MEDICINE

Strategies in regenerative medicine can be distinguished in three different approaches:

o Biomaterial-based therapy, that is usually addressed to mimic extracellular environment
features of a target tissue or organ that lead repair processes and/or cell recruitment
and growth at the lesion site. The physical and mechanical stimuli of the ECM are
usually reproduced by scaffolds, while bioactive molecules, proteins or peptides can be
used to mimic the native biochemical features.

o Cell-based therapy, which consists of injecting novel and healthy cells in pathologic or
damaged tissues.

¢ Combinatorial therapy, a combination of the previous two strategies. It is based on the
construction of a biocompatible scaffold that, in combination with living cells and

bioactive molecules, replaces, regenerates or repairs damaged cells or tissue.

1.2.1 Biomaterial-based therapy: the scaffold/matrix

In regenerative medicine, the development of scaffolds has intensively been investigated
using either natural or synthetic material.

Natural material usually derives from human or animal (xenogeneic) sources and it
includes extracellular components, collagen, alginate, chitosan, gelatine, hyaluronic acid,
silk protein or agarose. The major advantage of natural polymers is that they usually can be
integrated perfectly into the target tissue. However, their usage requires to solve issues
especially about their potential immunogenicity and cross-contamination: they are furnished

by other living organisms, thus residual cellular components may induce an immune



response . An innovative approached is represented by the so-called decellularized
tissue matrices, that are ECM derived from the target tissue, in which all cellular and
nuclear contents are removed while retaining the structural components and bioactive
molecules. Efficient decellularization methods include chemical, enzymatic, and physical
approaches and they have been applied to several types of tissues. Decellularized matrices
that have been applied clinically include decellularized dermis to treat burn injuries and
decellularized small intestine ureter, or xenogeneic vessels to restore vascular function.
Despite these successes, several problems remain: the decellularization process can affect
mechanical properties of tissues or it could remove various types and amounts of ECM-
associated signalling molecules °. Moreover, both naturally derived materials and acellular
tissue matrices are very expensive because they cannot be produced easily in large
quantities according to good manufacturing practice.

Synthetic scaffolds are made of synthetic materials or a combination between natural and
synthetic materials. Poly-L-lactic acid (PLLA), poly-lactic-co-glycolic acid (PLGA), poly-
caprolactone (PCL), or poly-vinyl alcohol (PVA) polymers, poly-hydroxic acids, poly-
tetrafluoroethylene, steel titanium, ceramics or silk, are the most common synthetic
materials employed for the fabrication of scaffolds. In contrast to natural polymer, synthetic
materials allow a better control of their chemical, physical and mechanical properties, as
well as degradation rate. They can be identically reproduced on a large scale with desired
porosity, morphologies, and anisotropies to improve cell attachment and migration. The
disadvantages of synthetic scaffolds are possible toxicity, undesired inflammatory
responses and they often lack biologic recognition. However, recent researches show an
improvement of synthetic scaffold recognition from the tissue target by coupling biological
molecule to the scaffold °.

Good scaffolds are expected to respond to specific requirements such as biocompatibility,
stiffness, controlled porosity and permeability, suitable mechanical and degradation kinetics
properties comparable to the targeted tissue. Hydrogels are a very promising solution
because they are composed largely of water with a structure and composition like that of
the ECM. For example, soft fibrin-collagen hydrogels have been used to mimic lymph node,
alginate hydrogels improved regeneration of critical defects in bone. Notably, the polymer’s
mechanical properties alone seem to produce therapeutic effect since alginate hydrogel
injections to the left ventricle reduce the progression of heart failure in models of dilated
cardiomyopathy 7. Another strategy is based on electrospun nanofibers with controlled
architectures and diameter, that are obtained by electrospinning techniques. They provide

topographical cues to cells by presenting geometries mimetic of the scale and 3D
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arrangement of the collagen and laminin fibrils of the ECM. Such polymer fibres present a
high surface-to-volume ratio and porosity that promote cell adhesion, growth and
differentiation and enable growth factor/drug loading. In addition, in case of neurons, they
seem to guide the direction of neurite elongation .

However, the advent of nanotechnology has allowed further developments in the field of
biomaterials and current researches are addressing to design scaffolds with the same ECM
features of the target tissue at nanoscale level. First, they should mimic physical and
mechanical cues providing structural and functional cell support. For example, chondrocyte
adhesion and proliferation and ECM production have been accelerated by nano-structured
PLGA surfaces. Furthermore, nanometer surface roughness in vascular graft made of
PLGA and stent of titanium improve endothelial cell functions as compared to nano-smooth
polymer and titanium surfaces. 3D printing has been employed to obtain the correct
nanotopography (especially the dimensions and porosity) by producing layer by layer
structures with a good and regular interconnectivity between pores and good mechanical
properties. Bio-degradable materials are already in use as filaments and their price is low.
Among them there is PLLA, a biodegradable material that is normally used in tissue

engineering °.

1.2.2 Biomaterial-based therapy: the biochemical cues

As well as physical and mechanical cues, biochemical cues characterize extracellular
environment and influence cell behaviour. They can be reproduced by bioactive factors able
to interact specifically with cell receptors or proteins to control processes such as cell
survival, cell recruitment, cell proliferation, and cell differentiation. Two general strategies
are used:

i) Incorporation and release of bioactive molecules in a specific matrix. For example,
Regranex uses platelet derived growth factor conjugated to scaffolds to promote wound
healing; and Infuse is aimed to improve bone formation via delivery of bone morphogenic
proteins 2 and 7. Although these types of product are already available, they have several
potential collateral effects due to the poor control over factor release kinetics .

ii) Surface modification of biomaterials with bio-adhesive ECM macromolecules or specific
binding motifs. For example, incorporation of cysteine-tagged functional domains of
fibronectin into thiol-modified HA gels was found to stimulate spreading and proliferation of
human fibroblasts in vitro, and to promote recruitment of dermal fibroblasts in an in vivo

cutaneous wound model *.
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However, the use of entire proteins challenges several problems. First, recombinant
proteins or native matrix macromolecules extracted from animal tissues elicit
immunoresponses, when using proteins from different species. Furthermore, production
and purification processes of recombinant proteins are expensive and often show batch to
batch variability. In addition, protein conformation can be affected by these processes or by
the immobilization of proteins onto the scaffold surface. For these reasons, regenerative
medicine approaches prefer to use peptides mimicking functional motifs able to mediate
protein regulatory signals. In fact peptides have different advantages compared to the entire
protein: i) chemical production of peptides is simple and it can be performed at large scale
in a very reproducible way; ii) the chemical synthesis avoids contaminants of the
recombinant protein production thus the peptide immunogenic activity is lower than proteins
iii) peptide production costs are lower iv) the better control over the conjugation chemistry
leads to better efficiency of the immobilization step on biomaterial surfaces, v) the smaller
dimensions of peptide allow to reach higher densities at the scaffold surface ''. However,
macromolecules usually contain numerous receptor-binding motifs, which renders it difficult
to determine the protein region regulating a specific cell function. Moreover, proteins can
present multiple conformations under different conditions with time-dependent ligand
specificity and dynamics. Thus, designing functional peptides for specific protein is a
complex process and peptides could mimic only some functions of the entire protein. Such
problem can be solved using a combination of several short peptides, each directed at only
one function, in order to integrate multiple functions within synthetic matrices '2.

Currently, peptides used within biomaterials possess a diversity of functions. The
biomimetic peptides most used for scaffold functionalization are the ECM protein mimetics
promoting cell adhesion and subsequent activation of signalling pathways. Among them,
the tripeptide RGD is the most known. It is the minimal recognition sequence for integrin
binding and it triggers different cell lines to adhere and proliferate on the scaffold surface.
Beyond cell binding, peptide functions include specific proteolytic susceptibility, surface
binding, self-assembly and growth factor binding. Peptide proteolytic susceptibility can be
exploited to design matrices with controllable degradation kinetics. For example, enzyme
substrate sequences of different proteases (including matrix metalloproteinases or plasmin)
have been coupled to hydrogels in order to enable the tailored degradation of the material
or the release of a matrix-tethered payload via proteolysis '?. Peptides can also be used to
design self-assemble peptide scaffold to mimic the ECM native ability of self-polymerization
through precise protein-protein interactions. Several classes of peptides have been

designed and exploited in biomaterials contexts for their self-assembling behaviours such
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as b-sheet fibrillating peptides, peptide amphiphiles, coiled coil peptides and short aromatic
peptide derivatives. These peptides are characterized by their periodic repetition of
alternating ionic hydrophilic and hydrophobic amino acids that spontaneously form various
nanostructures like nanotubes, vesicles, helical ribbons, and fibrous scaffolds. One example
is the artificial peptides that self-assemble to form hydrogels with high water content,
responsive to changes in pH and other environmental factors, to be used for advanced

wound closure and tissue repair in regenerative medicine "

1.2.3 Cell-based therapy
Cell therapy consists of injecting differentiated cells or on undifferentiated stem cells, which
can differentiate upon specific stimuli, into the target tissue.
The differentiated endogenous primary cells can be either autologous or allogeneic and
they are already available as therapeutic products. For example, the first FDA-approved
biologic product in the orthopaedic field for the treatment of focal articular cartilage defects
is Carticel, that uses autologous chondrocytes harvested from articular cartilage, expanded
ex vivo, and implanted at the site of injury '°. Although differentiated endogenous primary
cells don’t show rejection and important inflammatory responses, they will be always less
used because it is difficult to get a considerable number of them in vitro, where they usually
loss their replication potential.

In contrast, stem cells are able to self-renew indefinitely and differentiate into other cell

types. Their ability to differentiate into other cell types is defined as “cell potency” and

present several levels. Stem cells represent the body’s natural reservoir of undifferentiated
cell, used to development or to replace specialized cells that have been used up or
damaged in the adult life. They can be distinguished in autologous if derived from patient,
allogeneic if derived from a human donor and xenogeneic if derived from another animal.

Furthermore, they can be divided based on their sources in:

e Embryonic stem cells (ESCs) derive from the inner cell mass of a blastocyst (5 days
post fertilization). They are also known as pluripotent stem cells (PSCs) because they
can differentiate into cells of any of the three germ layer lineages ectoderm, mesoderm,
and endoderm. ESCs can be obtained also by the so-called therapeutic cloning or
somatic cell nuclear transfer (SCNT), an approach based on the transfer of a somatic
cell nucleus into an oocyte. In this way, early stage embryos are cultured to produce
ESCs with the potential to become almost any adult cell types or to cloning animals.
Through this technology, pathologic cell lines can be obtained to study the effects of

some molecules in cells with specific diseases;
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e Adult stem cells that can be found in most tissues where they are fundamental during
the tissue development and to heal and replace worn out cells. They are multipotent
stem cells because they have a more restricted differentiation ability compared to PSCs.
Among these cells, the bone marrow-derived mesenchymal stem cells (MSCs) had been
studied deeply because they are able to differentiate into many kinds of cells, useful to
treat bone, cartilage, nervous, muscle, cardiovascular, blood and gastrointestinal
diseases;

¢ Induced pluripotent stem cells (iPSCs) that are adult somatic cells artificially
reprogrammed to become pluripotent and self-renewing '*. A human clinical trial with
iPSCs is being conducted at Japanese RIKEN Center for Developmental Biology: skin
cells of a 70-year-old woman affected by exudative age-related macular degeneration
were taken and induced to differentiate into retinal pigment epithelium (RPE) cells, which
were used to create a small monolayered RPE sheet to implant into the patient’s eye,
without any biomaterials.

e Amniotic fluid-derived stem cells (AFSCs), so called because they derive from
amniotic fluid and placenta by amniocentesis or chorionic villous sampling in the
developing fetus or from the placenta at birth. These cells are multipotent and can be
used as autologous cell source in several clinical applications, but no human clinical trials
have been performed yet.

Each of these stem cell categories show specific advantages and lacks: PSCs can

differentiated in all human tissue but there are a lot of ethical concerns about their use;

MSCs can only differentiate toward specific target tissue according where they derive from

and generally they can be obtained at low yields; iPSCs have the same cell potency as

ESCs, but the efficiency of reprogramming is still quite low (about at 1%) and stochastic

and recent researches also shed light on their long-term tumorigenic potential; AFSCs do

not develop neoplasms but they have to be stored in specific cell bank in order to supply as

autologous cell source ? .

Unfortunately, direct transplantation of cells at the injury site showed limited clinical

efficacy leading poor cell survival, uncontrolled differentiation, and ineffective integration

into the host tissue, primarily due to an inhospitable environment around the injury site.

1.2.4 Combinatorial approach
It is a combination of the previous two strategies: cells are seeded on scaffolds mimicking
both biochemical and physical properties of the cellular microenvironment to enhance cell

adhesion, proliferation and/or differentiation. This approach has been extensively exploited
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with stem cells because it allows to reproduce environmental factors modulating stem cell
differentiation towards specific cell lineage. The traditional approach for stem cell growth
and differentiation is based on biochemical modulation using small molecules and growth
factors, but it presents several problems such as the high cost, the long time consuming
and the low yield of fully differentiated cells. However recent evidences indicate that
biophysical cues can direct stem cell behaviour by either maintaining their phenotype or
improving lineage commitment, and they are of great interest because they are cost
effective, longer lasting, easily characterized, and can be manufactured with high
reproducibility '°.

Therefore, researchers have focused on the production of nanomaterials able to generate
active biophysical and biochemical signals for directing stem cell fate obtaining material
directed differentiation of mesenchymal stem cells, neural stem/progenitor cells, adipose
derived stem cells, hematopoietic stem/progenitor cells, embryonic stem cells and other cell
towards specific cell lineages (Fig.1).
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Figure 1. Examples of combinatorial approaches for different target tissues 54,
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Different types of biophysical signals have been observed to modulate stem cell behaviour
including material elasticity/rigidity, micropatterned structure, ECM coated materials,
material transmitted external stress and strain, electrical stimulation, hydrostatic pressure,
electromagnetic fields, ultrasound and photostimulation °.

The biochemical stimuli for stem cell differentiation include the conventional growth factors
and small molecules which target specific intracellular pathway. They are usually used in a
soluble form in culture media, but now researches are addressed to their immobilization on
cell culture substrates or on the surface of implantable scaffolds. In this way, more defined
culture systems are obtained, and they could be used in future clinical applications. Notably,
the most of studies in stem cell regenerative medicine uses combinational protocols which
contain both biophysical and biochemical cues .

A promising tool in this field is the 3D bioprinting using, in most of cases, biodegradable
polymers and stem cells as printing inks. They are printed layer by layer to form 3D
tissue/organ-like constructs, in which biodegradable polymers are used as support
scaffolds, while stem cells can be engaged to differentiate into different cell/tissue types.
This technique is characterized by high precision, easy reproduction, fast manipulation and
high-resolution control over material and cell placement within engineered constructs and it
is used to fabricate a wide range of tissues. There are two bioprinting strategies, inkjet and
microextrusion. Inkjet bioprinting uses pressure pulses, created by brief electrical heating
or acoustic waves, to create droplets of ink that contains cells at the nozzle. This approach
has been used to produce cartilage by alternating layer-by-layer depositions of electrospun
polycaprolactone fibers and chondrocytes suspended in a fibrin—collagen matrix. Cells
deposited this way were found to produce collagen Il and glycosaminoglycans after
implantation. In contrast, microextrusion bioprinting dispenses a continuous stream of ink
onto a stage and it has been used to print complex 3D tubular networks, which were then

seeded with endothelial cells to mimic vasculature '".

1.3 THE NERVOUS SYSTEM

1.3.1 Nervous System Organization

The vertebrate’s nervous system can be divided into two major parts: the central nervous
system (CNS) and the peripheral nervous system (PNS). The CNS consists mainly of
the brain and the spinal cord, but there also are the optic, olfactory and auditory systems; it

acts as carrier and interpreter of signals from outside and it generates stimuli to the PNS.
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The PNS is responsible for innervating muscle tissue and it works as the connection
between the CNS and peripheral structures, because it conveys sensory and excitatory
signals in both directions, from CNS to peripheral structures and vice versa. The PNS
consists mainly of a collection of nerves, which are enclosed bundles of the long fibers that
connect the CNS to every other part of the body. Based on how they are connected to the
CNS, such nerves are classified in cranial nerves originating from or terminating in the
brain/cranium, and spinal nerves originating from or terminating at the spinal cord. We can
also distinguish nerves based on the direction of nerve propagation between sensory or
afferent neurons transmitting signals from the body to the CNS and motor or efferent nerves
transmitting signals from the CNS to effectors (muscle or glands). Motor neurons can be
further classified according to the effectors they target: the somatic nervous system (SNS)
mediate voluntary movement by the regulation on the contraction of skeletal muscles,
the autonomic nervous system (ANS) controls the activities of organs, glands, and various
involuntary muscles, such as cardiac and smooth muscles. The ANS consists of
the sympathetic nervous system, activated in cases of emergencies to mobilize energy, and

the parasympathetic nervous system, activated when organisms are in a relaxed state 8.

1.3.2 Cells of the Nervous System

There are two main classes of cells in the nervous system: nerve cells or neuron and glial
cells or glia. Neurons are characterized by their ability to process information and
communicate with other cells via synapses, that allows rapid transmission of signals (either
electrical or chemical), while glia provides the neurons with mechanical and metabolic
support '°.

Neurons can be divided in three categories based on their role: sensory neurons, motor
neurons, and interneurons. Sensory neurons transmute physical stimuli taking place inside
and outside of the body into neural signals that are conveyed into the CNS, so they can be
processed. Motor neurons get information from other neurons and send signals to the
muscles and glands of the body. Interneurons receive signals from and send signals to
other nerve cells. Interneurons serve to process information and constitute the bulk of the
human nervous system.

A typical neuron has four morphologically and functional defined regions: the cell body,
dendrites, the axon, and presynaptic terminals. The cell body, known as soma, is the
metabolic centre of the cell and it usually gives rise to two types of neurites, different in both
function and morphology, known as dendrites and axon. The dendrites appear as many

short and thick branching processes, and in most excitatory neurons, they possess dendritic
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spines. Functionally, dendrites are input elements of the neuron: they receive, process and
propagate incoming information from other neural cells through neurotransmitter receptors
to soma. The axon is the long and thin protoplasmic protrusion, and it is the output element
of the neurons and they typically conducts signals to other neurons. CNS axons are very
thin, between 0.2 and 20 uym in diameter, compared with the diameter of the cell body of
about 50 ym; instead, axon length varies greatly, and it can extend more than 3 m within
the body. Many axons are insulated by a fatty sheath of myelin that is interrupted at regular
intervals by the nodes of Ranvier. The cell’s conducting signal, known as action potential,
is initiated either at the axon hillock, the initial segment of the axon, or in some cases slightly
farther down the axon at the first node of Ranvier.

In general, axon terminals containing synaptic vesicle of the presynaptic neuron transmits
signals to the postsynaptic neuron through several synaptic contacts. Synapses are
membrane-to-membrane junctions containing molecular machinery that allows rapid
transmission of signals, either electrical or chemical. Incoming signals can be
either excitatory, able to make the neuron generate an electrical impulse, or inhibitory, able
to keep the neuron from firing. Whether or not a neuron is excited into firing an impulse
depends on the sum of all the excitatory and inhibitory signals it receives.

Glial cells surround the cell bodies, axon and dendrites of neuronal cells. They play several
roles in the nervous system: they support neurons and hold them in place; they supply
nutrients to neurons; some of them act as scavengers, destroying pathogens and removing
dead neurons; and certain classes of glial cells, known as radial cells, provide guidance
cues directing the outgrowth of axons towards their targets. Two types of glial cell
(oligodendrocytes in the CNS, and Schwann cells in the PNS) generate layers of a fatty
substance called myelin that wraps around axons and provides electrical insulation which
allows them to transmit action potentials much more rapidly and efficiently.

Glial cells in the vertebrate nervous system are divided into two major classes: microglia
and macroglia. Microglia are phagocytes of the CNS that are mobilized and activated after
injury, infection, or disease. The activated cell expresses a range of antigens, which
suggests that may serve as the major antigen presenting cell of the CNS, and recent
evidence indicates that activated microglia may have a role in several neurological
diseases. Macroglia cells can be divided in three types: astrocytes, oligodendrocytes and
the Schwann cells. Oligodendrocytes and the Schwann cells are small cells with few
processes, producing myelin sheath by tightly winding their membranous processes around
the axon in a spiral. Oligodendrocytes envelope an average of 15 axonal internodes each,

while Schwann cells envelop just one internode from one axon. Astrocytes are the most
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numerous of glial cells and their name is due to their irregular, star-shaped cell bodies. They
regulate blood flow in the brain and maintain the composition of the fluid that surrounds
neurons and they mediate communication between neurons at the synapse. During
development, astrocytes help neurons find their way to their destinations and contribute to
the formation of the blood-brain barrier, which helps isolate the brain from potentially toxic

substances in the blood 8.

1.3.3 Neurite outgrowth and neural circuit development

Neurons are polarized cells that require a complex interplay of both extracellular and
intracellular signals for their development. Neuron polarization is essential for the
establishment of neural functional circuits during nervous system development. The
process of neuronal morphogenesis and polarization under culture conditions have been
extensively described and it have been divided in five developmental stages according to
morphology of in vitro cultured hippocampal neurons (Fig.2). In stage 1, several thin
filopodia appears shortly after the dissociated neurons are seeded. In stage 2, these
neurons extend multiple immature neurites that undergo repeated random growth and
retraction, without morphological differences among them. Stage 3 shows initial neuron
polarized morphology: several minor neurites and one neurite that is much longer than the
others that eventually becomes the axon. In stage 4 (within 7 days), the remaining neurites
develop into dendrites. Stage 5 is reached when neurons form premature dendritic spines
and axonal branches. Interestingly, neurons determine their polarity in a stochastic manner

in the absence of additional extracellular signals 2",

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5
Dendritic
spines
%;/\Z ‘% %Dendrte
Immature Future
neurites axon

Axon

Figure 2. Establishment of polarity and stages of neuronal development in hippocampal neurons 2'.

Neural circuits are the basis of neural function and they are represented by the structure of
axons and dendrites, in which individual axons stimulating multiple targets and single

dendrites assimilating inputs from various sources. During the development of neural
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circuits, axons present a highly dynamic structure on their elongating tip, known as the
‘growth cone’, that expresses surface receptors by which it senses and integrates multiple
stimuli provided by extracellular environment with an impressive level of accuracy. The
growth cone sums all these inputs providing the initiation and guidance of neurites and the
navigation of axon elongation direction toward its target cell.

These inputs can be subdivided into positive (permissive or attractive), negative (inhibitory
or repulsive), or guiding (affecting the advance of the growth cone). They can act either over
long distances or locally, in a contact dependent manner and recent studies have revealed
that cooperation between long- and short-range guidance cues and between attractive and
repulsive cues is required for the correct navigation of growing axons to their target cells.
Furthermore, they have showed axons also use intermediate targets on the way to their
final target, especially when they have to cover long distances and these intermediate
targets provide important guidance information and prepare axons for the following steps
22.

They can arise from: i) adhesive molecules presented on neighbouring cells (such as
CAMs) to which growth cone receptors can adhere ii) the ECM that regulates cellular
processes either by ECM-associated molecules (including Laminin and Fibronectin) or by
growth factors and cytokines retained by it iii) anti adhesive surface-bound molecules (such
as Slits and Ephrins) that prohibit growth cone advance iv) diffusible chemotropic cues that
work as the ‘road signs’ that present further steering instructions to the travelling growth

cone %,
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1.3.4 Mechanism of neural growth and polarization
Cell morphology and motility are based on growth cone dynamics, which is essentially
modulated by neuron cytoskeletal organization of microtubules (MTs) and actin filaments.
MTs are heterodimers of alpha-tubulin and beta-tubulin and possess two distinct ends: the
plus end, a crucial site for tubulin polymerization and the minus end that is often anchored
to a microtubule-organizing centre, such as the centrosome and the Golgi complex. They
usually regulate polarity in many types of cells, including neurons, where dendritic
microtubules show mixed orientation, and axonal microtubules show plus-end-distal
orientation (Fig.3).

Dendrite Axon

Mixed microtubule orientation  Plus-end-distal microtubule orientation Growth cone
Distal Distal

N f X 2 C-domain Microtubule
", Proximal ./ \  Proximal /

T-zone

P-domain

Figure 3. The cytoskeletal structures in neurons. The dendrites and axons have different
microtubule orientations; dendritic microtubules show mixed orientation, and axonal microtubules
show plus-end-distal orientation. Growth cones are divided into three regions based on their
cytoskeletal components. The central (C) domain mainly contains microtubules, and the peripheral
(P) domain is enriched in actin filaments and contains filopodia and lamellipodia-like structures. The
transition (T) zone contains an acto-myosin contractile structure 24,

Actin filaments are composed of actin and have barbed ends and pointed ends. Actin-
severing proteins enhance actin disassembly and the dynamic organization of the actin
directs the morphology of growth cone. The growth cone can be divided into three regions
based on their cytoskeletal components. The central (C) domain mainly contains stable and
bundled MTs, numerous organelles, vesicles and central actin bundles. The peripheral (P)
domain that is rich in long F-actin filaments and contains filopodia and lamellipodia-like
structures. Additionally, individual dynamic "pioneer" MTs explore this region, usually along
F-actin bundles. Between these domains, there is the transition (T) zone in which an acto-
myosin contractile structures, known as actin arcs, lie perpendicular to F-actin bundles and

form a hemicircumferential ring %.
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In the axon outgrowth process the growth cone dynamics follow three steps of advance that
are influenced by environmental factors: membrane protrusion, engorgement, and
consolidation.

Membrane protrusion is primarily driven by permissive and adhesive substrate and growth
cone receptors interaction, that actives intracellular signalling cascades and induces the
formation of a molecular “clutch' binding the substrate with the receptors and F-actin
filaments. The clutch provides attenuation of F-actin retrograde flow and it drives actin-
based forward growth cone protrusion on the adhesive substrate, as F-actin polymerization
goes on in front of the clutch site and the filopodia and lamellipodia-like veils of the
peripheral (P)-domain move forward to extend the leading edge. At this level, filopodia and
lamellipodia-like veils act as guidance sensors of the growth cone and they might have a
major role in establishing growth cone-substrate adhesive contacts during environmental
exploration. Engorgement stage starts when F-actin arcs reorient from the C-domain
towards the site of new growth, then T-zone actin arcs and C-domain actin bundles guide
C-domain MTs towards the site of new growth. In addition, MTs mediate transport of
membranous organelles and vesicles.

Lastly, the recently advanced C-domain undergoes consolidation process: the proximal part
of growth cone compacts at the growth cone neck to form a new segment of axon shaft.
MTs are compressed into the newly localized C-domain by myosin ll-containing actin arcs
while filopodias leave the area of new growth 24,

In summary, the combination of F-actin tread milling and F-actin retrograde flow (the
continuous movement of F-actin from the leading edge towards the centre of the growth
cone) provide the ‘motor’ that keeps the growth cone engine idling and available to drive
movement in response to directional cues during formation of nascent axons, and also when

new growth cones form from an axon shaft during axon branching 2.

1.3.5 PNS regenerative capacity

Injury in peripheral nerves could lead to loss of communication along nerves between the
CNS and the peripheral organs causing reduction in motor and sensory functions and they
are generally caused by accidental trauma, surgery, drug therapy and metabolic
dysfunction.

In contrast to the CNS, adult PNS axons spontaneously regrow to a significant extent; in
fact, they are often used as a model to identify the players in axon regeneration. Besides to
intrinsic ability of PNS neurons to regrow, the PNS regenerative capacity is based also on

extrinsic factors that comprise targets able to accept new axons and a growth-permissive
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and supportive distal environment, where specific cell signalling pathways are activated

turning on pro-growth genes, leading to reformation of a functional growth cone and

successful axonal regeneration. Notably regeneration doesn’t imply the formation of

functional connections and the extent of functional outcome after repair depend on several

factors including the patient’s age, delay before intervention, and type of injury.

After axotomy, we usually can distinguish the end attached to the cell body, known as the

proximal segment, and the other end, known as the distal segment. These ends can

undergo toward spontaneous regeneration process that can be divided in the following

phases (Fig.4)%:

The proximal end swells and starts to degenerate, but once the debris is cleared, it
begins to sprout axons and the presence of growth cones can be detected. During this
process, the proximal segment shows a retrograde signalling from the injury to the soma
by importin proteins, which form a complex with dynein in rodent models of nerve
regeneration. This complex bind to transcription factors and transports them to the
nucleus, enabling retrograde signalling that leads to transcriptional changes and
functional recovery of injured neurons. However, whether these processes also occur in
long nerves in humans remains to be seen. The length of human axons presents a
special challenge, as injury signals might have to travel a metre to get to the nucleus %.
Notably, regeneration happens in the proximal segment only if the cell body is intact and
not so far from axon lesion and if there are Schwann cells in the proximity of the injury

axon.

. The distal segment undergoes molecular and morphological changes leading to the

Wallerian degeneration, during which axonal and myelin-derived material are removed
to prepare the environment where regenerating axons grow. Both the axon and the
myelin degenerate and macrophages migrate to the site of injury and contribute to clear
away debris such as damaged tissue which is inhibitory to regeneration.

Within the distal nerve stump, Schwann cells proliferate and align along the basal lamina
tube that surrounded the original nerve fiber and they form ordered columns, known as
bands of Bingner. During this phase, Schwann cells switch from a myelinating to a
regenerative phenotype, required to support axon outgrowth. In particular, the
regenerative Schwann cells down-regulate myelin basic protein and myelin-associated
glycoprotein, while they upregulate CAM and they secrete neurotrophic factors to
enhance neuron regrowth and chemotactic factors necessary to guide the axon growth.
The switch of Schwann cells might be actively triggered by an injury signal or might occur

because of loss of axonal signals.
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IV. Lastly, the regenerating axon enters the distal nerve, where they are guided by tubes of
Schwann cell basal lamina, and successfully reinnervate the target organ. If the distance
to be travelled is short, the axons soon reach distal nerve, and target organ can accept
reinnervation. If the distance is long, reinnervation is delayed and problems can arise:
misdirection towards the wrong target, degeneration of the Schwann cell tubes that are
no more able to promote axon growth, the target muscle atrophy or satellite cells undergo

apoptosis leading the loss of receptivity to neuromuscular synapse formation 2°.
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Figure 4. Different stages of peripheral nerve regeneration following a transection 25.
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1.3.6 CNS regenerative capacity

Regeneration of PNS and CNS neurons differs in the functional mechanism, especially in
the extent and speed of their regenerative capacity because nerve regeneration is much
more effective in the PNS than in the CNS.

In contrast to peripheral nerves, adult central neurons have been considered intrinsically
unable to regenerate for a long time. This paradigm has been rejected by studies of Ramén
y Cajal of 1928, in which adult CNS neurons have been induced to grow long axons by
attractive and trophic factors originating from peripheral nerve graft. These results were
confirmed also by Aguayo and colleagues, who definitively demonstrated the lack of
regeneration in adult CNS is due to extrinsic factors 2. Currently, the inability of CNS
regeneration is attributed to the CNS non-permissive environment, where oligodendrocytes
don’t have the ability of the PNS Schwann cells to support axonal regeneration. In addition,
inhibitory molecules are enriched in CNS oligodendrocyte myelin compared to Schwann
cell one, and the physiological response to injury creates obstacles to regeneration. First,
the blood- spine barrier limits macrophage entry into the nerve tissue making macrophages
infiltration very slow and delaying removal of inhibitory myelin at the site of CNS injury.
Then, CNS injury is characterized by the glial scar, composed of proliferative and reactive
astrocytes and microglia that blocks axon growth. By contrast, no glial scar forms in the
PNS, and Schwann cells aid axon guidance and regeneration ’.

Understanding differences in CNS and PNS regeneration is essential to adopt the best

regenerative strategies in case of NS injury ©.

1.4 THE REGENERATIVE MEDICINE IN THE NERVOUS SYSTEM

1.4.1 Regenerative strategies in PNS

Peripheral nerve injuries are commonly caused by working or motor vehicle accidents,
tumour damage, side effects of neurosurgery and even viral infections.

As previously stated, in case of injury, PNS neurons have intrinsic ability to regenerate while
Schwann cells and resident and infiltrating macrophages clean up inhibitory debris, enabling
new axon sprouts to grow into the degenerating nerve. Nevertheless, the PNS spontaneous
regeneration capacity is not as efficient as desirable, especially in axon regeneration over
long distances, that often remains incomplete leading to poor recovery and lifelong
disabilities. Direct end-to- end surgical reconnection can repair small defects or gaps in the

nerve, but it can’t be used for longer nerve gaps, where any tension introduced into the
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nerve cable would inhibit nerve regeneration. Thus, new regenerative strategies for PNS
have been developed.

Nerve autografts and allograft approach has been the only therapeutic approach to treat
the transacted nerves. The autografts consist in harvesting a nerve segment from another
site of the body to gather the stumps of the injured nerve. However, this method has several
disadvantages including tissue availability, differences in tissue size and structure, and high
donor site morbidity.

In the allograft there is an abundant supply of donor nerves and nerve segments are usually
harvested from human cadavers. Unfortunately, this technique presents problems such as
the need for systemic immunosuppressive therapy, making the patient prone to infections,
disease transmission risk and in the most severe cases, even tumour formation. A partial
solution has been found using decellularized allografts such as the FDA approved Avance,
that is made of cadaveric material. It has all the advantages associated with the nerve
allografts even if, over time, immunosuppression may be required .

Due to these problems, suitable replacements for nerve autografts and allograft have been
investigated leading to the nerve guide conduit (NGC) approach. NGCs are tubular nerve
conduits of various compositions that are sutured or fixed to the two stumps of the injured
nerve, providing adequate micro-environment to guide axons and to support the different
phases of the nerve regeneration. These conducts should be capable of create a channel
that allows the diffusion of neurotropic and neurotrophic factors secreted by the nerve
stumps, guide the regenerated axons from the proximal to distal nerve stump, provide
mechanical support for the new fibers and prevent the wound healing space from being
invaded by scar tissue and cells that could inhibit nerve recovery. After the first stages of
regeneration, depending on the size and type of injury, NGC should start to degrade slowly
with no swelling, constriction or foreign body response; thus, the NGC should be semi-
permeable. NGC can be made of different material including natural materials (e.g. blood
vessels, muscle, tendon), biopolymers (e.g. collagen, chitosan, alginate) and synthetic
polymers (e.g. silicone, PGA, PCL). On one hand natural material and biopolymers show
high biocompatibility, biodegradability, and biomimetic features, on the other one synthetic
polymers can be easily tailored and they allow the nerve conduit to be easily processed into
a variety of shapes and forms. Furthermore, polymers with conductive properties have very
recently been subject to intensive study in this field, since electrical conductivity is one of
the intrinsic nerve features and it has a positive influence in the regeneration of the new
axons. Unfortunately, conductive polymers (e.g. Ppy) are usually non-biodegradable thus

they may constrict the new nerve fibers making a second surgical intervention to be needed
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for its removal 2. Another strategy to improve the design of NGCs is their functionalization
with diverse bioactive cues, intended to interplay in vivo. They can be growth factors or
also accessory cells such as Schwann cells, bone-marrow stromal cells, mesenchymal
stem cells and fibroblasts. This approach achieved improvements in the efficiency of
reconstruction in case of large gaps where the therapeutic strategies are still suboptimal %°.
1.4.2 Regenerative strategies in CNS

Effects of CNS damage are very critical, resulting usually in loss of sensory, motor, and
cognitive functions; they can be caused by spinal cord injury (SCI) and traumatic brain injury
(TBI), and chronic disease like neurodegeneration disease like Parkinson’s disease,
Alzheimer’s disease, multiple sclerosis and age-related macular degeneration (AMD).
Several mechanisms contribute to CNS injury, including apoptotic and necrotic death of
neurons, astrocytes and oligodendrocytes, axonal injury, demyelination, excitotoxicity,
ischemia, oxidative damage, and inflammation . In addition, CNS regeneration is more
challenging due to the inhibitory environment, characterized by an overall absence of axon
growth promoting factors and presence of axonal growth inhibitory/repulsive molecules (e.g.

myelin-associated proteins, the glial scar) at the lesion site *'.

Different therapeutic
strategies have been developed and tested targeting the different aspects of the CNS
regeneration process.

Cellular replacement has been the first approach adopted in the context of injury to the
brain and spinal cord, where functional capacity is lost mainly because of the death of
neurons (e.g., Parkinson's and Alzheimer's Diseases, SCI) and glia (e.g. multiple sclerosis,
demyelination in SCI) and CNS system cannot supplant the function of these lost cells. At
first, fetal tissue grafts have been used to replace cells after a variety of CNS insults and
some of them are currently in clinical trials for humans. However, the inherent mechanical,
physical and ethical issues of using fetal tissue limit its large-scale use *. In last years,
different types of cells have been tested for the transplantation in CNS including MSCs,
ESCs, iPSCs and their differentiated progeny into the injured CNS tissue. One of most
promising result is the study showing the replacement of oligodendrocytes by transplanted
ESCs in a spinal cord-injured rat leading to an improved locomotion **. Furthermore, ESCs
and bone marrow stromal cells have been transplanted to the adult brain, where they are
reported to differentiate into neural cells **. The discovery of the neural stem cells resident
within the CNS and the ability to regulate their behaviour provide an alternative to
transplantation using an endogenous replacement strategy. In fact, recent studies showed

that that CNS stem cells can participate in cell replacement, extending new axons several
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millimetres through the intact CNS, after specific lesion conditions. For example,
intraventricular sequential delivery of epidermal growth factor (EGF) and erythropoietin into
the stroke- injured rat brain showed enhanced migration of endogenous NSPCs to the injury
site, resulting in neurogenesis and improved functional recovery *°. However, endogenous
stem cells can’t produce complete recovery in cases of severe trauma. Moreover, more
improvements are needed in transplantation or endogenous replacement strategies such
as making these new cells resistant to the environment of the injured CNS and able to be
functionally integrated into the remaining circuitry. Molecular mechanism of these
processes is still unclear, and some recent reports suggest that the regeneration of
damaged host tissue is not due to the structural integration of these cells into the tissue
while it is manly caused by factors secreted by grafted or endogenous cells, which promote
neuroprotection or neurogenesis. In fact, cell replacements strategies showed that grafted
stem cells produce neurotrophic factors such as nerve growth factor, brain-derived
neurotrophic factor, neurotrophin-3, ciliary neurotrophic factor and glial cell-derived
neurotrophic factor 3637,

As previously stated, neurotrophic and growth factors and the ECM proteins are implicated
in neuroregeneration mechanisms such as neurogenesis, plasticity, axonal guidance and
neuronal regeneration. Therefore, bioactive molecules delivery approaches have been
developed in replace of stem cell injection and they are based on the direct delivery of pro-
active molecules (axon guidance molecules, neurotrophins and growth factors) in the CNS
to promote CNS regeneration processes. For example, injection of interferon-y and GDNF
has a neuroprotective effect and promote axonal outgrowth, following SCI *'. Nevertheless,
problems arose about the correct administration route for this kind of approach. In fact, the
blood-brain barrier and blood—spinal cord barrier don’t allow to use conventional delivery
strategies, while systemic administration leads to off-target distribution of therapeutic
molecules and can result in undesired side effects. The direct injection into the injury site or
intrathecal space or intraventricular injection are associated with possible risks such as
cerebral edema and convulsions #. Currently, the most promising drug/biomolecules
delivery strategy is via liposomes or nanoparticles or using different kinds of
scaffolds/matrices providing the appropriate growth-permissive substrate. However, the
bioactive molecules delivery has showed a limited clinical efficacy in vivo due to the non-
growth-permissive environment of the CNS and considerable effort has been placed on
identifying and reversing the effects of growth inhibitory molecules. Many studies confirmed
that natural regeneration potential of injured nerves can be enhanced by delivery of

molecules able to eliminate endogenous white matter inhibitors, as showed by vaccination
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with myelin self-antigens, suppression of myelin-associated inhibitor molecules (e.g.,
NOGO-A, myelin-associated glycoprotein (MAG), OMgp) and its pathways *°*%. However,
strategies addressed only to these molecular inhibitors are not sufficient to solve the lack of
CNS regeneration. Thus, the complexity of the CNS makes necessary the advancement of
those strategies or the combination of them by manipulation of both axon guidance
molecules, inhibitory and permissive cues.

Currently, approaches in CNS regenerative medicine prefer to use combination strategies
that include the controlled and sustained delivery of both bio active molecules and cells
capable of regenerating damaged tissue using scaffolds as delivery carrier. Currently,
hydrogel, self-assembling peptide and nanofibers are the most promising forms of scaffolds

for the CNS treatment, especially in case of SCI *'.

1.4.3 Tools used in neuronal regenerative medicine

New promising tools used in strategies for neuronal regenerative medicine have been

developed in last year, such as:

¢ Nanofibers used as scaffold mimicking both physical and biochemical cues of native
ECM to differentiate stem cells towards neuronal target tissue. For such approach,
nanofibers provide the best nanoarchitecture resembling the neuronal environment
because they arrange in a three-dimensional network, in which the fibers morphology
and diameter are like the components of neural ECM. In addition, their extraordinary
mechanical strength and high surface area/volume ratio made nanofibers suitable for
neural tissue engineering, as reported in many studies ©. For example, the results of in
vitro NSC culture study indicate that the nanofibers scaffold not only supports cell
adhesion and neurites outgrowth, but also promotes NSC differentiation . In most of
studies, nanofibers are produced by elettrospinning, a very good approach in terms of
cost and efficiency, and they have been tested using different polymer composition and
diverse forms such as random fibers, aligned fibers, 3D fibers, fibrous conduits and core-
shell fibers. Notably, aligned nanofibers were able to guide the neurite grow direction
and facilitate nerve cell alignment. In addition, to mimic the electrical property of neuronal
native nerve structure, research on conductive polymers and electrical stimulation
emerge as a relatively novel approach to increase neurite extension and axonal
regeneration.

e Peptides are used to reproduce biological property of the native neuronal ECM,
especially the biomolecules known to influence neuronal cell behaviour. Since a large

variety of biomolecules characterize nervous system, peptides reproducing specific
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regulating motifs are preferred for the scaffold functionalization. First, the short synthetic
peptide, arginine—glycine—aspartate (RGD) from fibronectin has proved to bind integrin
and to promote axonal regeneration of adult neurons *°. Then, numerous other ECM-
derived synthetic peptides have been identified. Laminin-derived peptides are tyrosine—
isoleucine—glycine—serine—arginine (YIGSR) and isoleucine—lysine—valine— alanine—
valine (IKVAV), that respectively promote neural cell adhesion and neurite outgrowth.
Adhesive peptides are derived from collagen (DGEA) and fibronectin (REDV, RGDS)
and they are able to promote neurogenesis. Moreover, the neural cell adhesion molecule
(NCAM)- derived amino-acid sequence, EVYVVAENQQGKSKA, induces neurite
outgrowth and increases neuronal survival *'.

Stem cells used in CNS regenerative medicine mainly include induced neuronal stem
cells iPSC, neural stem cells (NSCs) and MSCs.

In last years induced neuronal stem cells (iINSCs) and induced neuronal cells (iNCs)
have been produced using novel direct reprogramming methods. In 2014 Han and
collaborators evaluated the therapeutic effect of cell transplantation using iINSCs in the
SCI rat model, reporting that engrafted INSCs could differentiate into neuronal lineages
forming synapses and enhancing the recovery of locomotor function *'. INCs and iINSCs
can thus be regarded as a promising cell resource for cell transplantation/replacement
therapy but the derivation of iPS lines and their subsequent differentiation is a long and
complicate process, with low yield and tumorigenic risk.

NSCs are cells with the potential for self-renewal and differentiation into neurons,
astrocytes, and oligodendrocytes. They mainly derived from ESCs and fetal tissue.
Surprisingly NSCs have been found to exist not only in the developing brain but also in
the mature mammalian brain where they persist in two main areas: the ventricular-
subventricular zone, where NSCs give rise to olfactory neurons, and the hippocampus,
where new neurons involved in cognitive processes are generated. NSCs are thought to
be an optimal cell source for the treatment of neurological disorders but they are difficult
to isolate from autologous brain biopsies and there are problems about the use of fetal
tissues associated with abortion. Since they are able to migrate at the injury site, current
strategies about their use are based on the activation of the endogenous neural stem
cells *2.

MSCs are adult stem cells that are found mainly in the bone marrow, but they are also
in other tissues like adipose tissue, dental pulp, placenta, umbilical cord blood and brain.
MSCs populations can be sub-passaged and differentiated in vitro into different cell

lineages such as osteoblasts, chondrocytes, adipocytes, and myoblasts. Despite their

30



mesenchymal origin, they also been to trans-differentiate into neuronal and glial
populations under proper conditions and they have been proposed as a possible
therapeutic tool for CNS disorders. In fact, the widespread availability of MSCs
throughout the human body make them a promising cell source for the autologous
transplant in regenerative medicine. However, most of them are isolated from the iliac

crest of the patient and therefore through a quite invasive method 3.

1.5 THE CELL SYSTEM

1.5.1 hCMCs

Human circulating multipotent cells (hCMCs) are a new population of adult stem cells that
has been isolated by Ficoll density gradient separation from human donor peripheral blood.
They are mononucleated cells with a fibroblast-like morphology during long term culture
and a doubling time of 48 hours over 31 passages. By flow cytometry, they show
immunophenotypical phenotype of stem cell population (CD44, CD73, CD105, Nestin) with
similarities to mesenchymal stem cells (CD105, CD166, CD73, CD29) and meso-
angioblasts (CD34).

Their intrinsic ability to secrete a large amount of several cytokines and growth factors allow
hCMCs to control their own proliferation and differentiation. Notably, these cells are
extremely responsive to changes in culture conditions that lead to their sudden gene
expression and cell differentiation.

When cultured under proper inductive conditions, they can differentiate into progenitors for
several mesodermal lineages as adipocytes, osteoblasts, chondroblasts or muscle cells.
Neuronal differentiation can also be induced in these cells using a proper mix of growth
factor, as confirmed by immuno-analysis of the expression of TUBBR3 (Tubulin B 1lI), MAP2
(Microtubule associated protein 2), NeuN (Neuronal nuclear antigen), SYP
(Synaptophysin), NCAM, dopamine transporter and neurofilaments (NF) .

Moreover, a recent study has reported that hCMCs are very responsive to
nanotopographical stimuli: they have been cultured onto CNT-based scaffolds where
neuronal differentiation could be promoted without addition of classic neurotrophins or other
inducers, using only scaffold capacity to mimic relevant nanotopographical features of the
tissue *°. In addition, the presence of electrospun fibers guide protrusion extensions along

the scaffold fiber orientation during neuronal differentiation “°.
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In summary, hCMCs are a very promising source for stem cells in regenerative medicine
applications because they are: i) characterized by a high degree of stemness and
multidifferentiative potential ii) not subjected to ethical restrictions like ESCs iii) not
genetically transformed so they are free from tumorigenic risk associated to iPSCs (iv)
obtained in larger amounts in a less invasive and easier way in comparison to both NSCs
and MSCs (v) a valid source for the autologous transplant in order to avoid rejection

problems.

1.5.2 SH-SY5Y CELL LINE

SH-SY5Y cell line is a human catecholaminergic neuroblastoma cell line that was derived
from a subclone of the parental neuroblastoma cell line SK-N-SH cells, originally
established from a bone marrow biopsy of a neuroblastoma patient in the early 1970’s.
SH-SYSY cells resembles immature chatecolaminergic neurons in culture: they are highly
proliferative and prone to grow in clusters showing neuroblast-like, non- polarized cell
bodies with few truncated processes. They are locked in an early neuronal differentiation
stage, biochemically characterized by typical immature neuronal marker; in particular, they
express nestin, proliferating cell nuclear antigen and inhibiting factors for differentiation such
as ID1, ID2 and ID3 #'.

However, SH-SY5Y cells can be differentiated from such neuroblast-like stat 48

into mature
human neurons through a variety of different treatments including the use of retinoic acid
(RA), phorbol ester, 12-O-tetradecanoylphorbol-13-acetate (TPA), BDNF, dibutyryl cyclic
AMP, purine or staurosporine. SH-SY5Y cells can be driven toward a variety of adult
neuronal phenotypes including cholinergic, adrenergic, or dopaminergic, depending on
media conditions “8.

One of the best-optimized differentiation methods is treatment with RA that is directly added
to the cell culture medium. RA is a vitamin A derivative and it is known to have strong
growth-inhibiting and cellular differentiation-promoting properties. RA acts by binding to two
families of nuclear receptors: the RA receptors (RARs) family and the retinoid X receptors
(RXRs) family. Activated RAR heterodimerizes with RXR, then binding of RAR/RXR
heterodimers to RA response element (RARE) influencing the transcription of the genes
presenting the RARE element in the promoter. RA treatment induces the expression of
TRKB, which is the high affinity catalytic receptor for several neurotrophins, including BDNF,
and BDNF binding to TRKB activates pathways controlling cell differentiation. RA also plays
a role in regulating transition from the proliferating precursor cell to post-mitotic

differentiated cell; indeed, after in vitro treatment with RA, SH-SY5Y cells arrest in the G1-
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phase of the cell cycle, DNA synthesis is inhibited, and growth inhibition is detected 48 h
after treatment. After treatment with RA or other inducing agents, SH-SY5Y cells do not
cluster because of the decrease in proliferation and their morphology resembles more
closely primary neurons with pyramidal-shaped cell body and extend long branched
processes. Differentiated SH-SY5Y cells have been reported to express a variety of
different markers of mature neurons including growth- associated protein (GAP-43), BllI-
tubulin, neuronal nuclei (NeuN), synaptophysin (SYN), synaptic vesicle protein Il (SV2),
neuron specific enolase (NSE) and microtubule associated protein (MAP). However,
expression pattern of markers for receptor and transporters changes according to the
phenotype obtained °.

Therefore, SH-SY5Y share many biochemical and functional properties with neurons,
representing a useful model system for in vitro studies of molecular mechanisms underlying
neuronal behaviour.

Moreover, they have different advantages compared to primary mammalian neurons. First,
SH-SY5Y cell line is human-derived, so it expresses protein isoforms that are absent in
rodent cells. Second, immortalized cell lines can be propagated also when they undergo
differentiation. Thirdly, SH- SY5Y cells can be further differentiated with inducing medium
containing differentiating agents selecting for specific neuron subtypes. These aspects

make SH-SY5Y cells useful for a multitude of neurobiology experiments.

1.6 CONTACTIN FAMILY

The Contactin family includes six proteins: Contactin-1/F3/F11, Contactin-2/TAG-1/Axonin-
1, Contactin-3/Big-1, Contactin-4/Big-2, Contactin-5/FAR-2/ NB-2 and Contactin- 6/NB-3.
Contactin proteins are all over 1000 AA in size and they show 40-60% identity as far as
primary structure is concerned. They share a similar structure made of an extracellular
domain consisting of six Ig-like and four fibronectin type Ill (Fnlll) domains, followed by a
glycosyl phosphatidyl inositol (GPI)-anchoring domain by which it binds to the extracellular
part of the cell membrane. The main structural differences between Contactin proteins are
especially located in the 4th and 5th Fnlll domains *°.

The first four Ig-Domains of chick Contactin-2 and rat Contactin-4 have been structurally
identified by X-ray crystallography showing a similar U-shaped arrangement in which
domain 1 is connected to 4 and domain 2 to 3 and a flexible linker binds domains 2 and 3
%152 These structural analyses indicate that U-shaped conformation characterizes whole

Contactin family. Moreover, such conformation pattern resembles the horseshoe structure
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of L1 family proteins, suggesting it could mediate interactions between ectodomains of Ig-
CAM proteins. The essential role of such conformation has further proved by the evidence
that mutation of any domains causes the loss of axonin-1 binding ability towards its ligand
NgCAM.

Contactin proteins are mainly expressed in the nervous system as membrane proteins but
they can also be secreted into the ECM after activation of extracellular phosphoinositide-
specific phospholipase C (PI-PLC), an enzyme that regulates protein expression on cell
surface and functional properties of GPl-anchored proteins. In the nervous system
Contactin proteins mediate neural cell adhesion and migration, neurite outgrowth and
fasciculation, axon guidance and myelination although the precise molecular mechanisms
involved in their effects on neurite outgrowth have not been identified yet. Since they lack
any cytoplasmic domain (they are GPl-anchored proteins), they can exert their function only
through homo- and heterophilic extracellular domain interactions that occur in cis and/or in
trans with several transmembrane proteins (including those from L1CAM family) and ECM
components *3. Therefore, their ability to modulate neurite outgrowth depends on their
adhesive properties and it may also involve other molecules and receptors that can
transduce signals to cytoplasm.

Notably, Contactins have been shown to interact with other Ig-CAMs. Contactin-1 binds to
L1 in trans and NrCAM both in cis and trans. TAG-1/contactin-2 can participate in trans or
cis-binding with L1 while it interacts with NCAM only in trans. 15 FAR-2, a chick orthologue
of NB-2/contactin-5, has been observed to weakly bind L1. NB- 3/contactin-6 has been
found in association with CHL1 and their cis-binding enhances cell surface expression of
NB-3 %% Other important binding partners of the Contactin family are the receptor protein
tyrosine phosphatises (RPTPs): CNTN 3, 4, 5, and 6 interact with the receptor protein
tyrosine phosphatases gamma (PTPRG), found almost exclusively on neurons, while the
CNTN1 binds receptor protein tyrosine phosphatases zeta (PTPRZ) localized on glial cells.
The crystal structure of a complex of PTPRG and Ig domain 1-4 of CNTN 4 shows this
binding is mediated by Ig2 and 1g3 domains of contactin-4 and all CNTN4 residues that
interact with PTPRG are conserved in CNTN3, 5, and 6. The same Ig domains (lg 2-3)
mediate PTPRZ-CNTN1 interactions 52°*. Furthermore, the protein tyrosine phosphatase a
(RPTPa) has been shown involved in cis—interactions with contactin1, recruiting intracellular
src family tyrosine kinases while the association RPTPa and NB3/contactin-6 has been
reported to regulate apical dendrite orientation in the visual cortex. Interestingly, Contactin
proteins have been observed to interact with amyloid precursor protein (APP) and Notch

protein °.
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As far, Contactin1 and contactin2 have been investigated extensively, while fewer details

are known about the remaining Contactin proteins.

1.6.1 Contactin-1

Contactin-1 (CNTN1), also called Glycoprotein gp135, was identified in the late 1980’s as
F11 in chicken and F3 in mouse.

It is mainly expressed in brain, but it can be found at low levels in lung, pancreas, kidney
and skeletal muscle. The expression of CNTN1 is time and site-specific in neuronal system,
in fact it seems to be a key regulator for axonal growth of cerebellar neurons during neural
development. Moreover, CNTN1 is essential in axogenesis and myelination and it is part of
specialized domains of myelinated fibers, the nodes of Ranvier and the paranodes. In the
nodes of Ranvier, CNTN1 interact with the B1-subunit of the voltage-gated sodium channels
responsible for action potential conduction, up-regulating their cell surface expression and
stabilization in the membrane. At paranode level, CNTN1 is located on axolemma where
mediates axonal contact to glia cell by binding to Contactin-associated protein Caspr, also
known as paranodin, and neurofascin155 (NF-155), a glial isoform of Neurofascin. These
interactions control the formation of the paranodal junction during myelination: the cis-
binding between CNTN1 and Caspr in the endoplasmic reticulum (ER) induces ER to
plasma membrane (PM) sorting of both proteins; then cell surface expression of CNTN1
and Caspr allows them to be clustered at paranodes through the binding to NF-155
expressed by oligodendrocytes. The absence of Contactin-1, Caspr or NF-155 causes the
loss of this paranodal junction °°.

In addition, CNTN1 has a key role the neuromuscular junction since its absence at this level
causes loss of communication or adhesion between nerve and muscle resulting in the
severe myopathic phenotype *. In fact, Contactin-1 is also correlated to a familial form of
lethal congenital myopathy and cntn1-null mouse presents ataxia, progressive muscle
weakness, and postnatal lethality like the affected members by this disease.

Moreover, CNTN1 is involved in cancer: its overexpression increases tumour invasivity and

development of metastases °’.

1.6.2 Contactin-2

Contactin-2/TAX1 (CNTN2), was first identified as TAG-1 in rat and as axonin-1 in chick.
CNTNZ2 is the first Contactin expressed during development of the nervous system and its
expression appears finely regulated in several subpopulations of neurons. In early stage

development, it plays different roles including the regulation of migration, neurite outgrowth
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and axon guidance. In the late phase of neuronal development CNTN2 regulates axon
guidance and migration and its high expression on growth cone of extending axons,
suggesting a function in initiating axon extension and fasciculation 8. CNTN2 is also
expressed in non-neuronal cell types such as Schwann cells and oligodendrocytes,
confirming its importance in myelination *°. It is located at the juxtaparanodal axolemma in
myelinated fibers, where it is co-expressed with Shaker-type K+ channels and Caspr2
protein. The cis binding complex Caspr2/CNTN2 forms an axonal heterodimer that can
associate in trans with CNTN2 expressed in the glial membrane. This complex is involved
in the clustering of K+ channels at the juxtaparanodes. Recently, it was shown that CNTN2
can also interact directly with K+ channels *°.

Therefore, the contactin-2 is essential for the nervous system, as proved by its loss or
mutation that causes cause epilepsy familial adult myoclonic 5 (FAME5), a syndrome
characterized by cortical myoclonus and variable occurrence of epileptic convulsion.
Furthermore, mutations in Caspr2 (CNTN2 binder) have been associated with different
neuropsychiatric disorders, including seizures, mental retardation, schizophrenia and

autistic spectrum disorder °

1.6.3 Contactin-3/4/5/6

Contactin 3 (BIG-1 in rat) is highly expressed in the adult brain especially in frontal and
occipital lobe, cerebellum and amygdale. The specific roles of CNTN3 have not been
clarified yet, although it could be implied in neurite outgrowth *°. Contactin-4/CNTN4 (BIG-
2 in rat) is mostly expressed in the adult brain where it is highly expressed in cerebellum
and weakly expressed in corpus callosum, caudate nucleus, amygdala and spinal cord. In
mouse, it is strongly expressed in mouse olfactory system where it seems to act as axon
guidance molecule. Like other Contactins, it participates in formation, maintenance, and
plasticity of neuronal networks and it could be involved in synaptogenesis or axon guidance
due to his expression mostly restricted to the axons **. Notably, CNTN4 is associated with
3p deletion syndrome, a rare contiguous gene disorder involving the loss of the telomeric
portion of the short arm of chromosome 3 and characterized by developmental delay,
growth retardation, and dysmorphic features ¢'. CNTN4 mutations have also been found in
patients with autistic spectrum disorder 2.

Contactin-5/CNTN5 is known as FAR-2 and NB-2. It is found in restricted brain regions such
as in subpopulations of Purkinje cells and neurons of the deep cerebellar nuclei. CNTN5
has also been shown to increase neurite outgrowth in cerebral cortical neurons, but not in

hippocampal neurons and a clear functional characterization of CNTN5 is not available ©.
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However, it is essential for the development of glutamatergic neurons in the rat auditory
brainstem therefore it is probably involved in neuronal activity in the auditory System ©*.
Contactin-6/CNTNG, also called NB-3, is a neuronal protein highly expressed in cerebellum,
at intermediate level in thalamus, subthalamic nucleus and weakly expressed in corpus
callosum, caudate nucleus and spinal cord. Like CNTN1 and CNTNZ, it is expressed during
development of mouse cerebellum where it is found in radially migrating granule cells
located underneath the inner CNTN2-positive zone. Therefore, CNTN6 has been suggested
to participate in granule cell maturation and/or synaptic formation in the developing
cerebellum. In addition, movement impairment in NB-3-deficient mice suggests a function
in cerebellar control of motor coordination in adulthood. CNTNG6 also act as activator of
Notch signalling pathways that is involved in oligodendrocyte differentiation, suggesting its

role in regulation of neural precursor cell differentiation **.

1.7 ROBO FAMILY

Insects and vertebrates have bilateral CNS, divided into right and left halves by a special
midline structure. Communication between the two halves is essential for superior function
and it is controlled by axon tracts connecting the left and the right half of the CNS during
development. These connections, called commissures, cross the midline to connect and
coordinate the two cerebral hemispheres. This midline crossing is finely regulated by
roundabout receptors (Robo) and their Slit ligands that prevent aberrant axonal
overpassing. In humans, three Slit proteins (Slit1-3) and four Robos (Robo1-4) have been
identified .

Slits are large glycoproteins secreted by the midline cells and their expression pattern
remains constant during brain development. They are constituted by several LRR, EGF like
domains and a Laminin G domain. A cleavage site has been identified for Slits generating
a still active N-Terminal and an inactive C-terminal fragment °°.

Robo1-3 are Type | transmembrane proteins expressed in many tissues, particularly at the
surface of the growing axons in the nervous system ¢’.

Robo transcriptional pattern is finely regulated during development. Especially, Robo1 and
Robo2 are expressed in overlapping pattern after midline crossing, while Robo3 is produced
before the axon reaches commissure®®. Instead, Robo4 is specifically expressed in
endothelial cells, and its activity has been linked to tumour angiogenesis ©’.

Robos belong to the Ig-CAM family and they have Ig-like and three Fnlll domains, a

transmembrane spanning region and four C-terminal domains (CC0-3) (Fig. 5). Still, in the
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mammalian Robo family, the structure of Robo3 and Robo4 shows some differences:
Robo3 lacks the CC1 domain and Robo4 lacks three Ig-like domains, one Fnlll domain and
both the CC1 and the CC3 domains. There also are alternative isoforms for Robo1-3:
isoforms with variations at the N-terminal are referred to as Robo1-3 A or B whereas
isoforms differing at the C-terminus are referred to as Robo3.1 or Robo3.2. In addition,

Robo1 can be proteolytically cleaved to yield a soluble receptor .

Mammalian Robo receptors
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WO N = OO N =
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Robo1 Robo2 Robo3 Robo4

Figure 5. Structure of the Robo family: they contain immunoglobulin (Ig) motifs, three or two fibronectin
(Fn 111) motifs, a transmembrane domain and a conserved cytoplasmic domain (CCO-CC3) 5.

The cytoplasmic domain (CCO0-CC3) in Robos lacks any enzymatic activity, so that its
intracellular signalling can be modulated by coreceptors. In fact, according to the proteins
bound to the cytoplasmic tail, Robo can exert several effects . Intriguingly, the Robo
cytosolic domains are predicted to contain little regular secondary structure and may thus
belong to the class of intrinsically unstructured protein regions: in this case the ~500
cytosolic residues of Robos would occupy a very large volume of space explaining its ability
to interact simultaneously with many adaptor molecules. Robo ectodomain is involved in
interaction with CAM proteins: Robo1, Robo3 and Robo2 bind homophilically in trans and
Robo1 heterophilically with other Robos or with DCC. Instead, interaction between Robos
and L1 has not been observed °.

Furthermore, recent researches hypnotize that the specific responses encoded by different
Robos could be mediated by differences in the extracellular |g domain structures of the

receptors ', In fact, specific I|g domains in Robo receptor subtypes were found to encode
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different functions such as the Ig1 and Ig3 of Robo2 which were important in specifying
lateral positioning of longitudinal axons whereas the Ig2 domain functions mostly in
promoting midline crossing. Notably, Slit/Robo interaction occurs between the second LRR
repeat of Slit and the first two Ig domains of the latter, forming a 1:1 complex 2.
Slits constitute Robos’ primary ligands. Slit—-Robo Signalling regulates the guidance of
axons of several commissural tracts including the corpus callosum, the optic chiasm, the
anterior commissure and the hippocampal commissure ®°. It controls the migration of
several neuronal subtypes including cortical interneurons, cerebellar granule neurons and
inferior olivary neurons ">’°. Studies suggest that Slit/Robo can control two properties in
migrating cells, namely their directionality as well as their motility ®3. Moreover, Slit and Robo
play a role in regulating the dendritic growth and branching, in different cell types and
species '°.
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Figure 6. The interplay between Slit/Robo and netrin/DCC signalling. Netrin induce an attraction effect
through its receptor, DCC. Slitinduces axonal repulsion by binding to Robo. When the Robo receptor interacts
with DCC, Slit functions as a silencer of the attractant netrin 78.

As far as cell adhesion is concerned, Robo/Slit system can mediate either inhibition or
enhancement depending on the type of cells and coreceptor involved. Generally, Slit/Robo
interaction mediate a repulsive signal expelling axons from the midline and preventing their
inappropriate midline recrossing: the secreted protein Slit acts as a chemorepulsive midline
cue that binds to the transmembrane receptor Robo, which is expressed on axonal growth
cones, to control midline crossing . However, Robo-Slit signalling is highly context
dependent as both Robos and Slits have other binding partners which can modulate it. One
of the main modulators of the Robo-Slit signalling is another major axon guidance signalling
pathway: the Netrin-DCC pathway (Fig. 6). The interplay between these guidance-
signalling pathways has been shown to have an important role in defining the topographical
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maps that help axonal pathfinding. In spinal cord motorneurons, DCC interaction with
Robo1 leads to the inhibition of Netrin1-mediated attraction. After metalloprotease cleavage
of DCC, DCC stubs are no longer able to interact with Robo1 but retain the ability to mediate
Netrin1 attraction. Thus, motorneurons gain responsiveness to Netrin1 8.

There is an association between deregulated Robo/Slit signalling and several
neuropathological and psychiatric disorders, such as dyslexia, autism and schizophrenia "~
8. Especially, Robo3 mutations in the hinge between Ig2 and Ig3 prevent correct midline
crossing, and they are the only identified genetic cause for HGPPS disease (horizontal gaze
palsy with progressive scoliosis), characterized by defective eye movement and abnormal
curvature of the spine .

Robo3 is considered a “black sheep” into Robo family. It undergoes extensive alternative
splicing, and it is selectively expressed in the nervous system while the other Robos are
expressed also in several tissues. Initially, Robo3 was thought to inhibit Slit interactions with
Robo1 and Robo2 by binding to Robo1/2 in cis and thereby preventing their interaction with
Slit. A new model suggests that Robo3.1 and Robo3.2 isoforms have opposite functions for
commissural axons in the spinal cord: whereas Robo3.1 on pre-crossing axons promotes
midline crossing preventing repulsive interactions between Robo1 and Slit, after midline
crossing Robo3.2 is expressed instead of Robo3.1 in post-crossing axons, and Robo1,
Robo2, and Robo3.2 detect the Slit proteins, which repel the spinal commissural axons
away from the floorplate®:. Moreover, studies have proved that ROBO3 interacts with DCC
and function as a Netrin1 coreceptor to potentiate commissural axonal outgrowth and
attraction ®. Thus, ROBO3 is critically important for commissural axon guidance.

Notably, Robos have been implicated in a variety of other neuronal and non-neuronal
processes such as cell migration, angiogenesis, even organogenesis of tissues such as

kidneys, lungs, heart and breasts, as well as involvement in cancer invasion and metastasis
85

1.8 DCC PROTEIN

Deleted in Colorectal Cancer (DCC) is a Type | transmembrane glycoprotein, with an
extracellular domain consisting of four Ig-like and six Fnlll domains. A single
transmembrane segment is followed by a large cytosolic portion that contains three highly
conserved sequence motifs termed P1, P2 and P3, of which P3 is involved in homophilic
binding. Like other proteins in the L1CAM family, I|g domains organize themselves into a

horseshoe conformation, where Ig1 bends to Ig4. Such N-terminal horseshoe is a structural
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feature in many neuronal receptors and it might be evolutionally selected as a structural
platform for specific functional purposes.

DCC protein was originally identified as a tumour suppressor gene located on chromosome
18q: its deletion in several tumour forms is implicated in differentiation and proliferation °.
DCC is constitutively expressed in all adult tissues, but the highest levels are found in neural
tissue, where it is involved in complex regulatory mechanism of axon wiring. In fact, it may
act as both attractive and repulsive cue for the growth cone according to the context: for
this reason, DCC is considered as a molecular switcher ¥ .

The best-characterized ligand of DCC is Netrin-1, a secreted protein that acts as a neuronal
axon guidance cue involved in determining the direction and extent of cell migration and
axonal outgrowth in the developing nervous system. Structural studies reveal that Netrin
binds DCC close to the transmembrane domain, at level of the 5th and 6th Fnlll repeats,
domains, and that attractive axon guidance requires binding to two of these sites . The
binding of a single molecule of netrin-1 to two receptors induces DCC homodimerization via
its very C-terminal cytoplasmic P3 motifs. These binding-site-rich intracellular domains form
a scaffold for the recruitment of downstream effectors and regulatory proteins that leads to
Src family kinase activation and eventually the rearrangement of the cytoskeleton, giving
rise to the attraction effect. However, when UNC5 co-expresses with DCC, their
heterodimerization converts the attraction into repulsion. The intracellular domain of UNC5
contains a binding site for the P1 domain of DCC, and the association between UNC5 and
DCC mediates long-range netrin-dependent axon repulsion (Fig. 7) 8.

Additional complexity is due to other modulators of netrin-1 such as the draxin protein,
secreted from the floor plate, acting as its antagonist in the developing spinal cord.
Structural studies demonstrate that a draxin/netrin-1 complex binds in trans two DCC
molecules from neighbouring axons simultaneously, promoting fasciculation. This could
additionally lead to higher-order multimers of DCC, which would induce attractive signalling
cascades along with linking axons °'.

Therefore, the growth cones reach an intermediate target and needs to move to the next
target during navigation, and the switch from attraction to repulsion can be mediated by
DCC, in addition to involving other guidance systems such as the Robo receptor responding
to the Slit guidance cue, especially at midline . In such site, commissural axons are finely
regulated and DCC interacts with Robo1 via conserved cytoplasmic motif, located on
segment P3 of DCC. Formation of the DCC—Robo1 complex is crucial for the neutralizing

effects of slit-2, suggesting that integration of contradictory axon guidance signals
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(represented by the attractive molecule DCC and the repulsive one Robo) may take place

directly at the growth cone membrane .
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Figure 7. Summary of the distinct receptor complexes formed by DCC and the responses that they may
transduce. Activation of DCC by netrin leads to attraction, while expression of UNC5 proteins in neurons
expressing DCC converts netrin-mediated attraction to repulsion .

1.9 L1CAM FAMILY
The L1CAM family is composed by four members L1CAM, CHL1, NrCAM, Neurofascin,

predominantly expressed by neuronal and glial cells especially during the development of
the nervous system, where they have been implicated in several different cellular processes
such as neuronal cell migration, myelination, axonal growth, pathfinding, neurite
fasciculation and inter neuronal adhesion. Moreover, they all enhance neurite outgrowth in
vitro and in vivo %,

Interestingly, a small fraction of L1CAM proteins is also found in cells outside of the nervous
system and it has been observed that non-neuronal cells usually express different isoforms
of L1-CAM proteins from those expressed in neurons: except for CHL1, all the other
members of L1 family contain a well-conserved 12-nucleotide miniexon, which encodes an
RSLE amino acid motif in the cytoplasmic L1 protein domain of the neuronal splice isoforms.
The RSLE motif generates a tyrosine-based signal that results in the sorting of L1-CAM

protein to the growth cone and induces the AP-2-mediated endocytosis of L1-CAM and
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% Instead, the

presumably other L1-type paralogous proteins via Clathrin-coated pits
functional role of L1 molecules in non-neuronal tissues remains largely unknown although
they have been heavily implicated in diseases, including cancers of the lung, pancreas,
kidney and colon .

The L1CAM family members are highly glycosylated type transmembrane CAMs and
belong to the immunoglobulin superfamily (IgSF), and they shared a large ectodomain of
six Ig-like domains with up to five Fnlll domains, a single transmembrane hydrophobic
region and a short highly conserved cytoplasmic tail that presents two characteristic
tyrosine-containing sequence motifs (LVDY and FIGQY) of the ankyrin-binding domain .
The ectodomain of L1CAM members is responsible of their adhesive function that
comprises Ca-independent homophilic or heterophilic binding involving different
extracellular binding partners including other CAMs, RGD-specific integrins, proteoglycans
and RTKs. The ectodomain sequences and their related ability to interact with extracellular
are very different between the L1CAM

proteins while their cytoplasmic domains are most highly conserved *.

Cytoplasmic binding partners of L1-type proteins include cytoskeletal elements, protein
kinases, and cellular protein complexes involved in endocytosis and intracellular protein
trafficking, but it has been observed that L1CAM proteins can have different cytoplasmic
binding partners, and even those with similar binding partners may be involved in different
signalling complexes and mechanisms. However, all of them show the ability to interact with
the actin cytoskeletal protein Ankyrin (Fig. 8).

Neurofascin

SAR102) scaffolding
SAPG7 proteins

Figure 8. Members of L1CAM family. Summary of the reported interactions between intracellular proteins and
the cytoplasmic domains of the L1-CAM family members .
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Ankyrins are a family of adaptor proteins that mediate the attachment of integral membrane
proteins, such as ion channels, ion exchangers and ion transporters, to the spectrin-actin
based membrane cytoskeleton. The two major isoforms of the ankyrin-family expressed in
the developing nervous are ankyrin B (ANK2) and ankyrin G (ANK3), and they bind the
cytoplasmic domain of L1CAM proteins, coupling them to the spectrin cytoskeleton. Ankyrin
binds the highly conserved 25-amino acid sequence in the L1-CAM family cytoplasmic
terminus containing, the motif SFIGQY in which Y1229 phosphorylation regulates L1CAM-
ankyrin mediated signalling. In fact, this interaction is disrupted by the phosphorylation of

Y1229, thereby, enhances the neurite-growth-promoting activity of L1-type proteins *°.

1.9.1 L1CAM PROTEIN

L1CAM, discovered in the mid-1980s as a CAM in the nervous system, is the founding
member of the L1CAM family. It is composed of six Ig-like domains and five Fnlll repeats in
the extracellular region, a single pass transmembrane region and a short cytoplasmic tail.
Itis highly conserved in mammals: human, rat and mouse share about 80% of the sequence
encoding the extracellular domain, while the cytoplasmic tract is 100% identical .

L1CAM is expressed in three alternatively spliced isoforms depending on RE-1- Silencing
Transcription factor (REST), the master factor governing neural cell differentiation. The
main isoform is typical of low-REST neural cells, where it has been observed on the cell
bodies, on growing axons and on growth cone of both differentiating and differentiated
neurons as well as on glial cell. It is the only isoform presenting the peptide sequence
YEGHHYV encoded by exon 2, that is implied in binding to neuronal ligands and is important
for growth-promotion of neural cells %. In fact, LICAM plays an important role in brain
development: it is involved in neurite outgrowth and fasciculation, neuron adhesion and
survival, migration and myelination. It also modulates important functions in adulthood, such
as synaptic plasticity and axonal regrowth and remyelination after nervous system injury
99100 The importance of this protein in human nervous system is underlined by more than
200 human L1CAM gene mutations that cause a variety of neurological disorders referred
to as L1 syndrome or summarized by the abbreviation MASA (mental retardation, aphasia,
shuffling gait, adducted thumbs) or CRASH (corpus callosum hypoplasia, retardation,
adducted thumbs, spasticity, hydrocephalus). The interesting fact is that mutations in the
L1CAM cytoplasmic domain are less likely to cause life-threatening disease, while
mutations in the ectodomain produce severe pathologic conditions: the most critical

phenotype is caused by a R184Q missense mutation at the Ig2 domain 01102,
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Recently, two isoforms of L1CAM ware discovered in glia cells but also in other non-neural
tissues: they are overexpressed in many human cancers where their expression induces a
motile and invasive phenotype, supporting an aggressive tumor growth, metastasis and
chemo-resistance .

In addition, L1 can also undergo shedding: metalloproteinases ADAM10 and ADAM17 exert
a photolytic cleavage within the third Fnlll repeat or between the fifth one and the
transmembrane region, which generate functionally active soluble fragments of the L1
extracellular domain "4,

In any cases, most of the functions of L1CAM are related to his ability to establish
homophilic both in cis and in and heterophilic interactions with other CAMs, ECM proteins
and proteoglycans. L1CAM homophilic binding is thought to be crucial for neurite outgrowth
so mechanisms of binding have been investigated for a comprehensive interpretation of the
process. Zhao et al. identified the homophilic binding site of L1ICAM to the 14-amino acid
sequence 178-HIKQDERVTMGQNG-191 of its second Ig-like domain using recombinant
L1 from E. coli. They have produced this region as a synthetic peptide called L1-A and they
have observed it inhibited binding of GST-lIg2-conjugated covaspheres to substrate-coated
GST-Ig2, possibly because of peptide competition for the homophilic binding between the
two g2 domains. As a negative control, they used a mutant version of L1-A peptide in which
Arg was replaced by Ala, hence underling the importance of the conserved Arg184 residue
in L1 homophilic binding %%, Similarly, L1-Fcs bearing mutations in Ig domain 2 affect
L1CAM homophilic binding .

Later, domain-mapping experiments were done with recombinant glycosylated L1
constructs from eukaryotic hosts, showed that homophilic binding involves more domains.
SPR analyses show the first four Ig domains of L1 are the minimum unit required for its
homophilic binding and adhesive activities. L1/ECD and L1/Ig1-4 were shown to be active
in homophilic binding in trans, with domains Ig1-4 exhibiting a dissociation constant (130
nM) comparable with that of the entire ectodomain (116 nM) %1% This data supports the
model, based on crystal structure of L1 homologue Hemolin, proposing the horseshoe
conformation of domains Ig1-Ig4 as the active form able to mediate the interaction in trans

of opposing L1 molecules ""°.

This hypothesis has been also suggested by electron
microscopic (EM) studies on L1CAM proteins that suggest an equilibrium between folded
(horseshoe) and extended conformations of L1CAM extradomain .

The correlation between homophilic binding and neuritogenic potential was also
investigated showing that L1/ECD and L1/Ig1-4 were able to promote neurite outgrowth

from human postmitotic NT2N neurons "%,

45



1.9.2 NEUROFASCIN PROTEIN

Neurofascin (NFASC) is the L1CAM family member with the highest number of splicing
variants with different expression patterns during CNS development, suggesting it is a major
player in the establishment and maintenance of the axonal pathways. In fact, the name
“neuro-fascin” is due to the fact that antibodies against this molecule inhibit the formation of
neurite fasciculations/bundles ''?. NFASC knockout studies in mice indicate that it also plays
critical roles in axo-glial signalling and organization of proteins at the node of Ranvier and
paranodal adhesion junctions of oligodendrocytes in the CNS and Schwann cells in the

peripheral nervous system '3,

Moreover, different NFASC splice variants are directly
involved in synaptic plasticity: in fact, they exhibit significant differences in interactions with
various extracellular ligands due to their differences in the ectodomain that vary in the
number of their Fnlll extracellular domains and in the presence of an unusual PAT domain.
The PAT domain, usually between the fourth and fifth Fnlll domains in NFASC and it rich in
the amino acids proline, alanine, and threonine and appears to be the target of O-linked
glycosylation (Fig. 9). NFASC isoforms also have different subcellular localization in
neuronal cells ™. Currently, there are two major variants known: the 186-kDa axonal

isoform (NF186) and the 155-kDa glial isoform (NF155).

NF186 lg domain
FN Il domain
NF180 72 FN Il domain 3rd
FN Il domain 5th
NF155 @ PAT domain
NF140 transmembrane domain

Figure 9. Structure of Neurofascin protein isoforms. NF isoforms consist of six Ig-like domains with
different combinations of Fnlll-like domains in the ectodomain 4.
The neuronal isoform NF186 is expressed at the axon initial segment (AIS) and at
developing nodes of Ranvier. Here, they are required for clustering voltage-gated Na +
channels thereby controlling rapid impulse conduction in these axons. NF155 is expressed
on glia and its expression is transiently upregulated at the onset of myelinogenesis in the

CNS. It is required for the node formation and the correct assembly of paranodal junctions,



where it interacts with axonal CNTN1 and Caspr1 to form a septal barrier excluding the

nodal complex from internodes (Fig. 10) ''°.
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Figure 10. a) Schematic presentation of structures of the myelinated nerve fiber and axonal
subdomains: nodes of Ranvier, paranode, juxtaparanodes, and internode. b) Schematic presentation
showing molecular organization at nodes, paranodes, and juxtaparanodes: NF186 binds Gliomedin at
PNS nodes, and NF155 forms a complex Contactin-1/Caspr-1/NF155 at paranodes '°.

Analysis of Fc fusion proteins representing different extracellular regions of NFASC indicate
that different splicing variants of NFASC expressed on neurons and glia play distinct roles
during neural development: NF186 inhibits cell adhesion and neurite outgrowth, and the
inhibition is associated with the region containing the mucin-like domain. NF155 promotes
neural cell adhesion and neurite outgrowth, and the RGD moitif in its third Fnlll repeat is
critical for cell spreading and neurite outgrowth "6

NF155 structure has been solved, unveiling the structures of a dimeric adhesion complex
of the neurofascin N-terminal |g domains in two independent crystal forms. The structures
indicate that horseshoe conformation for its four N-terminal Ig-like domains, based on the
interaction of a wide hydrophobic surface between Ig1 and Ig4 and between Ig2 and Ig3, is
an integral structural module primed for recognition. In addition, dimerization in solution is
mediated mostly by the side chains in the Ig2 domain, rising to a supramolecular 3—sheet

with two-fold-symmetry; and horseshoes are paired in orthogonal side-to-side stacking
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mode. Mutagenesis combined with gel filtration assays suggested that the side chain
hydrogen bonds at the intermolecular 3 sheet are essential for the homophilic interaction
and that the residues at the hydrophobic cluster play supplementary roles. Such interaction

mode is likely a conserved adhesion mode for the entire L1 family ''°.

1.9.3 NRCAM

NrCAM (neuron—glia-related cell adhesion molecule) was the third vertebrate L1CAM
member to be identified and it was being found mainly in the nervous system.

NrCAM is expressed in both neurons and glial cells in the developing and adult nervous
system, where it plays a wide variety of roles in neural development, including cell
proliferation and differentiation, axon growth and guidance, synapse formation, and the
formation of the myelinated nerve structure '’ However, it is also expressed in other organs
such as placenta, kidney and pancreas. The importance of NrCAM is also supported by its
involvement in the pathogenesis of a wide variety of human disorders, including psychiatric
disorders and cancers '*®'"°, In addition, NrCAM knockout studies have indicated that loss
of expression can lead to changes in cerebellum morphology, eye development and
development of the node of Ranvier; it has also been linked to an increased vulnerability to
addiction and autism 2%,

Like Neurofascin, NrCAM also undergoes alternative splicing, generating isoforms: the most
prominent splicing is a 93 amino acid deletion in the fifth Fnlll domain, resulting in the
prevalent form of NrCAM in the brain that has only four, instead of five Fnlll repeats.
Recently, a soluble form of NrCAM has been observed at the node of Ranvier and it is
produced by myelinating Schwann cells but it is not clear if this is a cleaved form of NFrCAM
or one of its splicing isoforms 14,

Although no biochemical/biological differences among isoforms have been demonstrated,
it is possible that they could show different affinities towards ligands and thereby different
biological functions. In fact, NrCAM functions are mediated by binding ability of its
ectodomain both in cis and in trans with several receptors and ligands extracellularly and
intracellularly. Homophilic binding enhances cell adhesion, while interaction with
Neurofascin, Contactin 1 and 2 raises selective cell adhesion and neurite outgrowth 25126,
NrCAM can act as a coreceptor for Semaphorins, whether it binds with Neuroplin,
modulating axon guidance in the developing nervous system. Notably, interactions with
Semaphorins seem to be an evolutionary conserved property of the L1 family of CAMs.
NrCAM was also found in a complex with Integrins, Laminin, and neuronal proteoglycans.

NrCAM interacts with several cytoplasmic and cytoskeletal proteins such that the
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consequence of its interactions through its extracellular region could be directly linked to
modulation of intracellular components '8,

To summarize NrCAM activity and function in vivo; NrCAM can support selective adhesion
through multiple molecular interactions, and it direct axon growth, either through axon—axon
interactions or axon—other cell interactions. These interactions can be modulated by the
presence of other interacting molecules that can change the binding ability of the molecular
complex to other molecules. Furthermore, NrCAM also modulates signalling mediated by
other families of molecules that are involved in brain development and function. These
features result in modulation of the responsiveness of neurons to guidance molecules and

to cell proliferation signals.

1.9.4 CHL1

The close homologue of L1, CHLA1, is first expressed at times of neurite outgrowth during
brain development, and is detectable in subpopulations of neurons, astrocytes,
oligodendrocyte precursors and Schwann cells both in CNS and PNS. The observation that
CHL1 and L1 show overlapping and distinct patterns of synthesis in neurons and glia,
suggests differential effects of L1-like molecules on neurite outgrowth. Furthermore, CHL1
is expressed even outside the nervous system, and it has been found in heart, intestine and
gonads '?’. CHL1 has two main isoforms: a membrane-bound one (185 kDa) and a soluble
one (165 kDa), which can also be obtained by interaction with protease ADAM8 ',

In the developing brain, CHL1 regulates neuronal differentiation and survival, neurite
outgrowth, and axon guidance, as supported by mice deficient in CHL1 showing reduced
migration of pyramidal cells and wrong orientation of dendrites in the neocortex '°. In the
mature nervous system, both soluble and transmembrane isoforms of CHL1 are involved in
regulation of synaptic activity and plasticity, including learning and memory. According to
this fact, mutations in the CHL1 gene and protein have been implicated in several human
neuronal diseases such as mutations in CALL gene leads to a down-expression of CHL1
are associated with the 3p syndrome, which is characterized by low IQ and mental
retardation '*°. Moreover, mutations in the signal peptide are involved in schizophrenia "'.
As L1, CHL1 extracellular domain mediates homophilic adhesion as well as heterophilic
interaction with other CAMs or membrane-bound proteins, such as Vitronectin, Integrins,
and the Plasminogen Activator Inhibitor-2, NB-3, semaphorin 3A and neuropilin 1 32,
Interestingly, CHL1 homophilic interactions inhibit neurite outgrowth of neurons from the

S 133,134

developing CN . In contrast, CHL1 heterophilic interactions promote neurite
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outgrowth, except when CHL1 or its proteolytic fragment generated by BACE1 interacts to
Sema3A inducing growth cone collapse in thalamic and hippocampal neurons "*°.

CHL1 triggers several intracellular signalling pathways that are comparable with the ones
triggered by its homolog L1 %°. Notably, CHL1 expression is upregulated in neurons that are
capable of axonal regrowth after injury, preventing L1 from enhancing neurite repair. After
SCI, CHL1 is overexpressed by glial scar forming astrocytes, where its homophilic
interactions on severed axons inhibit axonal regrowth and impair locomotor recovery '%.
CHL1 also induces overexpression of NB-3 that inhibit axonal regeneration after SCI via
receptor protein tyrosine phosphatase o (RPTPo)-dependent downregulation of

mammalian target of rapamycin (mTOR) activity in neurons "’.

1.10 CARBON NANOSTRUCTURES FOR POLYMER-BASED
NANOCOMPOSITES

Fullerene
Graphene

Nanodiamond

Carbon
Nanohorn

Figure 11. 3D sketches of carbon nanostructures 14°.

The use of composite materials is steadily growing in biomedical applications. They are
obtained by combining two or more materials with different physical and chemical
properties, most of which are still retained in the composite, giving to it a unique character.
Composites are made by one or more phases (the fillers) dispersed among a continuous
phase (the matrix) and they are called nanocomposite when the size of at least one of the
filler components is on a nanometer scale (<100 nm). Polymers are widely used for the
matrix phase because of their ease of production and lightweight and ductile features and
the nanoscale dispersion of the filler within the polymer matrix leads to extremely large
interfacial contacts between the components, thus resulting in superior properties with
respect to bulk polymer phases '*. Among biocompatible, FDA approved, polymeric

materials, poly(L-lactic-acid) (PLLA) has attracted great attention due to its renewable

50



origin, excellent mechanical properties and transparency. Instead carbon nanostructures
are considered ideal nanofillers to improve the electrical, thermal, and mechanical
properties of polymers because of their unique structures composed of sp2-hybridized
carbon networks, characterized by high aspect ratios, electrical and thermal conductivities,
high Young's modulus, and tensile strength “°.

In regenerative medicine several CNSs have been studied as promising nanofillers
including single, double and multi-walled carbon nanotubes (SWCNTs, DWCNTSs,
MWCNTSs), carbon nanohorns (CNHs), and graphene-based materials (GBMs) such as
single-layer graphene, graphite nanoplatelets (GNPs), and particularly graphene oxide
(GO) and reduced graphene oxide (RGO) (Fig. 11) '3°40,

1.11 CARBON NANOTUBES (CNTS)

CNTs are nanostructures made of a thick layer of six-membered carbon atom rings (i.e.,
graphene) rolled up into cylinders. CNTs with only one layer have diameters typically range
between 0.8 and 2 nm with a tube length that can be many millions of times longer and they
are known as SWCNTs. CNTs with two or more layers are known MWCNTSs and depending
on the number of layers, they have a larger diameter that can reach 100 nm (Fig. 12) ™'

Since their discovery in 1991 by lijima, CNTs have attracted wide interest in most fields of
science and engineering due to their unique physical and chemical characteristics 2. The
major areas of CNTs research are the polymer composites and biomedical devices
including scaffold for regenerative medicine, biosensors, cell tracking and drug delivery

carriers 143144,

1
0.5 to 1.5nm >100nm
Figure 12. Schematic structure of SWCNT and MWCNT 44,
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1.11.1 CNTs and neural regenerative medicine

Several features make CNTs a promising nanomaterial for developing scaffolds to be used
in neural regenerative medicine including nanotopography, electrical conductivity,
chemically modifiable surface and mechanical properties '*.

CNTs morphology and dimensions are similar to neuronal processes and to components
of neuronal extracellular environment as proteins of the ECM and cytoskeletal elements '*°.
Such CNT nanoroughness favours neuronal adhesion and differentiation. In fact, neuronal
processes onto CNT film were shown to entangle around CNT nanostructures improving
the binding of their membranes to surface '*°. Furthermore, their enhanced surface area
and their chemical properties allow CNTs to adsorb adhesion proteins from the serum, and
growth factors produced by the cells during their differentiation. The absorbed proteins can
form a bioactive layer promoting cell adhesion and proliferation, and CNTs act as storage
site that progressively release such proteins during cell maturation, in a "signal-buffered"
environment suitable for long term neuronal growth and differentiation °.

Furthermore, CNT specific patterns can be induced to act as guidance cues for axonal
growth. Park and colleagues developed patterns of CNTs onto the biocompatible polymer
polyimide, showing that hNSCs preferentially adhere in correspondence of the CNT
patterned surfaces, and that CNT geometries can be modulated to tune both cell nuclei
localization and neurite extension along the CNT patterns. Interestingly, the authors showed
that such control on cell polarization can be obtained at single cell level '*’. The neuronal
elongation can also be regulated by using electrospun CNT nanofibers: CNT coating of
aligned electrospun PLCL nanofibers improves the neurites outgrowth of cultured DRG
neurons and PC-12 cells along the scaffold fibres '*®; CNT-PLLA electuspun fibers,
resembling the nanotopography of ECM proteins (i.g. fibrillar collagenous and laminin)
boosted hCMC differentiation toward neuronal lineage with protrusions following the
scaffold fiber orientation *°. Thus, the use of CNTs to guide neurite elongation is a promising
tool to develop an effective neural network.

Moreover, CNTs electrical conductivity is suitable to mimic the features of the electrically
conductive nervous tissue promoting neuronal maturation and excitability. Hippocampal
neurons grown onto SWCNTs or MWCNT substrate show an enhanced network activity
and very tight contacts between CNTs and neuronal membrane, supporting the hypothesis
that improved neuronal electrical signals depends on CNT properties *°. Also, transmission
electron microscopy analysis shows a direct electrical coupling between CNTs and neuronal
membranes: CNTs can pinch neuronal membranes, and when such neurons are forced to

fire, CNT substrates strongly impact on single-cell regenerative electrical properties
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possibly due to electrical shortcut between adjacent dendritic compartments mediated by
the conductive substrate '*°.

Notably, the conductivity of CNT scaffolds can be finely tuned to enhance scaffold
performance on neuronal electrical signalling and differentiation. In fact, SWCNT scaffolds
with different conductivities and the same nanoroughness have different effects on the
hippocampal neurite outgrowth depending on narrow ranges of conductivity **'.

In addition, CNT substrates can be used to electrically stimulate cultured neurons inducing
neuronal differentiation and neurite extension. Improved neurite extension has been
observed by electrical stimulation of PC-12 cell through a CNT/collagen composite '°2. A
SWCNT substrate has been used to cultivate and electrically stimulate NSCs observing a
boosted neuronal differentiation in the early culture stage '**. Similarly, NCS in presence of
SWCNTs-polymer electrospun scaffolds show an enhanced NSC differentiation ability after
electrical stimulation ">,

Therefore, electrical stimulation through CNT-based matrixes can be used for enhancing
and controlling neuronal differentiation and neurite extension in an electrically driven way.
This approach is being explored for developing novel neural electrodes based on CNTs as
coating material for metal electrodes '*°.

CNTs have chemically modifiable surfaces and their functionalization is mainly based on
two general approaches: on attachment of organic moieties to the carboxylic groups that
are formed by oxidation of CNTs with strong acids or on direct bonding to the surface double
bonds.

Chemical functionalization is used to improve scaffold properties. First, CNTS are highly
hydrophobic so organic functional groups have been attached to CNT materials to enhance
their solubilization in organic solvents for obtaining more homogeneous material. Also, the
CNT surface charge can be modified by functionalization. For example, Hu et co-workers
have set up the functionalization of MWCNT substrate with carboxyl groups, poly-m-
aminobenzene sulfonic acid or ethylenediamine to create negatively, zwitterionic or
positively charged CNTs, respectively. Improved neurite elongation and branching were
found when cells were seeded onto positively charged CNT scaffolds, according to the
known preference of neuronal cells for positive substrates such as poly-lysine '*¢. Therefore,
manipulation of CNT surface charge by chemical functionalization can be successfully used
to tune neurite outgrowth.

Finally, biologically active molecules able to promote neuronal cell adhesion and
differentiation can be attached to CNTs. Such bioactive molecules can be linked to CNT

surfaces through covalent or non-covalent functionalization, this last based on weak forces
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unable to retain for long periods the interacting molecules. For example, non-covalent
functionalization of pristine MWCNT substrates with 4-hydroxynonenal, a molecule
promoting neurite elongation, has showed an enhanced number of neurite per cell and total

157 Also, covalent

neurite length of cultured embryonic rat hippocampal neurons
functionalization of MWCNTs with NGF and BDNF has been explored to culture embryonic
chick dorsal root ganglion (DRG) neurons, observing that attached factors can maintain
their bioactivity 8.

Moreover, CNTs are characterized by interesting mechanical properties mainly due to the
sp2 bonds. The tensile strength of single-walled nanotubes is about one hundred times
higher than that of steel, while their specific weight is about six times lower. Thus, they are
among the toughest and strongest nanomaterials, but they can also have good flexibility.
For all the properties listed above, CNTs have been investigating as nanofillers in composite
scaffolds. The incorporation of CNTs into polymeric scaffolds provide additional
advantages: i) CNT can be used to modulate polymeric scaffold mechanical properties to
mimic the ECM mechanical properties of the tissue of interest; indeed, it has been shown
that, increasing the percentage of incorporated CNTs, the scaffold toughness and tensile

strength also increase '*°

; ii) CNTs reduce the polymer electrical resistance and they
achieve their percolation threshold in polymer matrix composites at low concentrations
ranging from 0.0025 to 4 wt%. This allows for the modulation of the polymer electrical
properties, without changing other important aspects as processability '*°.

As far, different type of scaffolds able to support neuronal cell adhesion and growth have
been developed by combining CNT with polymers: MWCNT-PLCL scaffolds showed
improved adhesion, proliferation and neurite outgrowth of PC-12 cells '*8; MWCNT-
enhanced electrospun collagen/PCL conduit promote regeneration of sciatic nerve defects
in rats and prevent muscle atrophy without invoking body rejection or serious chronic
inflammation '®'; CNT—PGF (aligned phosphate glass microfibers) nerve conduit have been
implanted into the 10 mm gap of a transacted rat sciatic nerve, resulting in a higher number
of regenerating axons crossing the scaffold, demonstrating an effective role for CNTs in
nerve regeneration 62,

However, the use of CNTs has been strongly debated for many years because it has been
associated to toxicity and inflammation. Such effects are attributed to: i) CNTs sample often
have contaminants and residual impurities (typically amorphous carbon, graphite
nanoparticles, and transition-metal catalyst particles), that produce reactive oxygen species
and induce cell oxidative stress; ii) low CNTs solubility leading to bundles or aggregates in

aqueous solutions. It has been observed that CNTs can penetrate the cells membranes,
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and depending on their length, CNTs can accumulate in the cytoplasm leading to cell death
163 Also, a study showed that SWCNT form bundles above 10 um in length after
intraperitoneal administration in mice and such aggregates induce granuloma formation '**.
The problem with impurity and insolubility has now been alleviated using several purification
techniques and a wide variety of noncovalent and covalent methods for CNT
functionalization. This strongly improved CNT level of biocompatibility '®°. In addition, CNTs
can be eliminated through renal excretion, so they can be used for their high loading
capacity as drug delivery agents '®. Therefore, it is very important to optimize type, doses,

length and functionalization of CNTs being employed for each specific application.

1.12 GRAPHENE

Graphene is a two-dimensional monolayer of sp2-hybridized carbon atoms packed in a
hexagonal honeycomb lattice. Since the discovery of graphene, many techniques to
produce graphene and graphene-derived have been reported, including mechanical
exfoliation, chemical exfoliation, and chemical vapor deposition. Chemical exfoliation from
bulk graphite yields /produces graphene oxide (GO) that is a type of graphene nanosheet
rich in hydrophilic oxygenated functional groups such as -OH and -COOH). GO can be
reduced thermally or chemically to prepare reduced graphene oxide (RGO), which could

restore the physical and chemical properties of graphene (Fig. 13)'’.
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Figure 13. Schematic chemical structures of graphene, graphene oxide, and reduced graphene oxide 57

The extended p-conjugation of graphene honeycomb arrangement yields unique physical-
chemical properties such as excellent electrical and thermal conductivity, fast mobility of
charge carriers, a high fracture strength, a high surface area—to-volume ratio. Furthermore,
its chemical modifiability allows functionalization by attachment of reactive functional groups
(such as amino, carboxyl, hydroxyl, alkyl halogen, or azide groups) to improve scaffold

properties and the conjugation of different biomolecules. In fact, graphene represents a
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suitable nanoscaffold to immobilise many substances, including small-molecule drugs,

168,169 These

genes, antibodies, metals, biomolecules, fluorescent probes, and cells
properties confer significant potential of graphene for numerous applications in
biotechnology, such as biosensing, disease diagnostics, antibacterial functionality, cancer
targeting, photothermal therapy and electrical stimulation electrodes """,

Due to the increasing interest in the use of graphene in biomedical applications, its potential
toxicity has been investigated with different cells and animal models. These studies proved
that graphene cytotoxicity is correlated to its hydrophobicity. In fact, suspended hydrophobic
graphene particles have poor dispersion in aqueous media and they tend to agglomerate
rapidly in cell culture medium with increasing concentration; such aggregates limit nutrient
supply and subsequently induce oxidative stress, which triggers apoptotic pathways or
programmed cell death. In contrast, hydrophilic GO or chemically functionalized graphene
result in stable dispersions. They also tend to adsorb proteins on their surface, limiting direct
interaction with cells, thereby minimizing cytotoxicity. Moreover, cells on graphene-based
substrates appear to be responsive to the stiffness, roughness and nontopographical
features of graphene. Surface-functionalized graphene film or substrate may provide sites
for adsorption of biomolecules and formation of focal adhesions for enhanced cell
attachment and proliferation. In addition, the conductive nature of a graphene film influences
cellular behaviour ""'7° For all these reasons graphene is a promising nanomaterial in
regenerative medicine field, where several studies clearly indicate it can promote the
adhesion, proliferation, and differentiation of various cells such as embryonic stem cells
(ESCs), neural stem cells (NSCs), mesenchymal stem cells (MSCs), and induced

172-175

pluripotent stem cells (iPSCs)

1.12.1 Graphene and neural regenerative medicine

Different studies have assessed the biocompatibility of graphene with neural cells and its
ability to functionally interface with neuronal tissue. For instance, cultures of neural cells on
2D graphene substrates have been found to exhibit enhanced adhesion, good viability as
well as improved neurite sprouting and outgrowth '"®. A comparison between the effects of
carbon nanotubes, GO, and graphene nanoparticles on the dopamine neural differentiation
of mouse ESCs reports that only GO nanoparticles could promote the differentiation of
ESCs into dopamine neurons, whereas carbon nanotubes and graphene nanoparticles did
not show any important promotion of dopamine neural differentiation '"3. Nanostructured
RGO microfibers also have been tested as scaffolds for NSCs culturing in vitro proving to

be a substrate for NSCs adhesion and proliferation more powerful then 2D graphene film.

56



Notably, they regulate the NSCs differentiation into neurons and form a dense neural
network surrounding the microfiber '’. In another study, GO-coated electrospun-nanofibers
or GO nanosheets functionalized with specific biomolecules have been used to selectively
differentiate rat NSCs into oligodendrocytes, even in the absence of inductive factors in the
culture medium. This ability of selective differentiation of stem cells into either neurons or
oligodendrocytes is very promising for CNS regeneration®® 178179,

Graphene proved to be able to form a functional neural network. Neurospheres derived
from NSCs were seeded on graphene substrates and after 14 days of culture the process
of network formation was visualised by beta-tubulin immunostaining. Embryonic neural
progenitor cells seed on 3D GO-based scaffolds can differentiate into neurons and glial
cells, establishing interconnected neural networks rich in dendrites, axons, and synaptic
connections 8.

Furthermore, graphene modulates neuronal communication by tuning the distribution of
extracellular ions at the interface with neurons, a key regulator of neuronal excitability
180 In fact, graphene has been used for the development of electroactive scaffolds that may
be able to transmit the externally applied electrical signal to promote neuroregeneration:
NSCs differentiated on the surface of graphene electrodes exhibited not only an improved
amount of differentiation to the neuronal lineage, but also improved functional maturation
into electrically active neurons '®'. Electrical stimulation has also been used on retinal
ganglion cells seeded on PPy functionalized graphene based aligned nanofibers, obtaining

an enhancement of cell viability, neurite elongation, and antiaging properties 8.
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1.13 CARBON NANOHORNS (CNHs)

Carbon nanohorns were discovered in 1999 by lijima et al. They are composed of single-
graphene_layer organized in horn-shaped single-walled tubules with a conical tip. Single-
walled carbon nanohorns (SWCNHSs) usually have the diameter of 2-5 nm and tubule length
of 40-50 nm, and normally self-assembles in spherical dahlia-like aggregates with diameters of
about 50—-100 nm (Fig. 14) '®.

S0-100 nm
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Figure 14 lllustrative structure and dimension of CHHs

They are generally synthesized by laser ablation of pure graphite without using potentially toxic
metal catalysts. In contrast, the metal catalysts are introduced during the production CNTs
production, and treatments with strong acids are needed to remove any residual metal
compounds and impurities; such treatment may damage the carbon structure, and
simultaneously cause significant loss of the carbon material. Instead, CNHs are obtained
with high production rate and high yield, their mass production occurs at room temperature
and the final product is usually metal free and highly pure, making CNHs user-friendly and
environmentally benign '®. In fact, all the studies both in vivo and in vitro on SWCNHs toxicity
approve the safety of this nanomaterial. Oral administration of 2000 mg/kg body weight of
SWCNHs in several animal models have not induced any sign of toxicity even after the 2-
week test period . Additionally, histological studies have shown that SWCNHs can be
accumulated in liver and spleen with no symptoms of haematological or immunological

'8 although there is a study reporting their toxicity toward macrophages '®’.

toxicity
On other advantage of CNHs is represented by its easily multi-modifiable surface due to the
higher chemically reactivity of CNHs than CNTs or graphene. Like CNTs, they are extremely

hydrophobic, but they can be functionalized with oxygenated groups, such as carboxylic
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acid groups, by oxidative treatment, to obtain hydrophilic oxidized SWCNH. This treatment
promotes the opening of the horn tip while preserving the conductivity and electrochemical
properties. The presence of the cylindrical inner nanospace and interstitial channels make
CNTs well suited for both incorporation and slow release of materials and drugs '®.
Additionally, the opening of holes at both the tips and sidewalls of CNHs can be controlled
with hole sizes that can exceed 2 nm. From such large holes, the incorporation and release
of drugs or other biologically active molecules is easier as compared to SWCNTs.
Furthermore, the secondary spherical superstructure of CNHs, forming dahlia-like
aggregates, is intentionally appropriate and useful for immobilizing metal catalysts or other
species'®. Other positive CNHs features are their semi-conducting properties, field-
emission characteristics, and thermal stability, while also displaying high resistance to
oxidation '8,

Nevertheless, development of CNHs must face some problems such as CNHs aggregation
tendency during synthesis, rendering their dispersion and separation difficult, and thus
blocking functionalization and treatment of individual nanohorns. However new approach to
separating these “dahlia- like” clusters into individual nanohorns are being developing '®.
Thus, there is great interest in applying CNHs to various applications in biotechnology and
medicine, such as drug delivery, magnetic resonance analysis, biosensing and
photodynamic therapy. Especially, SWCNHs have been used as a drug carrier to tumour
tissue because SWNHs aggregate size matches the condition for achieving the enhanced
accumulation in inflamed tissues also due to enhanced permeability and retention effect
189,190.

However, relatively little is still known about the use of carbon nanohorns for regenerative
medicine purposes. A study reported that composites of PSU and SWCNHs supported the
adhesion, spreading, viability and development of human osteoblast-like MG 63 cells in
cultures on these materials. Interestingly, scaffold based on natural collagen with CNHs
enhance the differentiation and maturation of neonatal rat ventricular myocytes and promote
the expressions of electrical and mechanical proteins (Cx-43 and NC) "'. Effect of

nanohorns based scaffolds on neuronal regeneration must be investigated yet.
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2. AIM OF THE PROJECT

Neural regeneration is a complex mechanism that can be promoted by both physical and

biochemical cues of the extracellular environment. Thus, | have been working on the two

main tracks of our developing biomimetic nanosystems:

1) The scaffold, used to reproduce mechanical, physical and electrical of ECM. We

varied the type and concentration of nanofillers dispersed in the PLA matrix using
from 0.25% to 5% of MWCNTs, RGO and CNHs. We wanted to check if their
different  electrical-physical-chemical properties could influence neuronal
commitment and differentiation. Furthermore, we designed patterned scaffolds to

regulate the direction of cell growth.
The biomimetic peptides, used to reproduce native biochemical cues regulating cell

growth and differentiation. We worked on the development of novel biomimetic

peptides and on the characterization of their mechanism of action.
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3. RESULTS

My results are divided in two sections corresponding the main tracks of my PhD project: the
scaffold and the biomimetic peptides.

In agreement with the international standards about PhD theses, | attached papers - either
published or in preparation - including my results. These papers report on-going
collaborative projects between our lab and other research groups. Therefore, they also
include results from co-authors, giving a more completed overview about the subject of our
research. However, individual contribution of each author can be clearly inferred as it is
reported in the specific section of each paper.

For the scaffold section, | attached a published paper, a manuscript in preparation and a
chapter including some preliminary results of our work.

For the biomimetic peptides; | attached one paper in preparation.

3.1 THE SCAFFOLD

In the first prototype of our biomimetic nanocomposite scaffold, purified and PhOMe-
functionalized MWCNTSs have been dispersed at 0.25%, in the PLLA matrix, combining the
conductive, mechanical and topographical features of MWCNTs with the FDA-certified
biocompatibility, processability, low cost, implantability of the PLLA matrix. The low
concentrations of purified CNTs in the PLLA matrix strongly reduced CNT component cost
and cytotoxicity while preserving its positive features. This nanocomposite scaffold proved
to grant (i) full biocompatibility, (ii) good support to cell growth/differentiation, (iii)
conductivity and (iv) mechanical flexibility required for implant purposes.

In last years, we have been working at further developing the nanocomposite scaffold by
checking the biocompatibility and effect on the neuronal differentiation of varying types and
concentration of nanostructures.

In the meantime, we have worked on the design of patterned scaffolds, by which control the

cell growth direction.
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3.1.1 Effect of different functionalized CNSs as fillers on the physical
properties of biocompatible PLLA composites

In the following published paper, the three types of PhOMe-functionalized CNSs, namely
MWCNTs, RGO and CNHs, have been used as nandfillers for the preparation of
homogeneous and well-dispersed composites of PLLA.

We have tested RGO films and CNHs because they share mechanical properties, electrical
conductivity and nanoscale dimensions of CNTs with additional specific advantages, as
reported in the introduction section. We also have tested increased CNTs concentration,
from 0.25 to 5%, dispersed in the PLLA-matrix to improve improve electrical conductivity
and nanoroughness, two fundamental physical cues for neuronal differentiation. We have
used the same range of NHs or rGO concentration dispersed in the PLLA matrix and we
have compared them with already developed CNT-based scaffolds.
PhOMe-functionalized-CNS@PLLA composites have been characterized in their thin film
forms by assessing the variation in thermal, mechanical and electrical properties. The
analysis is carried out with the awareness that physical stimuli (including electrical,
mechanical and topographic cues) influence growth and differentiation of cells and thus
could be act as a guidance for future studies of neurogenesis. Thus, this paper aim is
addressed to increase the understanding about physical properties driving cellular
processes in vitro at first instance. Significant differences are observed among the different
types of CNS nandfillers, underlying the key role played by the nanoscale shape and
distribution of the components in driving the macroscopic behaviour of the composite
material.

Also, we have observed that the new types and concentrations of our nanostructures don’t
affect cell proliferation, viability and adhesion of human neuronal precursor cell line SH-
SY5Y, proving to be biocompatible and opening the route to a future comparative analysis

on their ability to boost neuronal differentiation.
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1. Introduction

Carbon nanostructures (CNSs), including carbon nanotubes
(CNTs) and graphene-based materials (GBMs), are largely employed
fillers for polymer phases, being able to confer novel properties to
these last ones, such as improved electrical/thermal conductivities
and mechanical reinforcement [1-5].

Among polymeric materials, biocompatible and biodegradable
polymers [6] are of great interest for the scientific and industrial
community due to their intrinsic sustainability, being derived from
renewable sources and being suitable for recycling and/or
biodegradation.

Composites of CNSs and biocompatible polymers can combine
the properties of the two constituents and act as functional mate-
rials for a number of technological applications [7,8], which include
medical devices and implants [9—12], tissue engineering [13—24],
drug delivery [25,26], bio-, green and wearable electronics [27—29],
biosensing [29—34], soft robotics [35,36] and smart packaging
[37—39].

When attempting to combine biocompatible polymers with
CNSs with the aim of fabricating a good quality composite, one has
to face major obstacles related to the often profound physical in-
compatibility between the two materials. In fact, while the polymer
is more hydrophilic, pristine CNSs are hydrophobic and in addition
have a pronounced tendency to aggregate, because of the strong
van der Waals interactions between m-electron clouds. High-power
ultrasonication and/or shear mixing can sometimes help in
blending the two components [40], however these processes are
not always effective, and harsher conditions can induce deteriora-
tion of the CNSs [41-43]. As alternative approaches, current
chemical strategies aim to increase the affinity between the two
phases by either adding surfactants [44] or chemically functional-
izing the external surface of CNSs with suitable organic groups
[8,45—47]. This latter option, particularly suitable for high added-
value applications, has the advantage of being tunable with
respect to the type and amount of organic moieties inserted onto
the CNSs, making it possible to direct the properties of the final
material [48]. In this case, the primary goal is an improved
compatibility and homogeneous dispersion in an environment
having a given polarity, either a solvent or a polymer matrix. We
have recently demonstrated the effectiveness of this strategy, by
functionalizing multi-walled CNTs (MWCNTs) with p-methox-
yphenyl groups through a diazotization process, involving the in
situ generation of aryl radical reactive species starting from the
corresponding aniline derivative [49]. By tuning reactant amounts
and reaction times, solubility of the functionalized species can be
directed towards different solvent polarities.

In addition, we have shown that p-methoxyphenyl functional-
ized MWCNTs (MWCNT-PhOMe) can be efficiently dispersed in
poly(l-lactic acid) (PLLA), - a FDA-approved biocompatible and
biodegradable polymer - and the resulting composites (MWCNT-
PhOMe@PLLA) can be processed in the form of free-standing ho-
mogeneous films [13] and electrospun nanofibers [14] able to
promote neuronal growth and differentiation starting from either
SH-SY5Y human neuroblastoma cells [13,14] or human circulating
multipotent stem cells from peripheral blood [15].

Different dimensionalities of CNSs such as CNTs, reduced gra-
phene oxide (RGO) and carbon nanohorns (CNHs) give rise to
different properties and may induce different behaviors on com-
posite materials when used as fillers [5S0—52]. A comparison of the
physical properties of the resulting composites could help tailoring
novel materials for specific applications and, when considering cell
growth scaffolds, hints could be gained about physical properties'
influence on cellular processes. We report in the present work
novel types of functionalized-CNS@PLLA composites based on

different CNSs, namely p-methoxyphenyl decorated RGO [53]
(RGO-PhOMe) and p-methoxyphenyl decorated CNHs (CNH-
PhOMe), synthesized analogously to MWCNT-PhOMe. We also
consider more MWCNT-PhOMe@PLLA composites, by testing the
effect of increasing CNT contents in PLLA. A detailed overview of the
macroscopic properties of these composite materials is provided,
involving electrical, mechanical and thermal characterizations as a
function of the type and concentration of nanofillers. Surface
properties are probed through advanced atomic force microscopy
(AFM) techniques on both flat and nanoscale confined systems
(single composite nanofibers). Finally, proofs of their biocompati-
bility with neuronal precursors are given, opening the route to
future experiments testing their ability to favor neuronal
differentiation.

2. Experimental
2.1. Materials

All reagents and solvents were purchased from Sigma-Aldrich
and used as received if not otherwise specified. MWCNTs were
produced by SouthWest NanoTechnologies with the CVD method
and have the following dimensions: outer diameter 10 nm + 1 nm,
internal diameter 4.5 nm =+ 0.5 nm, lengths 3—6 pm. CNHs were
purchased from Carbonium s.r.l. (Padua, Italy) and present a dahlia-
type shape with a diameter of 60—120 nm. RGO powder was pur-
chased from ACS Material, LLC (product No.: GnP1L-0.5 g). The RGO
production method, as reported by the supplier, consists in
completely reducing graphene oxide obtained via the Hummer's
method through thermal exfoliation reduction and further
hydrogen reduction. Reduced graphene oxide flakes have lateral
dimensions between 1 and 2 pm, are constituted of few layers
overlapping irregularly and have many corrugations (see
Refs. [53—56])).

2.2. Synthesis of p-methoxyphenyl functionalized CNSs

Functionalization of MWCNTs, CNHs and RGO was carried out
following the previously reported diazotization procedure (Scheme
S1), with slight modifications [14,53]. For each CNS, the stoichi-
ometry of the reaction has been optimized in order to obtain the
maximum gain in chloroform solubility. For the sake of clarity,
details are given here.

A dispersion of as purchased CNSs (75 mg, 6.25 mmol of C) in 1-
cyclohexyl-2-pyrrolidone (CHP) (35 mL), pre-sonicated for 10 min
(power level: 2.0, pulse on: 3 s, pulse off: 3 s) was transferred to a
two-necked round-bottomed flask. A solution of 4-methoxyaniline
(385 mg, 3.13 mmol for the functionalization of MWCNTs and RGO;
770 mg, 6.25 mmol for the functionalization of CNHs) in 15 mL of
CHP was added and the mixture was heated to 80 °C under a ni-
trogen atmosphere. Then, isopentylnitrite (0.42 mL, 3.12 mmol for
the functionalization of MWCNTs and RGO; 0.84 mL 6.25 mmol for
the functionalization of CNHs) was added carefully. After 15 min of
continuous stirring, the reaction mixture was diluted with cold
methanol (500 mL) and filtered on a PTFE membrane (Fluoropore
0.2 pm). The filtrate was washed with methanol (4 x 200 mL) and
dried under an IR lamp for 30 min. For each CNS the functionali-
zation procedure was repeated 3 times in order to obtain the
amount of p-methoxyphenyl functionalized CNSs required for the
preparation of the composite materials.

2.3. Preparation of functionalized-CNS@PLLA films

p-methoxyphenyl-CNS@PLLA blend solutions in CHCl3 were
prepared by adding a dispersion of MWCNT-PhOMe or CNH-
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PhOMe or RGO-PhOMe in chloroform obtained through sonication
(power level: 2.0, pulse on: 3 s, pulse off: 3 s, 5 min) to a chloroform
solution of PLLA (6 wt%) under continuous stirring. The amount of
p-methoxyphenyl-CNS within the various blends was varied
among 0.1, 0.25, 0.5, 1 and 5wt% with respect to the polymer
content. Films of the various composite materials were obtained
through solvent evaporation into a petri dish at 50 °C and each of
them had a diameter of 6 cm (see Fig. S4 in the Supplementary
Information — S.I - for pictures). For mechanical characterization,
samples were cut into 5 identical specimens each with sizes of
40 mm x 10 mm x 0.3 mm. These are not standardized specimens,
intended for internal comparison only, and the tensile data are not
therefore comparable with literature data.

2.4. Characterization of functionalized-CNS@PLLA films

Absorbance values at 1000 nm were measured with a Varian
Cary 5000 spectrophotometer. DSC measurements were carried out
with a DSC Q20 (TA Instruments) under nitrogen by heating the
samples at 1°C min~! over a temperature range from 40 to 200 °C.
A complete heating-cooling-reheating cycle was carried out to
eliminate thermal history of the samples, and thermograms from
the second heating stage (reheating) are reported. The thickness of
each sample was measured in different points using a Mitutoyo
Digimatic micrometer with a precision of 10~%cm. Tensile me-
chanical properties of rectangular-shaped specimens were
measured using an Instron model 3300 mechanical tester at room
temperature. The strain rate was 10 mm min~". At least five mea-
surements were performed for each sample. The surface resistance
of the films was measured with two different instruments
depending on resistance. For films with resistance lower than 10° Q
a digital multimeter, Keithley 2000 provided with 4 probes posi-
tioned at a distance of 1 cm with respect to each other was used.
Each film sample was measured at different points and average
values are given. For films with resistance higher than 10°Q a
Keithley electrometers for Ultra-High Resistance 6517B, imple-
mented with a resistivity test fixture (Model 8009) for measuring
surface resistivity was used. Measurements were performed alter-
nating the polarity between 100V and —100V and acquiring each
point for 60 s. Average values over 10 repetitions are reported.

2.5. Preparation of functionalized-CNS@PLLA electrospun
nanofibers

Solutions of p-methoxyphenyl-CNSs/PLLA blends (5 wt%) to be
used for electrospinning were prepared following the same pro-
cedure described for the preparation of the films but using a
CHCl3:DMF 9:1 (v/v) mixture as solvent. The small DMF portion in
the solvent was introduced in order to increase the boiling point,
i.e. to optimize conditions for electrospinning. Electrospinning was
performed on a home-made apparatus with an applied voltage of
18 kV, tip to collector distance of 20 cm and by maintaining a so-
lution flow rate of 0.03mLmin~' on the syringe pump injector.
Transmission electron microscopy (TEM) images were recorded, on
samples spun directly onto TEM copper grids for 60 s, with a Tecnai
G2 microscope (FEI) operating at 100 kV. AFM images were recor-
ded on samples spun onto Graphene Supermarket silicon prime
wafers (oxide thickness: 285 nm) for 60 s (see AFM details later in
the text).

2.6. Sample preparation for AFM
For the film samples, small specimens (~5 x 5 mm) were cut and

mounted each on a different optical microscope glass slide (1” x 3”)
by means of double-sided sticky tape. In case of topographic-only
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measurements a standard tape was used, while for the CAFM
measurements a conductive carbon tape (normally used for scan-
ning electron microscopy as a drain layer for the injected electron
beam current) was employed. The goal was to obtain a measure-
ment of local transversal (i.e. out of plane) conductivity, perpen-
dicularly to the film and through that, like the case of macroscopic
measurements of film conductance. For the fiber samples, few fi-
bers were directly deposited by electrospinning on an insulating
substrate of oxidized silicon wafer. The fibers were sparse enough
to allow us to address and image them independently. The fibers
crossed the whole silicon substrate diameter and touched the
substrate edges on both opposite sides. There, a contact was pro-
vided all around the substrate edges by means of silver paste. The
goal was to obtain a measurement of local longitudinal (i.e. in
plane) conductivity, axial to the fibers, and provide a value of single
fiber conductivity. Because the fibers were contacted on both
opposite side ends, and in order to minimize the possible voltage
drop along the fiber, the measurements were always carried out on
fiber regions close to one edge of the silicon substrate, in the range
of 100—300 um distance from that. In both cases of CAFM samples
(films on carbon pad or fibers with silver paint) the contact was
taken away to the AFM head by means of adhesive copper tape
stuck to the glass slide, and, later on, at a magnetic contact pad, to
the head through a thin compliant wire.

2.7. AFM measurements

All the AFM images were 256 x 256 pixels and were acquired on
an MFP-3D instrument (Asylum Research, US) in ambient air. For
the conductive AFM (CAFM) measurements, a probe of type
AC240TM-R3 (Olympus, Japan) was employed, with cantilever
resonance frequency of 66.62 kHz and spring constant of 1.81 N/m.
The tip had a Ti/Pt coating of ~20 nm thickness, and thus an
effective apex diameter of ~60 nm. Further technical details about
the CAFM measurements are reported in the S.I, for the sake of
space. For SKPM a probe of type PPP-EFM (Nanosensors,
Switzerland) was used, with resonance frequency of 95.90 kHz. The
tip has a Ti/PtIr5 coating of ~25 nm thickness, and thus an effective
apex diameter of ~70 nm. The AFM was operated in lift (Nap) mode,
with tapping tracking of the topography during the first pass, and at
an elevation of 100 nm during the second pass. During the latter
pass, a feedback was applied on the tip voltage, a sum of AC and DC
components, such that the electrical force between tip and sample
(set at virtual ground) was canceled out. In some cases, to provide
better understanding of the electrical surface properties, the anal-
ysis was switched from SKPM to qualitative EFM mode. While this
is also based on two-pass technique, during the second pass the
cantilever is dithered mechanically and the open-loop changes in
oscillation phase are observed. On average, lower local phase lags of
the oscillating cantilever should correspond to net repulsive forces,
while higher local phase lags should correspond to attractive forces.
For the roughness measurements, tapping mode AFM was carried
out with a probe of type SSS-NCHR (Nanosensors, Switzerland),
with cantilever resonance frequency of ~312.53 kHz. The most
important amplitude parameter of surface roughness, namely 2-D
root mean square Sq has been extracted from the height distribu-
tions in the images, and averaged over all the images (N > 5).

2.8. Biological methods for the assessment of biocompatibility of the
functionalized-CNS@PLLA scaffolds

Exponential growing human neuroblastoma SH-SY5Y cells [57]
were cultured with Dulbecco's Modified Eagle Medium/Nutrient
Mixture F-12 (DMEM/F-12) GlutaMAX™ supplement (Invitrogen)
supplemented with 10% heat-inactivated fetal bovine serum (FBS,
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Euroclone) and 25 pg/ml of gentamicin (growth medium), in a
humidified atmosphere of 5% of CO, in air at 37 °C. Cells were
subcultured - 900000 into 25 cm? flasks (Sarstedt) - every 2 days
(i.e. at 90% confluence approximately). In control, scaffold-free
samples, cells were seeded in a 24-well plate (15000 cells/well)
coated with a gelatin (porcine skin 0.005% in H,O milliQ)/poly-i-
lysine (Invitrogen, 1 mg/ml) solution. Poly-i-lysine is widely used as
a good substrate for neural cell adhesion and growth. PLLA and
CNS@PLLA films were cut into round slices with 13 mm diameter
for well positioning into 24-well plates. After sterilization by UV
irradiation, the films were incubated for 24 h in growth medium
and then cells (15000/well) were seeded onto their surfaces. Cell
death and proliferation were assessed at day 0 (24 h after cell
seeding) and day 2 (72 h after cell seeding) as reported in the S.L

3. Results and discussion
3.1. Preparation of functionalized-CNS@PLLA composites

The three types of CNSs considered in this work, namely
MWCNTs, RGO and CNHs, were first subjected to the functionali-
zation process to obtain the corresponding p-methoxyphenyl de-
rivatives. The functionalization reaction was carried out in
cyclohexyl pyrrolidone (CHP) in the presence of p-methoxyaniline
and isoamyl nitrite (see Scheme S1 and experimental details in
section 2), as reported for both MWCNTs [14,49], RGO [53] and
CNHs (for the first time here). This direct arylation reaction (Tour-
type reaction [58]) is a convenient procedure to obtain
functionalized-CNSs with improved solubility profiles and dimin-
ished tendency to self-aggregation. In relatively short times (15 min
in the present case) and in a single step, it is possible to obtain
covalently decorated CNSs for the desired purpose. The choice to
employ the same reaction and the same type of functional groups
for all three selected CNSs is based on the need for comparing
properties of the nanomaterials per se and of the final PLLA com-
posites containing them. Reactants amounts were screened in or-
der to determine the best condition for achieving the highest
dispersion of the functionalized CNSs in chloroform (the solvent of
choice for PLLA). Particularly, the maximum dispersion of MWCNTSs
and RGO in chloroform was obtained when the reaction was carried
out with 0.5 equivalents of p-methoxyaniline and isoamyl nitrite as
compared to the moles of carbon contained in the CNSs, whereas
for CNHs this happened when using 1 equivalent of reactants. The
need for different amounts of reactants to gain the best solubility
appears reasonable when considering the huge differences in
nanomorphology existing among the three CNSs, which leads to
different reactivity and tendency to aggregate. The resulting func-
tionalized CNSs, namely MWCNT-PhOMe, RGO-PhOMe and CNH-
PhOMe were characterized in terms of functionalization degree
(FD), already used in previous works [49,53,54], which was deter-
mined with a good precision through thermogravimetric analysis
(TGA; the corresponding thermograms are reported in Fig. S1, S2
and S3 in the S.I, together with an explanation of how FDs were
calculated). Particularly FD values of 1/118, 1/47 and 1/44 were
found for MWCNT-PhOMe, RGO-PhOMe and CNH-PhOMe, respec-
tively, indicating that one p-methoxyphenyl substituent is present
every 118, 47 and 44 carbon atoms of the CNS (the highest number
obtained for MWCNT-PhOMe is consistent when considering that
only carbons of the outer walls are reactive). The obtained CNS
derivatives were effectively dispersed in chloroform and then
mixed with PLLA in different weight percentages (wt%) with
respect to the polymer, following the procedure described in the
Experimental Section. In this way films of MWCNT-PhOMe@PLLA,
RGO-PhOMe@PLLA and CNH-PhOMe@PLLA were prepared con-
taining 0, 0.1, 0.25, 0.5, 1 and 5 wt% of functionalized CNSs in PLLA.

The resulting films were all free-standing and characterized by a
glossy texture (see Fig. S4 in the S.L). Resulting thicknesses were
uniform among the films and all included in the range between 300
and 350 um (see Table S1 for the exact values). The good dispersion
of the functionalized CNSs within the polymer matrix was evident
after backlight inspection of the films with the lower concentra-
tions of CNSs (0.1 wt%, see Fig. 1a), in which the presence of
macroscopic aggregates was not evident, while at higher concen-
trations transparency was lost and backlight inspection was not
feasible. Furthermore, it is worthy to state here that attempts to
prepare composite films with pristine-CNSs and PLLA at 0.25 wt% (a
relatively low nanofiller concentration) following the same pro-
cedures, resulted in the formation of highly un-homogeneous
materials, presenting internal fractures and CNS aggregates
visible to the naked eye. For the case of MWCNT-PhOMe@PLLA
films an almost linear trend in the optical absorption at 1000 nm
(a wavelength where only CNSs absorb) can be observed for the
first three wt% examined, as reported in Fig. 1b, while at higher wt%
saturation of the signal was achieved, not allowing to extend the
extrapolation. For the other two functionalized-CNS@PLLA films
only two points were measured due to saturated absorption at
lower wt% as compared to MWCNT-PhOMe@PLLA films (see
Fig. 1b). For the RGO-PhOMe@PLLA films the trend in absorbance
was likely not linear, as inferred by guessing an absorbance of the
0.5 wt% film higher than 4 and therefore already out of a linear
trend and a residual absorbance at 0 wt% CNS content (this last one
resulting, at a lower extent, also for the other two types of
functionalized-CNS@PLLA composites). Attempts to characterize
the composites through FT-IR analysis failed due to the absence of
any significant IR absorption feature in the functionalized-CNSs and
to their low percentage in PLLA (only IR signals of the polymer were
detected, with no shifts or intensity changes when going from the
pure material to its composites).

The 5wt% functionalized-CNS@PLLA composites were also
produced in the form of nanofibers through the electrospinning
technique (see the Experimental Section for details about the
preparation), in order to investigate how such morphology would
affect the electrical properties of our composite materials.

3.2. Thermal, mechanical and electrical characterization of the
functionalized-CNS@PLLA composites

A further proof for the homogeneity of the dispersion of func-
tionalized CNSs within the PLLA phase was obtained by considering
the crystallization temperature (T.) extrapolated from calorimetric
data resulting after differential scanning calorimetry (DSC) analysis
(see Figs S5, S6 and S7 for the DSC traces of the three types of
functionalized-CNS@PLLA composites at all the studied concen-
trations, and Tables S2, S3 and S4 for a complete resume of calo-
rimetric data).

Actually, Tc values are significantly influenced by the presence of
well-dispersed nanofillers, which can act as nucleating agents,
allowing crystallization to happen at lower temperatures (PLLA
crystallizes on heating; cold crystallization) [14]. This was partic-
ularly evident in MWCNT-PhOMe@PLLA composites [59] for which
an almost linear decrease of T, was observed when increasing the
quantity of nanofillers up to the 1 wt% limit (see Fig. 2b; Fig. 2a
reports the detail of DSC traces in the region where polymer crys-
tallization takes place).

A decrease in T, was also recorded for the RGO-PhOMe@PLLA
composites as a function of CNS concentration (Fig. S7), but it did
not follow an almost linear regime as for MWCNTs. For CNH-
PhOMe®@PLLA composites an apparent opposite behavior was
observed, since at lower CNH-PhOMe concentrations (up to 1 wt%)
an increase in T, was detected, followed by a decrease at the highest
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Fig. 2. a) Zoom of DSC traces (second heating scans after a previous heating-cooling cycle) of MWCNT-PhOMe@PLLA composites with five different filler concentrations and of pure
PLLA in the zone where polymer crystallization takes place. b) Variation of T, (taken at maximum of the curves in a) as a function of MWCNT-PhOMe in the composite.

concentration examined (5 wt%, Fig. S6. For this sample, as well as
for the 5 wt% MWCNT-PhOMe@PLLA sample, DSC were performed
on more than one portion, to rule out inhomogeneity issues, but no
differences among replicates were evidenced). The percent crys-
tallinity of PLLA [60] decreases slightly after inclusion of all the
types of nanofillers, but does not show a precise trend with
increasing concentrations (see Table S2, S3 and S4). This might be
somehow related to the analogous decrease in melting enthalpies
in the composites compared to the pure polymer (see Table S2, S3
and S4). On the other hand, melting temperatures remain almost
unvaried from case to case (see again Table S2, S3 and S4).

The mechanical behavior of the functionalized-CNS@PLLA
composites was investigated to determine the effect of the three
nanofiller types at their different relative concentrations. The ten-
sile strength was measured for all the examined materials on
samples of the same size and thickness, except for the 5 wt% RGO-
PhOMe@PLLA composite, which was too brittle to undergo me-
chanical testing (too brittle even for handling, as it can be somehow
inferred from its picture in Fig. S4). Representative entire tensile
stress-strain curves for each type of composite at the different filler
content in PLLA are reported in the S.I. (Figs S8, S9 and S10); here

67

we present the variation in Young's modulus (Fig. 3a) and the
variation in the percentage of film deformation at the fracture point
(Fig. 3b) as a function of the nanofiller concentration.

The elastic modulus changes significantly when functionalized-
CNSs are dispersed in PLLA (Fig. 3a): the pure polymer has a
modulus of 871 MPa, whereas the inclusion of small amounts of
fillers (0.1 wt%) surprisingly drops it down to 745, 538 and 458 MPa
for MWCNT-PhOMe, RGO-PhOMe and CNH-PhOMe, respectively. In
general instead, loading polymers with stiffer fillers (normally in
the pristine form and thus lacking functionalization) is expected to
increase Young's modulus [61]. In the present case, functionalized-
CNSs in PLLA behave more as plasticizers rather than as reinforcing
agents. This has been observed before for poly(lactic-acid) phases
plasticized with palm oil and filled with small amounts (up to 1 wt
%) of graphene nanoplatelets [62]. Since in our case no plasticizers
have been added to PLLA, the effect must be likely driven by the
presence of the p-methoxyphenyl substituents covalently bound to
the CNSs, that allow their homogeneous dispersion within the
polymeric phase. On the other hand, the formation of voids (de-
fects) in the PLLA phase following nanofillers insertion, might be
also the cause of lower stiffness in the composites compared to the
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pristine polymer. This aspect might be also connected with the
diminished crystallinity found in composites (see the previous
discussion on DSC results). After the initial decrease at low CNS
concentrations, Young's modulus undergoes a slight increase only
at higher concentrations of the fillers for the case of MWCNT-
PhOMe (at 5 wt%) and CNH-PhOMe (at 0.5 wt%), but remains still
lower than that of bare PLLA. However, the trend in elongations at
the fracture point for the three types of composites (Fig. 3b) is
noteworthy: the increase in ductility with increasing filler content,
up to 0.5 wt% for both MWCNT-PhOMe and RGO-PhOMe, and up to
1 wt% for CNH-PhOMe, brings to final lengths at break which are
3—4 times longer than for PLLA. Unfortunately, in the RGO and
MWCNT based composites, this effect drops down for higher con-
centrations, eventually leading to materials which are more fragile
than bare PLLA at 1 wt% for RGO-PhOMe and 5 wt% for MWCNT-
PhOMe. For the RGO-based composite at 5 wt% concentration it is
not even possible to measure any tensile strength, because of the
brittleness of the material, as already mentioned. Such a drop in
ductility is instead not observed with CNH-PhOMe as a filler up to
5 wt%. While at lower concentrations CNS fillers are more homo-
geneously dispersed, it is reasonable to assume that at higher
loadings they start to form larger aggregates, which affect the
macroscopic ductility of the resulting composite. The overall me-
chanical response of the three types of composites must be
significantly influenced by the type of contained nanofiller, as it
was observed for the calorimetric behavior. Different behaviors
among CNSs can be due, in particular, to their different size and
shape, and can be driven by their different tendency to aggregate,
though strongly mitigated by the covalent functionalization.

The bulk electrical properties of the functionalized-CNS@PLLA
films were measured, showing again a behavior deeply influ-
enced by the type of CNS used as nanofiller. In Fig. 3c the electrical
resistance is shown as a function of the concentration of CNSs in
PLLA. A percolation threshold at very low filler content is observed
for the composites based on MWCNTSs, with a significant change in

resistance when moving from 0.1 to 0.25 wt%, corresponding to the
formation of conductive networks. Indeed, it is known that CNTs
are more effective than other standard fillers, such as carbon black,
in conferring conductive properties to insulating polymers [63].
The fact that this happens at a low concentration of MWCNT-
PhOMe deserves special attention [64], confirming that the CNS
dispersion is optimized and the occurrence of aggregates is negli-
gible, which is possible thanks to the organic functionalization that
drives the homogeneous distribution of nanotubes among PLLA
chains. The recorded conductivity also evidences that our func-
tionalization approach avoided excessive modification of the CNT
structure, which could result in the partial loss of the electronic
properties of pristine nanotubes [65]. For the RGO-PhOMe@PLLA
composites a percolation threshold was found between 0.5 and
1 wt% nanofiller concentration. These fillers appeared to be less
effective in inducing electrical conductivity in PLLA, with electrical
resistance being 2 order of magnitudes higher than that reached
with CNTs at the maximum concentration (5 wt%). On the other
hand, with the CNH-PhOMe fillers no percolation threshold was
observed at the considered CNS concentrations, demonstrating
again that the differences in nanomorphology among the compo-
nents largely determine the macroscopic behavior. Indeed CNH
species, existing in their aggregated “dahlia-like” globular shape
[47], have sizes of 100 nm (see TEM images of fibers containing
them in Fig. S11b in the S.I.) and are therefore not likely to form
conductive pathways within the polymer phase at such low
concentrations.

3.3. Atomic force microscopy characterization of the functionalized-
CNS@PLLA composites

In order to electrically characterize the composites at the single
filler size resolution, the materials were also investigated by means
of AFM techniques. Only composites with the highest filler con-
centration (5 wt%) were considered.
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color in this figure legend, the reader is referred to the Web version of this article.)

The conductance was addressed by means of conductive AFM
(CAFM) measurements. The film of bare PLLA did not show any
measurable current, as expected, and the same occurred also for the
CNH-PhOMe@PLLA composite film, even when probed at several
different positions on its surface and with different contact forces
(see details in the S.I.). This confirmed the data obtained through
the macroscopic electrical characterization. The samples of
MWCNT-PhOMe@PLLA and RGO-PhOMe@PLLA exhibited instead
measurable currents. Representative current images for the
MWCNT-PhOMe@PLLA and for the RGO-PhOMe@PLLA samples are
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presented in Fig. 4b and d, respectively (Fig. 4a and c report the
corresponding topography).

When considering for example the MWCNT-PhOMe@PLLA
composite film (Fig. 4b), one can see that the current image is
partly correlated with the surface topography, as few high regions
show no current (see filled arrows). However, these are real effects
associated with the feature contents and not topographical arti-
facts. The different compositional contents in the aforementioned
tall features is also apparent in other surrounding regions with
similar low current level (black areas) yet without outstanding
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heights (see void arrows). Obviously, independently on their
height, areas of the films exist which are locally devoid of the CNS
fillers imparting conductance to the composite. Conversely, the
conducting regions emerging in Fig. 4b show a finer structure
(down to the single pixel size i.e. ~40 nm) than in Fig. 4d. Indeed, in
the former case they are likely associated with smaller sizes of the
carbon-based fillers (single MWCNTSs or bundles of few of them),
whereas in Fig. 4d the bright regions include several adjacent pixels
up to ~2 um linear size (see the arrowed zone) which are likely
associated with sparse RGO flakes.

Fig. 4 further shows that, under the same conditions of vertical
force (~18 nN) and bias (+1 V), the current levels observed on the
MWCNT-PhOMe@PLLA film surface are higher than those for the
RGO-PhOMe@PLLA one (see the vertical scale bar of the color pal-
ettes). Additionally, the total conductive area is higher for the
MWCNT-PhOMe@PLLA composite, (17 + 5% versus 7 + 4% of the
RGO containing composite film). When considering the means of
the current levels on the different images of the samples, and
averaging them, from the applied sample voltage (+1 V) resistance
values of 2.6 + 1.2 MQ and 530 + 230 MQ are obtained for the
MWCNT-PhOMe@PLLA and the RGO-PhOMe@PLLA sample,
respectively, which can be considered representative of the whole
films. These values are in a similar ratio (about 200 x ) to that of
film resistances measured macroscopically (see Fig. 3c), yet are
both shifted to approximately 4 orders of magnitude higher values.
This likely depends on the very small contact area of the AFM tip,
for the considered technique, at the limited vertical force used (see
details in the S.I.). The agreement between electrical measurements
made at the macro and nanoscale is a proof of the good homoge-
neity achieved in dispersing the functionalized-CNS within the
polymer matrix.

In Fig. 4e also single I-V curves typical of points in which con-
duction occurred (i.e. within bright regions in Fig. 4a and b) have
been plotted. One can see that the composite film with CNT fillers
exhibit an almost ‘metallic’ behavior (straight Ohmic I-V profile),
while the RGO film shows a passive region close to zero bias
(sigmoidal profile), more similar to a semiconductor. An analogous
difference in current values (about two orders of magnitude) be-
tween the two different samples is observed as described above, in
favor of the MWCNT-PhOMe@PLLA film. When only the same range
of the I-V curves as used in the current images (+1 V) is considered,
the following values of resistance are obtained, from a linear fit:
0.48 MQ for the MWCNT-PhOMe@PLLA sample and 26.7 MQ for the
RGO-PhOMe@PLLA sample. These values are higher than the means
on the image areas (affected by the ‘dark’ regions of no current, so
weighted with the coverage coefficients), yet are roughly in the
same ratio of approximately 200 x in favor of the CNT containing
composite.

Finally, we investigated with CAFM the conductive properties of
the functionalized-CNS@PLLA composites in the form of nanofibers,
obtained with the electrospinning technique, as reported [14] (for
transmission electron microscopy images of the fibers see Fig. S11
in the S.I). This morphology was selected in order to study the
electrical properties of the composites in nanoscale-confined
model systems, along a single direction. It is worthy to mention
that the electrical conductivity measurements carried out on films
(see previous section) would hardly apply to fibrous phases,
because of the very low density of the material preventing a proper
contact with the electrodes. In Fig. 4f a CAFM image of a single
MWCNT-PhOMe@PLLA nanofiber is shown. The current level has
been rendered as the color, overlaid on the 3D profile of the height.
For composite nanofibers, the CNT based sample was the only one
which allowed current imaging, while in this form also the RGO-
based composite did not show any conductivity. This can be

justified by considering that, for the same filler concentration,
percolation along a narrow conductor such as a nanofiber
(200—600 nm diameter) is more difficult and is detected in the
present case only for monodimensional conductive fillers as CNTs.
Also the geometry of the CAFM contact was significantly different
in this case, in-plane along the fiber axis and not through the fiber
towards the substrate. Actually, in the case of fibers, the substrate
used was insulating, which allows to obtain a typical value of fiber
conductance. When the resistance is calculated, a value of ~7.1 GQ is
obtained, another factor 300 x higher than what measured for the
film of the same composite, and close to the lower detection limit
level of the setup (mean current along fiber axis in Fig. 4f is 4.8 pA).
In order to support the electrical characterization of the different
composites, we carried out AFM electrostatic measurements
(scanning Kelvin probe microscopy —SKPM- and/or electrostatic
force microscopy —EFM-) on the functionalized-CNS@PLLA com-
posite nano-confined systems with fibrous morphology. These AFM
techniques are based on potential contrast due to accumulation of
electrical charges, instead of their flow within a current, as for
CAFM. Therefore, insulating fiber portions, not allowing the charge
to be drained away, are expected to exhibit stronger contrast. This
was actually observed with fibers of bare PLLA (see Fig. S12a and b).
The typical nature of the electrostatic contrast is apparent when
noticing that the bright regions spread around the physical lateral
extension of the fibers, which was not the case for the current in
Fig. 4f. Similar results have been obtained also for the other samples
of insulating (i.e. non-conductive) fibers (namely those containing
RGO and CNH fillers). For the fibrous sample containing MWCNTSs
instead, in few cases, we observed fibers that looked from less
bright (i.e. with only some degree of conduction, Fig. S12c and d) on
to completely dark (i.e. completely conductive, Fig. S12e and f).
Unfortunately, it was not possible to acquire CAFM and SKPM/EFM
images simultaneously on the same fiber portion, because the two
classes of techniques require different probe-holders. An inter-
esting representative SKPM image of the MWCNT-PhOMe@PLLA
fibers is shown in Fig. 5. In Fig. 5a a region is evident where
several fibers cross each other. In the corresponding surface po-
tential (SKPM) image of Fig. 5b three different levels appear, namely
an intermediate level background (associated with the substrate); a
higher level (bright regions) spreading around the fibers (the
typical bleeding effect of electrostatic charging); and a negative
contrast (black) region localized only on some positions along the
fibers, which can be associated with the functionalized MWCNT
fillers (see TEM images in Fig. S11a for comparison). Such three
regions are more clearly represented in Fig. 5¢, where the same
maps of topography (height) and surface potential and as in a) and
b) have been rendered again in 3D fashion, using a multicolor
palette to segment the above-mentioned regions in different levels
associated with red, green and blue colors, respectively.

As a final step of surface characterization of the functionalized-
CNS@PLLA composites, the roughness of the film samples has been
assessed by standard AFM (in non-contact mode). In Fig. S14 in the
S.I. the 2D roughness amplitude parameter Sy, is presented. The two
composite materials based on CNH and RGO fillers result in films
with higher surface roughness (Sq~155 nm), whereas the composite
based on MWCNTs is smoother, on the same level as the film of bare
PLLA (Sg~70nm). The differences between the two groups are
statistically significant (p <0.05). Therefore, the well-dispersed
MWCNT-PhOMe fillers provide a good uniformity in the overall
electrical properties, resulting in a percolation network that en-
dows the films with a good electrical conductivity and, in addition,
turns out to determine the least amount of surface roughening, as
compared to the bare polymer film.
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3.4. Biocompatibility of the functionalized-CNS@PLLA composites

The functionalized-CNS@PLLA films were tested for biocom-
patibility by employing them as scaffolds for the growth of SH-SY5Y
cells. For both cell death and cell proliferation assays, only two
percentages per each type of CNS filler were selected, namely a
lower one (0.25wt%) and a higher one (5wt%). Together with
control cells grown onto poly-L-lysine or onto FDA-certified PLLA
polymer, which has an already established usage in regenerative
medicine, CNTs at 0.25 wt% also represent a ‘positive control’ for
biocompatibility, as this concentration was well characterized and
proved fully biocompatible (when dispersed in either PLLA films of
electrospun PLLA) [13—15]. In this work, CNTs concentrations up to
5% and novel nanocomposites including RGO or CNHs are tested for
the first time with SH-SY5Y cells, to check whether viability values
are kept. According to previous studies, cell viability was evaluated
at 24 and 72 h combining evaluation of cell death to proliferation
data, in order to properly consider factors underlying cell viability.
Cells grown onto 0.25 or 5% functionalized-CNS@PLLA films
showed viability values in the same range as control and PLLA
samples (Fig. 6a) and no meaningful effect on cell proliferation
(Fig. 6b), thus demonstrating biocompatibility is kept and the po-
tential cytotoxicity of the three types of CNSs is prevented when
employing them well functionalized and dispersed within a
biocompatible polymer matrix.
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4. Discussion

The functionalized-CNS@PLLA composites were thoroughly
characterized in their thin film forms by assessing the variation in
thermal, mechanical and electrical properties as a function of CNS
loading over a range between 0.1 wt% and 5 wt%. The homogeneity
of the CNS nanofillers dispersion within the polymer phase was
stated, particularly for the MWCNT-based samples for which an
almost linear trend was found in the decrease of the crystallization
temperature of the polymer as a function of the increased filler
concentration.

The mechanical properties were found to be highly influenced
by the presence of the p-methoxyphenyl functional groups cova-
lently bound to the CNS surfaces, which confer to the fillers an
unusual character of plasticizing agents rather than of reinforcing
ones. The ductility of the composites is extremely improved with
respect to bare PLLA for concentrations of CNSs around 0.5—1 wt%,
even though for RGO-based samples the limits to obtain an
improved plasticity are lower than for MWCNT and CNH-based
samples, with the 5 wt% concentration already too high to furnish
a durable material.

Electrical percolation in the composites was found to take place
only with MWCNT and RGO fillers, within the range of concentra-
tions considered. Thresholds were differently located for the two
cases, with the MWCNT-PhOMe@PLLA composites showing a sharp
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increase in conductivity at a lower CNS concentration with respect
to RGO-PhOMe@PLLA. The extent of conductivity after the perco-
lation threshold was also significantly higher for the former as
compared to the latter. A strong influence of the filler dimension-
ality on the electrical behavior of the composite is evident: mon-
odimensional CNSs like MWCNTSs are able to arrange in conductive
domains within polymer chains much more effectively than bidi-
mensional CNSs like RGO. Finally, zero-dimensional species such as
CNHs likely require high concentrations to give rise to conductive
pathways within an insulating matrix. The superior ability of CNTs
to form conductive networks over a long distance is further
confirmed by the CAFM data obtained on both film surfaces and
along single nanofibers. Particularly for these last ones, a measur-
able current could be detected only for CNT-based samples. Also
considering the increasing interest on nanofibrous biomedical
materials [66,67], the ability to originate long range and directional
percolation pathways might be promising to provide next scaffold
design with a selective guidance to neurites elongation.

5. Conclusions

In this work a thorough assessment of the physical properties of
functionalized-CNS@PLLA composites is essayed, both at the
macroscopic level and at the nanoscale, directly on surfaces, which
are the part of the samples directly responsible for the interaction
with living cells. The analysis is carried out with the awareness that
a combination of stimuli coming from the substrate is responsible
for the growth and differentiation of cells, including electrical,
mechanical and topographic cues and thus will act as a guidance for

future studies of neuritogenesis. These characterization efforts are
addressed at increasing the understanding about physical proper-
ties driving cellular processes in vitro at first instance. These results
also provide a basic set of information for the design and selection
of optimized scaffolds to be tested in vivo, aiming at the future
development of biomedical devices and implants for tissue engi-
neering applications.
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Thermogravimetric analysis

Thermogravimetric analysis (TGA) of MWCNT-PhOMe, CNH-PhOMe and RGO-PhOMe was
carried out with a Q5000IR TGA (TA Instruments) under nitrogen by an isotherm at 100 °C for 10
min followed by heating at 10 °C/min rate until 1000 °C (Figure S1, S2 and S3, respectively).
Determination of the functionalization degree (FD) from thermogravimetric data was performed as

described in our previous work [1], also briefly reported here for the sake of clarity.
FD has been calculated according to the general formula:

__ mmol FG
mmol C
where FG stands for “functional group”. The number of mmol FG has been derived by dividing the
percentage of mass loss, determined by thermogravimetric analysis, due to thermal degradation of
the functional group (Amrc), by the molecular weight of this last one (in the present case for the p-
methoxyphenyl moiety equal to 122.15). On the other hand, mmol C has been calculated by dividing
the percentage of mass loss due to C (Amc) by the atomic weight of C (12.01).

Am values used for the above described calculations are indicated in Figure S1, S2 and S3.
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Fig. S1. Thermogram of MWCNT-PhOMe acquired under a nitrogen atmosphere. Black line represents the weight

percentage loss, while the red line is the corresponding derivative curve.
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Fig. S2. Thermogram of CNH-PhOMe acquired under a nitrogen atmosphere. Black line represents the weight percentage

loss, while the red line is the corresponding derivative curve.
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Fig. S3. Thermogram of RGO-PhOMe acquired under a nitrogen atmosphere. Black line represents the weight percentage

loss, while the red line is the corresponding derivative curve.

77



Functionalized-CNS@PLLA films

MWCNT-PhOMe@PLLA

0.1 wt% 0.25 wt%

CNH-PhOMe@PLLA

0.1 wt% 0.25 wt%

RGO-PhOMe@PLLA

0.1 wt% 0.25 wt%

0.5 wt%

0.5 wt%

0.5 wt%

5 wt%

5 wt%

5 wt%

Fig. S4. Photographic images of the functionalized-CNS@PLLA films considered in this work.

Table 1. Measured film thicknesses for the functionalized-CNS@PLLA films considered in this work.?

wt% | MWCNT-PhOMe@PLLA (um) | CNH-PhOMe@PLLA (um) | RGO-PhOMe@PLLA (pm)
0.1 325 330 331
0.25 320 338 325
0.5 305 331 340
1 323 340 345
5 322 345 b

 For the pure PLLA film a thickness of 335 um was measured. ® Not measurable due to extreme fragility of the specimen.
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Calorimetric analysis of the functionalized-CNS@PLLA films
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Fig. S5. DSC traces (second heating scans after a previous heating-cooling cycle) for the five types of MWCNT-
PhOMe@PLLA composites having different concentrations of nanofillers in the polymer phase and for pure PLLA.
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Fig. S6. DSC traces (second heating scans after a previous heating-cooling cycle) for the five types of CNH-
PhOMe@PLLA composites having different concentrations of nanofillers in the polymer phase and for pure PLLA.
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Fig. S7. DSC traces (second heating scans after a previous heating-cooling cycle) for the five types of RGO-

PhOMe@PLLA composites having different concentrations of nanofillers in the polymer phase and for pure PLLA.

Table S2. Calorimetric data for the MWCNT-PhOMe@PLLA composites having different concentrations of nanofillers

in the polymer phase and for pure PLLA.

MWCNT-PhOMe@PLLA
Cristallization Melting
Conc (Wt%) | Tmax (°C) | AH (J g!)? | Tonset (°C) | AH (J g')* | Tg (°C) | Cristallinity (%)°
0 114 15.84 149 27.97 55 30.08
0.1 111 23.43 152 23.50 56 25.27
0.25 110 22.55 151 22.67 57 24.38
0.5 108 20.74 151 22.91 56 24.63
1 103 18.28 151 20.76 56 22.32
5 102 16.90 150 21.63 56 23.26

@ Calculated from peak area. ® Degree of crystallinity calculated by comparison with theoretical data for 100% crystalline

PLLA.[2]
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Table S3. Calorimetric data for the CNH-PhOMe@PLLA composites having different concentrations of nanofillers in
the polymer phase and for pure PLLA.

CNH-PhOMe@PLLA

Cristallization Melting
Conc (Wt%) | Tmax (°C) | AH (J g!)* | Tonset (°C) | AH(J g") | Tg(°C) | Cristallinity (%)°
0 114 15.84 149 27.97 55 30.08
0.1 117 23.04 151 23.41 57 25.17
0.25 116 22.41 151 22.95 56 24.68
0.5 117 20.33 150 23.11 56 24.85
1 117 22.09 151 23.77 56 25.56
5 117 23.83 151 23.83 56 25.62

@ Calculated from peak area. ® Degree of crystallinity calculated by comparison with theoretical data for 100% crystalline

PLLA.[2]

Table S4. Calorimetric data for the RGO-PhOMe@PLLA composites having different concentrations of nanofillers in
the polymer phase and for pure PLLA.

RGO-PhOMe@PLLA

Cristallization Melting
Conc (Wt%) | Tmax (°C) | AH(J g!) | Tonset (°C) | AH(J g!) | Tg(°C) | Cristallinity (%)
0 114 15.84 149 27.97 55 30.08
0.1 114 20.54 152 23.63 56 25.41
0.25 114 23.19 152 24 .41 56 26.25
0.5 110 22.13 152 21.88 56 23.53
1 107 22.08 152 22.87 56 24.59
5 109 10.73 149 16.68 57 17.94

2 Calculated from peak area. ® Degree of crystallinity calculated by comparison with theoretical data for 100% crystalline

PLLA.[2]
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Mechanical characterization of the functionalized-CNS@PLLA films
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Fig. S8. Representative tensile stress-strain curves for the MWCNT-PhOMe@PLLA composites having different

concentrations of nanofillers in the polymer phase and for pure PLLA.
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Fig. S9. Representative tensile stress-strain curves for the CNH-PhOMe@PLLA composites having different

concentrations of nanofillers in the polymer phase and for pure PLLA.
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Fig. S10. Representative tensile stress-strain curves for the RGO-PhOMe@PLLA composites having different

concentrations of nanofillers in the polymer phase and for pure PLLA.
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Functionalized-CNS@PLLA nanofibers characterization

CNH-PhOMe@PLLA and c) 5wt% RGO-

b) Swt%

>

MWCNT-PhOMe@PLLA

TEM images of a) Swt%

PhOMe@PLLA nanofibers.
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Details of AFM measurements

The nanoscale electrical conductivity was assessed within the range of process parameters accessible
for this DC based technique (=10 V maximum sample bias with tip set to virtual ground, and current
detection limit down to ~ 1 pA level). The current mapping measurements were carried out at the
lowest possible, yet stable, vertical contact force (~0.1 V in arbitrary deflection value, corresponding
to ~18 nN) that allowed to measure some current level, in order not to damage either the sample or
the tip. The CAFM was equipped with a dual-gain Orca probe-holder (Asylum Research, US), with
two current converters and amplifiers of sensitivities 1 V/puA and 1 V/nA for the C2 and Cu channels,
respectively, to be used in the current ranges (absolute values) of 10 nA-10 pA and 0-10 nA,
respectively. Only when no current was detected at even the highest possible bias (10 V to the
sample, with tip at virtual ground) on the more sensitive Cu channel, was the contact force increased
up to a factor of 4, to check for possible conductance. Both current images and local I-V curves at
given points of conductive film, as previously identified in a current image, were acquired. By using
the contact mode, at the base of CAFM, with fast scan at 90° with respect to the cantilever axis, the
lateral deflection (so-called lateral force) images were also collect and the qualitative tip-surface
friction was mapped (by making the calculation of lateral deflection trace minus lateral deflection
retrace, divided by 2). This channel was used to check for possible chemical inhomogeneity of the
surface, correlated to either the sample composition or possible ambient contaminants.

Figs. S12b (EFM) and S12¢ (SKPM) of the bare PLLA fibers sample show very good correlation,
exhibiting contrast at both the (insulating) fibers and at a contamination on the substrate (probably
due to a dried drop of some liquid, e.g. solvents). Fig. S12¢ in particular is quantitative, and described
better the excess accumulation of charge at the large polymer beads formed during electrospinning at
the fiber on the left hand side. On fibers of CNH and RGO containing composites similar results were
obtained, with only bright contrast at the fibers (no voltage drop i.e. electrical conduction detected).
For the images of CNT containing composite fibers, instead, regions with either local lower contrast
at some fibers (e.g. that on the right in Figure S12e or even no contrast (top-left in Fig. S12g)
appeared. There, some loss of potential probably due to either conductive fillers or conduction along
the fiber obviously occurred. In Fig. S12h the potential of panel S12g has been overlaid as color on
the 3D topography of panel S12f, showing more clearly the effect of spread of EFM/SKPM contrast
around the structure, due to the long range of the electrostatic forces in-plane (and partly also to the

effect of the elevation height).
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Fig. S12. Examples of EFM/SKPM images of fiber composite samples. a-c) bare PLLA fibers: a) is the topography, b) is
the phase of the Nap pass i.e. the EFM image; c¢) is the SKPM image of surface potential on the same region. d,e) and f-
h): two regions of a samples of MWCNT composite fibers, (with combined topographic-potential rendering of the second
region in h).

Finally, in Fig. S13 the same region of the SKPM images in Fig. 5 of the main text is shown again,
when subsequently imaged in EFM mode. A substantial qualitative agreement in assignment of the
filler regions appear in the phase of oscillation, Fig. S13b, with SKPM surface potential image of Fig.
5b, with only a reversal of contrast for the present signal, where the fillers appear as ‘bright’ phase
regions, as compared to the ‘dark’ potential regions in Fig. 5b. This is probably a mechanical effect
due to the higher stiffness of the CNTs as compared to the PLLA fiber matrix. Also, the occasionally

invasive effect of repeated scanning appears in Fig. S13, as a suspended fiber having been picked by

86



the scanning tip at some point during the scan and deflected (according to the arrow direction) up to

forming a sharp right corner.

pm
pm

0 20 40 60 80 0 20 40 60 80

Fig. S13. EFM images of the same region as shown in Figure 5 in the main text; a) topography, b) phase of cantilever
oscillation. Filler identification consistent with SKPM technique of Figure 5 emerges, along with demonstration of

possible invasive tip-fiber interaction upon repeated scanning of the samples of deposited fibers.

For the roughness measurement, standard Tapping mode imaging with a standard (i.e. not metal
coated) tip was carried out, not to degrade the spatial resolution of the images. Also, the Sq was

calculated over surface areas of 20x20 pm?, and averaged over five similar images from different

regions of the samples.
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Fig. S14. Root-mean-square of the height images, i.e. 2D roughness parameter Sq, for the films of different material
composites (red columns), together with the bare PLLA (black column). The bars heights are the means, and the error
bars extend +1 standard error of the mean (SEM). The groups that present statistically significant differences (p<0.05)
have been identified by different letter labels.
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Cell death and proliferation assessment

Resazurin reduction assay was performed to quantify the metabolically active living cells and thus to
monitor how do the scaffolds affect proliferation of the cell populations tested. The assay is based on
reduction of the indicator dye, resazurin (not fluorescent), to the highly fluorescent resorufin (Ex. 569
nm, Em. 590 nm) by viable cells. Non-viable cells rapidly lose their metabolic capacity to reduce
resazurin and, thus, do not produce fluorescent signals anymore. Briefly, the culture medium was
replaced by 500 pL of resazurin solution (Resazurin Sigma 15 pg/mL in complete medium without
phenol red) and cells were incubated for 4 h in dark at 37°C and 5% COz. Then, 200 pL of resazurin
solution were removed twice from each well and transfer to a 96 well plate (technical duplicates).
Fluorescence, directly correlated with cell quantity, was read in a plate reader (Ascent Fluoroscan,
excitation 540 nm, emission 590 nm). Background values from wells without cells were subtracted
and average values for the duplicates calculated. Cell proliferation was calculated from a calibration
curve by linear regression using Microsoft Excel. The CytoTox-ONE™ Homogeneous Membrane
Integrity Assay (Promega) was used to quantify the lactate dehydrogenase (LDH) release by cells
having lost membrane integrity. Briefly, 100 pL of culture medium were transferred to a new 96 well
plate. 50 uL of the reaction solution from the kit, containing the detection dye and the catalyst were
then added to culture supernatants and fluorescence was measured after 10 minutes in the plate reader
as reported above. Cell death was calculated from a calibration curve by linear regression after 100%

cell lysis of known cell quantities.
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3.1.2 Effect of different CNS@PLLA composites on neuronal differentiation
On-going work is addressing to check eventual effects of the new PhOMe-functionalized-
CNS@PLLA composites, and consequentially of their different physical characteristics, on
cellular behaviour. We have checked the neuronal differentiation of a human neuroblastoma
cell line when they are seeded onto our different nanocomposite scaffolds.

First, we have explored effect of increasing MWCNT concentration in PLLA matrix on SH-
SY5Y cells. Previously, PhOMe-functionalized- MWCNT@PLLA have been tested with
these cells at 0.25%, proving to be biocompatible and able to enhance the neuritogenic
effect of biomimetic peptides (Scapin et al.2015). Also, a neuritogenic effect was observed
using MWCNT-PhOMe@PLLA electrospun nanofibrous matrix, showing neurites extension

along the direction of nanofibers “°.

These results suggested PhOMe-functionalized-
MWCNT@PLLA properties may influence neuronal differentiation in our cell system.
However, we didn’t observe any significant effect on neuronal differentiation when using
films of such nanocomposite. Such results can be attributed to the low dose of CNT;
therefore, we have developed film of MWCNT@PLLA composites containing increasing
concentration of functionalized MWCNT in PLLA (0, 0.1, 0.25, 0.5, 1 and 5 wt%) "2,

Once these new CNS concentrations were found to be biocompatible, we decided to test
the effect on neuronal differentiation of three MWCNT concentrations: i) 0.25% that
represent the percolation threshold of MWCNTS ii)1% representing the limit concentration
to obtain homogeneity of the dispersion of functionalized MWCNT within the PLLA phase
iil)5% that is the maximum MWCNT content in our nanocomposite and shows the higher
electrical conductivity. As controls, we used cells seeded on poly-L-lysine coated wells
(without any scaffolds) to monitor the physiological cell condition, and cells on films of bare
PLLA to distinguish nanocomposite-dependent effects. Cell morphologies were observed
using Calcein-AM staining 48 hours after the differentiation induction with RA. Also, not
differentiated cells are analysed.

Following the classic neuritogenic parameters, total neurite length and neurite/cell, only 5%
CNT has a significant effect on total neurite length compared to PLLA control (Fig. 1). Such
result is supported by several studies indicating that increasing scaffold electrical
conductivity influence neuronal elongation and growth'™"'%2. Thus, we decided to focus on

neurite elongation observing a striking inductive effect of 5%MWCNT on the number of
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neurites longer than 100 micrometer. The effect is further increased if we consider the

neurites longer than 150 micrometer.

0,25%wt CNT-PLLA 1%wt CNT-PLLA

5%wt CNT-PLLA

RA-

41%wt CNT-PLLA

0,25%wt CNT-PLLA

5%wt CNT-PLLA

RA+

Figure 1. Representative microscopy fields of SH-SY5Y cells from experiments in Figure 2. Cells are
stained with Calcein-AM. Image magnification is 32X.
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Figure 2: effect of increasing CNT concentrations in our composite films on SH-SY5Y differentiation.
Total neurite length (A), neurites per cell (B), neurites longer than 100 um (C), neurites longer than 150 pm
(D). Data represent the mean + SEM of four independent experiments performed in duplicate. *shows
significance at p<0.05 between cells seeded onto scaffolds and control (poly-L-lysine coated wells). #shows
significance at p<0.05 between cells seeded onto CNT-PLLA scaffolds and PLLA films. +shows significance
at p<0.05 between cells seeded onto CNT-PLLA scaffolds and 0.25%wtCNT-PLLA scaffolds. =shows
significance at p<0.05 between cells seeded onto CNT-PLLA scaffolds and 1%CNT-PLLA scaffolds Dark
grey bars refer to the corresponding RA treated samples. Light grey bars refer to the corresponding not-
treated samples.

This result demonstrates that enhanced electrical conductivity influence more neuronal
elongation than neurite outgrowth. The role of CNTs could be to create a direct electronic
current transfer, by which coupling neurons seeded on them. In fact, it is known that
electrical signals strongly influence neuronal behaviour. However, the exact mechanism by
which conductive substrates and electrical stimulation affect cell growth and differentiation
have to be exploited yet.
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In the meantime, we have decided to test the eventual effect on neuronal differentiation of
our new nanocarbon structures. In these analyses we have used the lowest and highest
concentrations (0.25% and 5%) of our CNS dispersed in the PLLA matrix. As shown in Fig.
20, 5%wt of RGO have a positive effect on both total neurite length and neurite/cell.

RGO and CNH are less effective than CNT in conferring conductive properties to insulating

polymers 92, making not necessary further analysis on neurite elongation.
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Figure 3: Effect of different carbon nanostructure as nanofillers in our
composite films on SH-SY5Y differentiation. Total neurite length (A), neurites per
cell (B). Data represent the mean + SEM of three independent experiments performed
in duplicate. *shows significance at p<0.05 between cells seeded onto scaffolds and
control (poly-L-lysine coated wells). #shows significance at p<0.05 between cells
seeded onto CNS-PLLA scaffolds and PLLA films. Dark grey bars refer to the
corresponding RA treated samples. Light grey bars refer to the corresponding not-
treated samples.
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3.1.3 Effect of patterned scaffolds on cellular behaviour

We already demonstrated that electrospun CNT-PLLA fibers, used to mimic the neuronal
processes and the fibrillar collagenous and laminin component of the ECM, allow to obtain
neurite elongation that follow the scaffold fiber orientation 6. Now, we are using 3D-printing
with graphene-PLA filament to obtain patterned scaffold eventually able to guide cell growth.

The results are reported in the following paper in preparation.

3D printed graphene-PLA scaffolds promote neuronal differentiation and neurite

orientation in human circulating multipotent stem cells.

Pietro Bellet'™, Matteo Gasparotto', Yuriko Suemi Hernandez Gomez', Rosa Di Liddo?,
Francesco Filippini'$

Department of ' Biology, and ? Pharmaceutical and Pharmacological Sciences, University of
Padua, Italy.

* Equal contributions; § Corresponding author

Keywords: graphene, PLA, scaffod, neuronal differentiation, hCMC, stem cells, 3D printing,

regenerative medicine

Abstract

Graphene-based nanocomposites are a most promising material for regenerative medicine
applications, especially when mixed to biocompatible polymers such as e.g. polylactides.
Starting from our recent discovery that an autologous population of human multipotent cells
can be committed to the neuronal lineage by conductive scaffolds, we used 3D printing by
additive manufacturing and commercially available graphene-PLLA filaments to develop
scaffolds which were able per se to induce neuronal differentiation in the absence of
exogenously added neurotrophins. Moreover, patterned printing proved able to strongly
enhance neuronal differentiation and to drive oriented growth and axon elongation, opening
the route to design and production of self-standing scaffolds for designed repopulation of

central nervous system injuries as well as for artificial neural circuit design.
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Introduction

Nanotopographical and biochemical cues play a pivotal role in stimulating stem cell
differentiation and cell orientation; in general, scaffolds mimicking such tissue environment
stimuli able to promote stem cell differentiation are crucial in regenerative medicine and in
tissue engineering projects (Sampogna et al., 2015). Decellularized tissues from donor
animals or human cadavers are promising 'physiological' scaffolds recapitulating the natural
composition and tridimensional organization of the extracellular matrix (ECM) (Kobayashi,
2016). Unfortunately, antigens from such scaffolds may elicit adverse immune response
leading to transplant failure (Badylak, 2014). Moreover, genetic and epigenetic variation
among animal and human donors impairs reliability in protocols and results, and size
compatibility can be a further issue (Edgar et al., 2016).

There is not a singular scaffold formulation or biomaterial that is universally optimal;
however, recent years have seen a great advancement in the design and development of
synthetic biocompatible polymers and nanocomposites for drug delivery, biosensors and
tissue engineering applications (Follmann et al., 2017). In general, nanocomposite scaffolds
most often overperform single-component matrices in regenerative medicine as they better
mimic the multiple stimuli from any tissue environment (Dvir et al., 2011; Edgar et al., 2016).
A number of bioplastics and related polymers is currently used in regenerative medicine
because of their advantages in terms of lack of immunogenicity, very low batch variation,
easy and cost-effective scaffold manufacturing, easy modulation of physical and
biochemical features by blending together different matrices and nanofillers as well as by
chemical functionalisation for binding of specific molecules. In particular, Poly-L-Lactic Acid
(PLLA) is easily manageable in nanocomposites fabrications and it has been approved by
FDA for regenerative medicine purposes. PLLA-based scaffolds are self-standing and can
be used for cell growth and differentiation, once they are transplanted, the slow hydrolytic
degradation into lactic acid, a metabolic by-product, also makes PLLA scaffolds suitable for
planned reabsorption (Santoro et al., 2016). Even though PLLA is most often combined to
other polymers and nanofillers, PLLA alone proved to be suitable for the fabrication of
artificial tissue or scaffolds for bone regeneration (Chiulian et al., 2017).

In neural regenerative projects, a very important feature to be reproduced is the electrical
conductivity (Kabiri et al., 2012). To this aim in recent years several conductive carbon-
based nanomaterials have been tested such as e.g. carbon nanotubes (CNT) and graphene

(John et al., 2015). CNTs have been widely used because of their nanotophographic
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features resembling neuronal processes; however, careful purification and chemical
functionalisation are needed to prevent cell damage depending on toxic heavy metal
residuals from the production processes or intracellular aggregation due to the hydrophobic
interactions (Malarkey & Parpura, 2010; Fabbro et al., 2013). Nanocomposite CNT-PLLA
scaffolds with very low nanofiller concentration were able to keep positive features of CNTs
while dramatically reducing residual impurities and costs and they proved to strongly boost
neuronal differentiation and growth (Scapin et al., 2015). When electrospinning such
nanocomposite material, neuronal processes were observed to follow nanofibers
organisation (Vicentini et al., 2015).

Currently, graphene-based materials are considered among the most promising
nanomaterials for cellular applications including regenerative medicine (Huang et al., 2018;
Kenry et al., 2018). In particular, when compared to CNTs, they are less expensive, easier
to obtain and show less intrinsic toxicity while maintaining the main peculiar feature of
carbon-based nanomaterials including conductivity (Gardin et al., 2016). For central
nervous system (CNS) regenerative medicine purposes, cell repopulation and
differentiation are needed at the injury site. To this aim, self-standing scaffolds are expected
to stimulate in situ commitment of stem cells towards the neuronal lineage and then to
support neuronal differentiation and growth. Most protocols for stem cells commitment and
differentiation strongly depend on the exogenous addition of a complex mixture of
neurotrophins and supporting factors. Recently however, CNT-PLLA scaffolds proved able
to induce per se (i.e. in the absence of exogenously added factors) neuronal lineage
commitment and differentiation of a population of autologous multipotent stem cells (Scapin
et al., 2016). Such promising features were also confirmed by the electrospun version of
these scaffolds; however, regular orientation of neuronal processes could not be obtained
because of the random deposition of nanofibers.

Indeed, graphene-PLLA composites hold great promise in tissue engineering and in other
biomedical fields (Bayer, 2017). At the same time, additive manufacturing (AM) via 3D
printing of PLLA has become in recent years more and more feasible, cheap and reliable.
Therefore, we decided to develop 3D printed scaffolds based on either PLLA or graphene-
PLLA for commitment of hCMCs to either osteoblastic or neuronal lineage. After
demonstrating that these scaffolds are not cytotoxic and thus suitable for regenerative

medicine purposes, we designed patterned graphene-PLLA scaffold that proved able to
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further support neuronal differentiation and, in addition, to mediate oriented neurite

elongation.

Materials and Methods

Informatics and 3D-printing

Fusion 360 (Autodesk) and Simplify3D softwares were used to create the STL files of the
scaffolds and then for slicing, respectively. A dual-nozzle 3D printer (NG model, Sharebot,
Italy) was used for printing. Adhesion of the first layer was improved by coating of the stage
with a saturated solution of sucrose in MIlli-Q water. Both pure PLA and graphene-PLA
(GRAFYLON®) @ 1.75 mm filaments were purchased from FILOALFA. GRAFYLON®
consists of pure PLLA matrix embedded with roughly 1% Graphene Plus (Directa Plus).
Printing was performed with nozzle temperature at 195°C, using the same GCODE file for
both pure PLLA and GRAFYLON® scaffolds.

Cell culture and scaffold preparation

SH-SY5Y cells were grown or differentiated via retinoic acid induction 24 hours after
seeding (Day 1) as reported in our previous work (Scapin et al., 2015); hCMCs were
cultured according to Scapin et al., 2016.

After printing, scaffolds were washed to remove sucrose residuals and air-dried.
Sterilization was obtained under UV-light, 30 minutes on all sides. Pure PLLA and
GRAFYLON® 3D-printed scaffolds were pre-incubated in DMEM/F-12 10% FBS (growth
medium) and then washed thoroughly with Milli-Q water in sterile conditions before sowing.
Experiments were performed in 24-well plates filled with 500 L culture medium, by seeding
15000 cells per well onto either the scaffolds or control wells coated with gelatin/poly-L-
lysine.

Cell proliferation assay.

Cell proliferation was measured using the Resazurin reduction assay. The culture medium
was replaced by 500 uL of resazurin solution (Resazurin, 15 ug/mL in growth medium;
Sigma) and cells were incubated for 4 h in the dark at 37°C, 5% CO.. 200 uL of the resazurin
solution was then removed, twice from each well (technical replicate), and transferred to a
96-well plate. Fluorescence was detected every 5 minutes at 590 nm using a Fluoroscan
fluorometer (Ascent).

Cell proliferation was calculated from a calibration curve by linear regression using Microsoft

Excel. Cell proliferation was determined as the 72 h/24 h cell quantity ratio.
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Cell viability assay.

A commercial kit (CytoTox-ONE™ Homogeneous Membrane Integrity Assay, Promega)
based on LDH assay was used to measure the number of non-viable cells in the multi-well
plates.

Assay plates were equilibrated to room temperature (~25°C) and 100 pL of culture medium
were transferred to a new 96 well plate. 50 uL of the reaction solution from the kit, containing
the detection dye and the catalyst were then added to culture supernatants and
fluorescence was measured after 10 minutes in a plate reader (Ascent Fluoroscan,
excitation 540 nm, emission 590 nm). Background values from wells without cells were
subtracted and average values for the duplicates calculated. Cell death was calculated
from a calibration curve by linear regression after 100% cell lysis of known cell quantities.
Cell viability was then calculated according to the following equation: Cell viability (%) =

(number of live cells) / (number of dead cells + number of living cells) x100.

Results and discussion

Cell viability and proliferation.

Even though carbon based nandfillers, including graphene have been reported to be
biocompatible at concentrations up to 3-5% in either PLLA (Vicentini et al., 2018) or other
matrices (Cheng et al., 2018) and although graphene concentration in GRAFYLON® is as
low as roughly 1%, we tested viability and proliferation of cells cultured onto both
GRAFYLON® and corresponding pure PLLA filaments to exclude any negative effect from
eventual impurities could impair biocompatibility. Figure 1A shows that viability of SH-SY5Y
cells at 24 h and 72 h after seeding onto GRAFYLON® and corresponding pure PLLA
scaffolds is not significantly different from control. In particular, viability ranges 90%-100%
in both proliferative and differentiation conditions. Slightly lower values at day 0 are known
to depend on post-detachment stress (Vicentini et al 2018). Once cytotoxicity is excluded,
we aimed at checking eventual effects on cell proliferation, because exogenous materials
eventually stimulating cell division are potentially tumorigenic. Figure 1B shows that
proliferation of cells grown on the scaffolds is never faster than control and conversely, they
even show lower proliferation rates, in agreement with the overall ability of carbon based,
nanocomposite scaffolds to favour differentiation (see introduction for references).

Neuronal commitment of multipotent stem cells.
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Recently we could address human circulating multipotent cells (hCMCs) towards neuronal
lineage in the absence of any exogenously added neurotrophin or other inducing factor by
just seeding these cells onto CNT-PLLA scaffolds (Scapin et al., 2016). In scaffolds used in
that work, CNTs were dispersed in PLLA at 0.25% concentration, i.e. lower than 1%
graphene in GRAFILON®. On the other hand, graphene is less conductive than CNTs
(Vicentini et al., 2018) and show a different nanotopography (planar vs tubular). Therefore,
in order to check whether hCMC commitment towards neuronal lineage could be induced
by graphene-PLLA as well, hCMCs seeded onto 3D-printed pure PLLA or GRAFILON®
scaffolds were compared to control samples. Figure 2A shows that, at least
morphologically, GRAFILON® seems to be able to induce commitment to neuronal lineage
as well. Moreover, cells grown onto pure PLLA were found to resemble the morphology of
osteoblasts (figure 2B). Indeed, this latter finding is in agreement with evidence that
osteoblasts are one out of the four cell lineages that can be derived from hCMCs (Scapin
et al., 2016).

In order to confirm cell lineage commitment by molecular evidence, gPCR experiments were
performed using a number of marker genes specific to the neuronal lineage. In particular,
we used Nestin, which is expressed in both neural progenitor cells (Dahlstrand et al., 1995)
and endothelial precursors (Mokry et al., 2004); Tubulin B3 (TUBB3), specific to immature
and post-mitotic neurons (Tischfield et al., 2010); and Microtubule Associated Protein 2
(MAP2), a late marker involved in the coordinated reorganization of cytoskeleton networks
of microtubules and filamentous actin (Dehmelt & Halpain, 2005).

(ongoing experiments...... results to be added once available)

Scaffold patterning and neurites orientation

In order to achieve oriented neuronal differentiation and neurite elongation, a new series of
scaffolds was printed alternating pure PLLA and GRAFILON® tracks with roughly 100 uM
track width. When seeding and growing hCMC onto these scaffolds, the effect was
dramatically evident. Figure 3 shows representative fields for hCMCs seeded in non
differentiative conditions onto the scaffolds and observed after three days: when compared
to control sample (panel A) cells seeded onto the scaffolds rapidly differentiated into
neuronal lineage both on non-patterned GRAFILON® (panels B-C) or on patterned PLLA-
GRAFILON® (panels D-E). In particular, even if some cell orientation - likely depending on

pattern-like deposition typical for additive printing - is observed also in panels B-C, hCMCs
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grown onto the patterned scaffolds showed faster differentiation and very long neurites

(hundreds of uM) that are clearly oriented along the pattern tracks (panels D-E).

Concluding remarks

The recent discovery that an autologous population of multipotent stem cells (hCMCs) can
be induced towards neuronal lineage and differentiation by self-standing CNT-PLLA
scaffolds per se, i.e. in the absence of any exogenously added neurotrophin (Scapin et al.,
2016), opened the route to encouraging CNS regenerative medicine perspectives.
However, electrospun scaffolds did not allow for oriented differentiation and neurite
elongation and CNT-PLLA scaffold had to be handmade, with associated batch variation.
Graphene-based nanocomposites are emerging as a most promising material for
regenerative medicine (see introduction for references) and PLLA has become the most
commonly used bio-plastic for 3D-printing by additive manufacturing. We tested
GRAFILON®, an already available (as filaments for 3D printers) and cheap graphene-PLLA
material and demonstrated that scaffolds printed with this nanocomposite are able as well
to induce, without neurotrophin addition, neuronal differentiation of hCMCs. Furthermore,
additive manufacturing allowed for patterned printing, which was reliably able to strongly
enhance neuronal differentiation (at never-observed-rates) and to provide orientation of
neuronal cells and their axons along the designed tracks, opening the perspective for neural
circuit design. Last but not least, preliminary evidence needing for further analyses
suggested that 3D-printed scaffolds consisting of patterned or non-patterned pure PLLA

might be of help in bone regenerative medicine.
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Figure 1. Viability (panel A) and proliferation (panel B) of SH-SY5Y cells grown (proliferative
medium with DMSO) or differentiating (RA induced) on the indicated scaffolds or coated
control wells. Error bars are reported, and data represent the mean + SEM of four (A) and

two (B) independent experiments performed in duplicate.
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Figure 2. Representative microscopy fields of hCMCs seeded onto 3D-printed
GRAFILON® (panel A) and corresponding pure PLA (panel B) scaffolds. Cells were stained
with Calcein-AM and images were captured using an Olympus CKX53 inverted

fluorescence microscope.
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Figure 3. Representative microscopy fields of hCMCs seeded onto control wells (panel A)
or 3D-printed scaffolds consisting of non-patterned GRAFILON® (panels B-C) or patterned
PLA- GRAFILON® (panels D-E). Cells were stained with Calcein-AM and images were

captured using an Olympus CKX53 inverted fluorescence microscope.

104



3.2 THE BIOMIMETIC PEPTIDES

In the first prototype of our biomimetic nanosystems, two biomimetic peptides were
designed using structural bioinformatic analysis and literature and database search, and
then they were synthetized using F-moc chemistry. These peptides reproduce motifs from
Ig domain of the extracellular domains of the two proteins, both involved in attractive or
repulsive signalling that drive neurite guidance and fasciculation and in the modulation of
neurite outgrowth, elongation and regeneration. Both peptides proved to be endowed with
biomimetic capacity to improve neuronal differentiation of human neuroblastoma SH-SY5Y
cells and showed synergistic effect in combination with both the CNT-PLLA scaffold (Scapin
et al., 2015) and electrospun CNT-PLLA fibers (Vicentini et al., 2015). Moreover, they were
used to induce neuronal differentiation of human CMCs (Scapin and Bertalot et al., 2017).
Using the same design-strategy, we have developed a number of new peptides from
proteins playing important role in neuronal differentiation and elongation. Such peptides
have been derived from the Ig-like domain of specific neural CAM and ECM proteins: CHL1,
Neurofascin, NrCAM, DCC, ROBO2 and 3, Contactin 1, 2 and 5. Interestingly, all of them
have Ig-like extracellular repeats in their extracellular domains by which mediate their homo
and/or heterophilic binding suggesting a conservation in their sequences.

Since we wanted to shed light on the mechanism by which our peptides act, we studied L1-
A peptide in comparison to L1CAM protein it is derived from. We used the recombinant
L1CAM ectodomain as a positive control reproducing the natural homo/heterophilic binding
by which L1CAM regulates neuronal differentiation. As a negative control, we used a
scrambled version of the L1-A peptide to distinguish between composition or sequence-
dependent effect. In addition, we created two mutants of the L1-A peptide to check the
essential role played by arginine 184 in the peptide sequence. The first mutant, R184Q,
reproduces a natural point mutation of L1ICAM protein leading to the CRASH syndrome.
The second mutant, R184A, is an artificial mutation already characterized by Zhao as
causing loss of L1-A binding properties.

The results are reported in the following paper in preparation.
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Abstract

In addition to intrinsic programming, a complex network of tissue environmental stimuli
mediated by cell-cell and cell-extracellular matrix interactions via homo- and heterophilic
binding of extracellular protein domains regulates neuronal differentiation, neurite growth,
elongation, and connections. Such guidance cues also play crucial roles in neural damage
repair and their dysfunction may result in severe neural disorders. We report here the
identification and characterization of a conserved binding motif shared among the
extracellular domains of a number of neuronal CAMs, Cell Adhesion Molecule family
proteins involved in the regulation of Neurite Outgrowth and Guidance, and regeneration.
Synthetic peptides derived from the NOG motif of such CAMs proved biomimetic potential
in boosting neuritogenesis and neuronal differentiation. In silico simulations suggested a
molecular rationale for their action, then confirmed by in vitro characterization and
comparison of natural NOG sequences vs mutant and scrambled peptides, as well as by
experiments in combination with a whole ectodomain and transfected SH-SY5Y cells. This
work opens the route to further investigation on the role played by the conserved NOG motif
in neural functions and to design and use of a novel class of biomimetics in regenerative

medicine and therapeutical strategies.

Keywords: neurite growth, axon guidance, nerve injury, axon regeneration, conserved
protein motif, homophilic binding, immunoglobulin fold, biomimetic peptides; regenerative

medicine; neuronal differentiation.
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Introduction

Human and mammalian organisms consist of a very complex and highly coordinated
network of tissues and organs having developed starting by a single zygote. Such an
extraordinary programme is not challenged only by 'intrinsic instructions' provided by
genetic and epigenetic information. Indeed, differentiation towards each specific cell lineage
is strongly influenced by ‘extrinsic instructions’ such as tissue environmental signals -
sensed by cells and their processes - that are capable to modulate cell differentiation,
shaping, migration, and the overall developmental programme. Signals from the tissue
environment depend on both nanotopographical features (e.g. local shape, roughness,
stiffness, conductivity etc.) and molecular cues, of which some are mediated by gradients
of ions, hormones etc. while others are biomolecular signals, such as active binding motifs
from the protein or sugar moieties exposed at the cell surfaces or present as soluble factors
in the extracellular matrix (ECM) (Dalby et al., 2014; Atmanli & Domian, 2017).

The formation of neural circuits in the central (CNS) and peripheral (PNS) nervous system
requires that a correct connectivity is established between neurons during development. To
this aim, neural precursors need to migrate and appropriately position their cell bodies for
projecting their axons to synaptic targets, and failure to achieve correct connectivity results
in a dysfunctional nervous system. Every neural circuit is represented by the structure of
axons and dendrites, with individual axons stimulating multiple targets, and single dendrites
assimilating inputs from various sources. During nervous system development, neurons
extend axons to find their final destination in a complex and changing environment and
establish a functional synaptic network. Each axon is tipped with the growth cone; such a
specialized structure shows highly dynamic behaviour and responsiveness to multiple
sources of spatial information and it is hence able to guide the axon itself toward right targets
with an impressive level of accuracy (McFarlane, 2000). The growth cone travels on a road
made up of guidance cues (Tamariz and Varela-Echavarria, 2015), which either are
protruding from the extracellular domain (ED) of transmembrane proteins from the cell
adhesion molecule (CAM) families, presented on a neighbouring cell surface, or are
assembled into a dense ECM including multiple ECM proteins such as e.g. laminin and
fibronectin (Halper et al, 2014; Seiradake et al, 2016). These molecules provide defined
'roadway’ surfaces to which growth cone receptors can adhere, but they also activate
intracellular signalling pathways utilized by the growth cone guidance machinery (Lemons

et al., 2013). Additionally, anti-adhesive surface-bound motifs from other protein EDs can
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prohibit growth cone advance thus providing 'guardrails' that determine roadway
boundaries. Finally, diffusible chemotropic cues represent the 'road signs' that present
further steering instructions to the travelling growth cone (Baker et al, 2006). Secretion of
extracellular signalling motifs can result from the production of alternative splice variants
consisting of ED alone (e.g. Treutlein et al., 2014) and/or from proteolytic cleavage of the
ED close to the membrane by ECM proteases (Montes de Oca-B, 2010). It is now clear that
the response of attraction versus repulsion is not due to the intrinsic property of the cue, but
rather to the specific receptors engaged and the internal signalling milieu of the growth cone
(Lowery & Van Vactor, 2009).

CAMs from the immunoglobulin family play a fundamental role in cell-cell and cell-ECM
interactions in both mature and developing nervous system, as well as in axonal
regeneration and neural repair (Zhang et al., 2008). These proteins are prototyped by L1
CAM family proteins, which show a large ED consisting of even more than 1000 amino
acids and are endowed at the N-terminus with six repeats having immunoglobulin fold
(shortly named Ig domains), followed by a variable number of fibronectin type Ill regions
(shortly, Fnlll repeats). The homo/heterophilic ED-ED binding is prototyped for L1 CAM
family proteins (and in general, for CAMs with Ig repeats based ED) by the homodimer
structure of Neurofascin, in which Ig1 to Ig4 domains of each monomer form a horseshoe
structure and the two Ig2 domains bind each other (Liu et al., 2011). A motif involved in
homophilic binding of L1CAM was identified using synthetic peptides in competition
experiments; in particular, peptide L1-A was able to inhibit binding and thus was suggested
to correspond (or to be part of) the binding region (Zhao et al., 1998). L1-A sequence is part
of L1CAM Ig2, and its involvement in the binding region was then confirmed by structural
evidence from the Neurofascin homodimer (Liu et al., 2011). Given that in 1998 such
structure was not available yet, Zhao and coworkers designed L1-A sequence around the
arginine residue (R184) of L1 CAM Ig2, which when mutated to glutamine (R184Q) is
causative for a severe neurodevelopmental spectrum disorder named the CRASH
syndrome (Yamasaki et al., 1997). Based on the established role of L1 CAM as a positive
regulator of neuronal differentiation, neuritogenesis and axon regeneration (Maness et al,
2007), we recently used L1-A as a possible tool, in combination with nanocomposite
scaffolds, for neural regenerative medicine, and it reliably proved to act as biomimetic
signals boosting neuronal differentiation of SH-SY5Y cells (Scapin et al., 2015). The

combination scaffold-biomimetic peptides also showed ability to favour the differentiation of
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human circulating multipotent cells (hCMCs) towards the neuronal lineage and in particular
to influence the expression of neuronal markers such as Nestin, TUBB3, MAP2 and
Synaptophysin (a synaptic vesicle marker related to neuron maturation) (Scapin et al.,
2016).

Evidence that the L1-A peptide region is part of a conserved Ig fold shared among several
CAMs prompted us to perform work presented in this paper. Taking advantage from
sequence and structural bioinformatic analyses, we could identify the NOG motif and based
on it we developed novel peptides, both 'natural' (i.e. derived in sequence from
corresponding EDs) and 'recombinant’ (sequence chimeras), which all confirmed the
suggested biomimetic potential of the conserved motif. Indeed, we also provided a model
for the biomimetic mechanism of action of peptides reproducing the NOG motif by
comparison of a model, recombinant whole ectodomain (L1CAM ED), the synthetic peptide
reproducing its natural NOG motif and related scramble and mutant peptides. This work
opens the route to both further basic research on NOG and other conserved binding motifs
in neural and tissue differentiation, and to biotechnological and biomedical development of

novel biomimetic tools for tissue analysis, engineering and regeneration.

Materials and methods
Bioinformatics

Sequence-based analyses. Homology searches were carried out using blastp application
(Altschul et al., 1997) with default settings and L1CAM Ig2 or L1CAM family proteins Ig
sequence queries for defining an initial dataset for multiple alignments. Then, regular
expressions for positions centred around the peptide regions were inferred and merged to
derive a single pattern, written in PROSITE syntax (Sigrist et al., 2010). Pattern refinement
was performed by iterative scanning with ScanProsite (de Castro et al., 2006) of Chordata
and Mammalia proteome sections of the UniProtKB database (Boutet et al., 2016),
excluding splice isoforms and protein fragments. Pairwise sequence comparison by global
William Pearson's alignment for sequences corresponding to the different Ig regions that
were superimposed (see section below) was performed at the Lalign server
(https://embnet.vital-it.ch/software/LALIGN_form.html) with default settings, except for
matrix set to BLOSUMG62. The Lalign program implements the algorithm of Huang and Miller
(1991).
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Structural bioinformatics. The following structures from the Protein Data Bank (PDB) were
used as templates for modeling: 3P3Y (Neurofascin), 20M5 (CNTN2), 2V9T (ROBO1).
Structural superpositions and Root Mean Square Deviation (RMSD) evaluation were
performed and viewed using UCSF Chimera (Pettersen et al., 2004; Huang et al., 2014) v.
1.8.1 (free download from http://www.cgl.ucsf.edu/chimera/). Models of L1CAM, CHLA1,
NrCAM, CNTN1, CNTN3, CNTN4, CNTN5, CNTN6 and DCC/NetrinR were obtained via
SWISSMODEL (Biasini et al., 2014). Then, modeled structures were refined using SCWRL
(Canutescu et al., 2003; Wang et al., 2008). Model quality was checked via QMEAN server
(Benkert et al., 2011). Docking of synthetic peptides to their targets was simulated using
PepDock at GalaxyWeb server (Lee et al., 2015). Docking results were then refined using
GalaxyRefineComplex (Heo et al., 2016) at GalaxyWeb server. Prior to performing docking
runs, targets were submitted to UCSF Chimera Dockprep routine. Interactions between
biomimetic peptides and their targets were evaluated using UCSF Chimera. Isopotential
contours were calculated using UCSF Chimera through Opal web server connected to the
Adaptive Poisson-Boltzmann Solver (APBS) server (http://www.poissonboltzmann.org).
Isopotential contours were then plotted at £1kgT/e. PDB2PQR (Dolinsky et al., 2007) was
used to assign partial charges and van der Waals radii according to the PARSE force field
(Sitkoff et al., 1994). Interior &, = 2 and &s = 78.5 were chosen for respectively the protein
and the solvent, T = 298.15K. Probe radius for dielectric surface and ion accessibility
surface were setto be r = 1.4 A and r = 2.0 A, respectively. The electrostatic distance was
calculated using the Hodgkin and Carbo indexes (Good, 1992) at the WebPIPSA (Richter
et al., 2008) server (http://pipsa.eml.org/pipsa).

Biochemistry and biophysics

Peptide synthesis. Peptides were synthesized by the solid-phase method using the
flurenylmethyloxycabonyl(Fmoc)-chemistry (Atherton et al., 1989) on a model PS3
automated synthesizer from Protein Technologies International (Tucson, AZ, USA). The
peptides were assembled stepwise on a Wang Resin (Novabiochem, Switzerland)
derivatized with the desired corresponding C-terminal amino acid. Tert-butyl side-chain
protecting group was used for Tyr, Asp, Glu, Ser, and Thr; tert-butyloxycarbonyl for Lys;
trityl for His, GIn and Asn; and 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl group
was used for Arg. Removal of N®-Fmoc-protecting groups was achieved by treatment for 20

minutes at room temperature with deprotection solution (20% piperidine in N-
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methylpirrolidone - NMP). Standard coupling reactions were performed with an equal molar
ratio of 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU)
and 1H-hydroxy-benzotriazole (HOBt) as activating agents, with a fourfold molar excess of
N*-Fmoc-protected amino acids in activation solution (0.35 M diisopropylethylamine in
dymethylformamide - DMF). Both deprotection and activation solution were freshly prepared
to overcome collateral reaction caused by ammine degradation. The anhydrous solvent is
strictly required in order to improve production yields. For double couplings at peptide
bonds, the stronger activator 2-(7-aza-1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate was used (HATU). Once peptide assembly was completed, the side
chain-protected peptidyl resin was treated for 90 min at room temperature with the following
mixture: 92.5% TFA, 2.5% H-0, 2.5% ethandithiol, 2.5% triisopropylsilane. The resin was
removed by filtration, and the acidic solution, containing the unprotected peptide, was

precipitated with ice-cold tertbutyl-methylether and then lyophilized.

Peptide purification and quantitation. The crude peptides were purified to homogeneity
(>98%) by semi-preparative RP-HPLC (Jasco HPLC Pu-1575 equipped with 1575 UV-Vis
detector) on a Grace-Vydac (Hesperia, CA, USA) C18 column (4.6 x 150 mm, 5mm particle
size, 300 A) equilibrated with 0.1% (v/v) aqueous TFA and eluted with a linear 0.078% (w/w)
TFA-acetonitrile gradient at a flow rate of 0.8 ml/min. Absorbance was monitored at 226
nm. Sequences and details about peptides and proteins they are derived from are reported
in Table P.

Purified peptides were analyzed by mass spectrometry on a Mariner ESI-TOF instrument
from PerSeptive Biosystems (Stafford, TX, USA), which yielded mass values in agreement
with the theoretical mass within 20 ppm accuracy. Concentration of peptides with aromatic
residues (CHL1-A and CNTN peptides, all containing at least one Phe or Tyr residue) was
determined spectrophotometrically on a Jasco (Tokyo, Japan) V-630 spectrophotometer
supplied with a Peltier system PAC-743 (Jasco Corporation, Tokyo, Japan) by measuring
the absorbance at 257 nm, using a molar absorptivity of 200 M"-cm™, as calculated from
the presence of a Phe-residue. In the absence of any suitable chromophore, the
concentration was determined by analytic scaling (E/50 Gibertini, Novate Milanese, Italy).

Peptides were dissolved in a PBS solution (5mg/ml) and stored at -80°C before using.

Peptide characterization. Peptide secondary structures were analyzed by circular dichroism

(CD). CD spectra in the far-UV region were recorded on a Jasco J-810 spectropolarimeter,
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equipped with a thermostatted cell holder and a Peltier PTC-423S temperature control
system. The spectra were recorded at 25°C at a peptide concentration of 0.1mg/ml in 10mM
phosphate buffer, pH 7.4, NaCl 0.15M (PBS) using a 0.1-cm pathlength cuvette. Each
spectrum resulted from the average of four accumulations after baseline subtraction. CD

signal was expressed as the mean residue ellipticity:
[6] = 9-MRW/10-I-c (deg-cm?-dmol™)

where q is the observed ellipticity in deg, MRW is the mean residue weight, | is the path

length in cm and c is the peptide concentration in g/ml.

Peptide stability assays. For peptide stability assays, each peptide was added at 20 (M
final concentration in 600 ul of differentiation medium (see in Molecular and Cellular
biology section for composition). At each time point, 500 ul of medium was withdrawn and
high MW molecules from FBS or secreted by cells were eliminated by ultrafiltration at
10000xg on Vivaspin 10 kDa cutoff filters (Sartorius). 350 pl of the ultrafiltrated medium was
immediately frozen at -20°C for the RP-HPLC analysis. RP-HPLC runs were performed by
loading 300 ul of the sample acidified to 0.1% H2O/TFA onto a Zorbax 300SB-C18
column (Agilent) using a linear acetonitrile/0.078% TFA gradient from 5 to 34% in 30
min at of 0.8 ml/min flow rate. Peptide concentration at each time point was inferred
from its peak area, normalized vs a reference peak showing constant area during the

whole experiment. Then, residual concentration was calculated as time n: time 0 ratio.

Surface Plasmon Resonance (SPR) experiments. Binding affinity was carried out using a
multi-cycle injection strategy on a dual flow cell Biacore-X100 instrument (GE-Healthcare,
Piscataway, NJ, USA). Purified L1CAM ED (Thermofisher Scientific) (5 pg/ml) was
immobilized (3300 RU) at pH 4.0 on a carboxymethylated-dextran chip (CMS5) using the
amine coupling chemistry and increasing concentrations of L1ICAM ED solutions were
injected in the mobile phase. Titration was performed at 25°C in 10 mM Hepes, pH 7.5, 150
mM NaCl, 3 mM EDTA, 0.05% polyoxyethylene sorbitan (HBS-EP*), at a flow rate of 10
ml/min. Each binding curve was subtracted for the corresponding baseline, accounting for
nonspecific binding (<2% of RUmax). The dissociation constant (Kq) of homophilic interaction
was obtained as a fitting parameter by plotting the value of the response units at the steady

state (RUmax) for each concentration of the analyte (i.e., L1CAM ED). Data analysis was
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performed by BlAevalution software and OriginPro 2015, using the following equation,

describing the one-site binding model:

[analyte]g

RU., =RU_,, -
[analyte] + K

€q

where RUnmax is the RU value at saturating analyte concentrations and [analyte]r is the
concentration of the free analyte in equilibrium with the analyte-ligand complex present on
the sensor chip surface. Solution competition assay was carried out by incubating constant
concentration of L1ICAM ED (300 nM) with increasing concentrations of peptides up to 10
uM for 30 min, and then injection over the sensor chip. All measurements were done at the
flow rate of 10 ml/min, at 25°C using HBS-EP" as running buffer. The SPR signal was taken
at the end of the association phase and plotted against the logarithm of each peptide
concentration. EC50 values (half-maximal effective concentration) were calculated from

sigmoidal dose-response curves with OriginPro2015 software.

SH-SY5Y culture and differentiation. Exponential growing human neuroblastoma cell line
SH-SY5Y (Ross et al, 1983), were cultured with Dulbecco's Modified Eagle
Medium/Nutrient Mixture F-12 (DMEM/F-12) GlutaMAX™ supplement (Invitrogen)
supplemented with 10% heat-inactivated foetal bovine serum (FBS, Euroclone) and
25ug/ml of gentamicin (Sigma) (growth medium), in a humidified atmosphere of 5% of CO-
in air at 37 °C. Cells were maintained in cultures by subculturing 900000 into 25 cm? flasks
(Sarstedt) every 2 days (once they reached 90% confluence). Cell differentiation was
induced by treating cells with all-trans-retinoic acid (RA, Sigma) at 10 mM concentration
and lowering the FBS in the culture medium to 2% (differentiation medium) 24h after
seeding. In undifferentiated control samples, Dimethyl sulfoxide (DMSO) was added as the
equivalent amount (in which RA is dissolved). In experiments with peptides added to culture
medium, cells were seeded in a 24-well plate (15000 cells/well) coated with a gelatine
(Sigma)/poly-L-lysine (Invitrogen) solution. Poly-L-lysine is widely used as a good substrate
for neural cell adhesion and growth. 24h after cell seeding (day 0), the growth medium was
replaced by the differentiation medium; then, 24h after RA induction (day 1) peptides were
added to the culture medium, except for control samples. Cell viability and proliferation were
assessed at reported time points, while neurite numbers and lengths were measured 24h

after the peptides addition.
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Transfection of SH-SYS5Y cells. SH-SY5Y cells in growth and differentiating conditions were
transfected using Lipofectamine 2000 (Invitrogen) following manufacturer protocol. In
particular, 3.5 x 10* cells were transfected with 0.5 ug DNA and 0.75 pl Lipofectamine. The
wild type coding sequence of human, neuronal L1CAM (from cDNA received as a kind gift
from Prof. Jacopo Meldolesi), fused to a C-terminal EGFP tag by cloning in a slightly
modified version of plasmid pEGFP-N1 (Clontech) was used for transfections. The same

plasmid expressing EGFP alone was used as control for transfection effect.

Cell proliferation test. Resazurin reduction assay was performed to quantify metabolically
active living cells and thus to monitor the effects of peptides and scaffolds on cell
proliferation. The assay is based on the reduction of the indicator dye, resazurin (not
fluorescent) to the highly fluorescent resorufin (Ex. 569 nm, Em. 590 nm) by viable cells.
Non-viable cells rapidly lose their capacity to reduce resazurin and, thus, to emit fluorescent
signals anymore. Briefly, the culture medium was replaced by 500 pL of resazurin solution
(Resazurin Sigma 15 pg/mL in growth medium without phenol red) and cells were incubated
for 4 hin the dark at 37°C, 5% CO2. Then, 200 uL of resazurin solution was removed twice
from each well and transfer to a 96 well plate (technical duplicates). Fluorescence, directly
correlated with cell quantity, was detected using a plate reader (Ascent Fluoroscan,
excitation 540 nm, emission 590 nm). Background values from blank samples were
subtracted and average values for the duplicates calculated. Cell proliferation was

calculated from a calibration curve by linear regression using Microsoft Excel.

Statistical analysis

Statistical analysis was performed using paired Student's t-test, and results were

considered significant when p< 0.05.

Results and discussion

Identification of a Neurite Outgrowth and Guidance (NOG) motif

The entire sequences of L1 CAM Ig2 and of the 1g2 repeats from the other three L1 CAM
family proteins CHL1, NrCAM and Neurofascin were used as blastp queries to retrieve a
dataset of homologous sequences from animals. In addition to L1 CAM family proteins,
further homologous sequences from other CAM proteins were retrieved. Then, a multiple

alignment including such sequences was transformed into a regular expression (pattern)
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written in PROSITE syntax (http:www.prosite.org). The first pattern - originally centered
around the 14 aa peptide region - was then extended N-terminally to include two conserved
positions for improving the scanning specificity (i.e., pattern precision) and C-terminally to
include 5 aa for completing the 19 aa B-hairpin region of the Ig domain. The first cycles of
proteome scannings via ScanProsite (see methods) of the UniProtKB animal proteomes
with preliminary patterns, intriguingly retrieved - in addition to CAMs from L1 family - a large
number of neuronal CAMs involved as well in neuritogenesis and axon guidance, such as
e.g. Contactins and Roundabout receptors. Only a few false positives from invertebrates
were found. After iteration of a few further tuning and scanning cycles to improve pattern
precision (i.e. to cut off false positives) and recall, a regular expression (written as a pattern
in PROSITE synthax) could be defined: [FILVY]-x-W-x(6,8)-[FHIKLPRST]-{CHMNWY}(2)-
{CFHVWY}-[DEGINRSTV]-[DEGAKLS]-R-{CDENPQW}-[EFINSTVY]-[AIKLMQTV]-
[ADFGKLMRS]-{CEFIMWY}-[DEGNKST]-[GKNST]-[DFGILNTYA]-[LIMN]-[YEFMTILQ]-
[FVIGSY]-[HAINST]. This pattern retrieved from the Vertebrata section of UniProtKB
release 2018 05 (SwissProt+TrEMBL, excluding sequence fragments and splice variants)
> 2000 proteins involved in Neurite Qutgrowth and Guidance, hence suggesting to name
the newly identified conserved pattern as 'NOG motif'. The NOG motif is shared at the 1g2
domain of a high number of neuronal CAMs, including orthologues for the four members of
the L1 family (L1 CAM, Close Homolog of L1 or CHL1, Ng-related CAM or NrCAM/Bravo,
and Neurofascin or NFASC), all six Contactins (CNTN1 to CNTN6), Roundabout receptors
(ROBO1, 2 and 3) and Deleted in Colon Cancer (DCC)/Netrin receptor (see figure FF-TDR

1, in which the ED architecture of human NOG-positive proteins is shown).

Structural and sequence comparison among Ig domains from NOG positive CAM proteins

Given the special role played in homo- and heterophilic binding by neuronal CAMs 1g2 (Liu
et al., 2011), we further analyzed NOG-positive CAM 1g2 domains in terms of structural
conservation. Figure FF-TDR 1 shows that solved structures are available in Protein Data
Bank for at least one representative member from each family of NOG proteins: all depicted
proteins but one is from Homo sapiens. For DCC/Netrin receptor, the rat protein structure
was included as the closest available homologue rather than including a structural model of
the human protein, as this would impair the RMSD comparison. The presence of four to six
Ig repeats in each CAM ED allows for comparing intra-molecular conservation (i.e., among

Ig repeats from the same ED) and inter-molecular conservation (Ig domains from different
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proteins). Therefore, pdb structures of each NOG positive CAM Ig were superposed to
compare Root Mean Square Deviation (RMSD, considering C-alpha atoms), which is
increased by structural distance (closest structures show the lowest RMSDs). Furthermore,
corresponding sequences were compared in terms of % identity by global alignment method
(common standard, instead of local alignment, when performing structural studies) using

the Lalign software (see methods).

Table IR-FF 1 shows that in general, each Ig from any CAM is closer to the same Ig type
from other proteins, than to other Igs from the same protein. For instance, when Neurofascin
Ig2 is superposed to any Ig2 domain from another CAM, RMSD value fall in the 1.5 A to 3.9
A range (average: 2.93 A). Instead, when such 1g2 is superposed to the other Neurofascin
Igs (Ig1 or 1g3 or Ig4), higher values (even > 8 A) are found. This kind of structural
conservation is observed with all four Ig types, as shown by average values in table IR-FF
1. Indeed, Ig4 shows the highest structural conservation (average RMSD for Ig4-lg4
superposition: 1.90 A), followed by 1g3 (Ig3-Ig3 value: 2.58 A) and Ig2 (Ig2-Ig2 value: 2.93
A). The Ig1 structure is seemingly less conserved (Ig1-Ig1 value: 4.15 A). Anyway, all these
values are better than those observed when considering the average RMSD for intra-protein
comparison. Structural conservation of each lg is higher than corresponding sequence
conservation, i.e. when sequences associated to the pdb structures are compared via
pairwise global alignment, the difference in % identity values is not so evident. In practice,
even though the overall Ig fold is conserved, each Ig (1 to 4) from NOG proteins shows a
peculiar structural conservation likely to mediate specific intra- and inter-molecular
interactions. Of course, peculiar individual Ig structures are needed to mediate specific
binding of Ig1 to Ig4 and Ig2 to Ig3 for horseshoe formation; however, evidence that the
average conservation of each Ilg is different from that of the partner Ig suggests that a role
is played also by Ig-specific intermolecular interactions, of which one is mediated by the
NOG motif.

Svynthesis and biochemical characterization of a set of novel NOG and related peptides

In order to confirm bioinformatic suggestions by functional evidence, we reproduced as
synthetic peptides a number of binding motifs from Ig2 domains of NOG proteins shown in
figure FF-TDR. Synthesis, purification and characterization of L1-A and related peptides
were previously reported (Scapin et al., 2015). Solid-phase Fmoc-chemistry synthesis and

purification of nine, newly designed peptides were carried out as reported in the specific
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Methods sub-section. Conformation of the synthetic peptides in solution is essentially
disordered, as documented by far-UV CD spectra (in supplementary Figure EL1). In
particular, positive band at 210 nm (typical of a n -> 11 transition) and negative one at 198
nm (due to T-> T* transition) are typical for an unfolded polypeptide chain, in accordance
with natural topology (all peptides being part of flexible loops in Ig domains they are

derived from).

We tested peptides resistance to degradation by eventual proteolytic cleavage in the media
used in our experimental conditions. In preliminary experiments, L1-A was added at 20 uM
concentration to the differentiation medium including 2% FBS; then, high MW molecules
were eliminated by ultrafiltration (see methods) and RP-HPLC runs confirmed the peptide
peak can be reliably identified (not shown). One peptide representative of each family
(wherein sequence variation is low) was then used in degradation tests with cells: L1-A (L1
family), CNTN5-A (contactin family), ROBO2-A (Roundabout receptors) and DCC. In
addition, L1-A_scr was tested as the negative control missing NOG potential (Scapin et al.,
2015). In our experiments, differentiation medium is refreshed (and peptides are added at
1 uM optimal concentration) every two days. Therefore, ultrafiltrated media were analyzed
at the 0, 8, 24 and 48 hours time points. At the refresh time, 0.5-0.7 uM of residual peptide
was found (Figure AP 1), which is almost as effective as the optimal one (Scapin et al.,
2015).

Biomimetic potential of synthetic NOG peptides

The capacity to boost neuronal differentiation was reported for synthetic peptide L1-A and
related scrambled control peptide (Scapin et al, 2015 & 2016) and thus we included these
two peptides in experiments with the newly synthesized ones, as positive (and negative)
control peptides and for comparison. Moreover, experiments were performed according to
our previous investigations, i.e. by evaluating the effect on human neuroblastoma derived
SH-SYSY cells, in terms of: (i) total neurite length / number of cells; (ii) neurites / cells and
(iii) neurites longer than 100 m. Incremental values with respect to the untreated control

(RA-, peptide- = 100%) are reported in Figure GS 1-n. It can be noticed that all nine new
NOG peptides confirm their predicted capacity to boost neuronal differentiation, as their
incremental effects are comparable to those mediated by the already confirmed, biomimetic
L1-A peptide. Figure GS 2 shows representative microscopy fields of SH-SY5Y cells treated

with the twelve peptides and stained with Calcein-AM, in proliferative (RA-, upper panel)
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and differentiative (RA+, lower panel) conditions. As reported for L1-A (Scapin et al., 2015),
also the new NOG peptides do not affect cell proliferation (supplementary Figure GS S1-n).
It can be noticed that, in the absence of RA, peptides derived from the ROBO family proteins

show the highest values.

Positions 7 and 2 of peptides seem to play a crucial role in binding and NOG potential

The original characterization of synthetic peptide L1-A as the homophilic binding site in the
Ig2 domain of L1CAM could explain its capacity to boost neuritogenesis (Zhao et al., 1998).
Once novel NOG peptides have confirmed their biomimetic potential, we tried to address
some questions, i.e. (i) how do NOG peptides interact with the proteins they are derived
from, which are the roles played by (ii) the 100% conserved, central Arg residue in the NOG
pattern and (iii) other parts of the sequence. In order to get functional predictions for next
wet lab experiments, we performed docking simulations, using a solved structure as protein
target (to obtain reliable predictions) and a number of biomimetic, mutant and scrambled
peptide binders. Docking simulations and post-simulation refinement were performed using
PepDock (Lee et al., 2015) and GalaxyRefineComplex (Heo et al., 2016) at the GalaxyWeb
server (see methods). For L1 family proteins, the 1g1-1g4 horseshoe of human Neurofascin
(PDB accession 3P3Y) was used as the target structure, because the structures for L1-
CAM, NrCAM and CHL1 are not available yet. However, homology modelling and
superposition analyses (not shown) confirmed a strong structural conservation within this
family, according to observed heterophilic interactions of its members (Conacci-Sorrell et
al., 2005; Schmid & Maness, 2008; McEwen et al., 2009). Four biomimetic peptides derived
from L1 family CAMs (L1-A, NFASC-A, NrCAM-A and CHL1-A) were used as horseshoe
binders, together with L1-A related peptides L1-A_scr, L1-A_R184A and L1-A_R184Q (see
Table P for sequences and details). As expected, all four biomimetic peptides were
predicted to bind Ig2 in the docking simulations (Figure IR 1). Docking results were
evaluated in deeper details for peptide-target interactions via UCSF Chimera and the
analysis of peptide-horseshoe interactions suggested a special role for the conserved,
central Arg residue (position 7 of the NOG motif) and the hydrophobic residue at position 2.
In particular, all four Arg residues from the L1 family peptides are predicted to bind His and
Phe residues in Ig2 and hydrophobic residues at position 2 also bind to Ig2 (Figure IR 1).
Instead, when performing docking simulations with L1-A_R184A mutant peptide (missing

functional binding capacity: Zhao et al., 1998), binding contacts to Ig2 are lost and this
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peptide shifts towards Ig1; a similar shift is observed with peptide L1-A_scr (Figure IR 1).
Peptide L1-A_R184Q (reproducing a mutation observed in the CRASH syndrome) keeps
docking to 1g2; however, its GIn residues mediates an altered binding pattern (Figure IR 1).
Therefore, based on docking simulations, both Arg to Ala/GIn mutant peptides are predicted
to have reduced or null neuritogenic potential in functional assays. It is noteworthy that even
though L1-A_scr peptide lacks any neuritogenic potential (Scapin et al., 2015 and 2016), its
sequence (designed prior to this work) has kept the central Arg along a randomised
sequence. This demonstrates that the conserved central Arg is not sufficient alone for the

neuritogenic potential, and other NOG pattern positions are also important.

In order to experimentally validate the inferred relevance of the conserved Arg residue, we
compared the neuritogenic capacity of the newly synthesized Arg to Ala/Gln mutant
peptides to that of L1-A and L1-A_scr, representing positive and negative control,
respectively (Scapin et al., 2015). Both L1-A_ R184A and L1-A R184Q loose the
neuritogenic potential of wild-type L1-A, showing values comparable to those of L1-A_scr
and control without peptides, even if the effect of the Arg to GIn mutation is less severe than
Arg to Ala (Figures GS 3 and GS 4).

Comparison of L1CAM ectodomain and L1-A peptide neuritogenic potential

L1-A was originally suggested to mediate neuritogenesis by mimicking the homophilic
binding of the L1CAM extracellular domain (L1CAM_ED) (Zhao et al., 1998). In order to
confirm such relationship in our system, we compared the effect of purified LICAM_ED (see
methods) to that of L1-A in experiments with SH-SY5Y cells (RA-induced to maximize the
neuritogenic effect). Considering that often whole proteins or their domains are more
efficient (at very low concentrations) than mimetic motifs or drugs, the dose-response curve
with L1CAM_ED started by femtomolar concentrations. Indeed, meaningful neuritogenic
effect by L1CAM_ED was observed since the picomolar range, reaching a plateau at 1nM
concentration (Figure YSHG 1-n). Intriguingly, such a plateau with L1CAM_ED corresponds
to the peak effect mediated by L1-A at 1IM (Scapin et al., 2015). Concentrations of
L1CAM_ED > 1nM and of L1-A > 10JM have no incremental effect, suggesting the cell
system is somehow 'saturated' and the two molecules might act via the same path. If so,
their combination is expected not to overpass such top (saturation) values; this hypothesis
was confirmed by treating cells with 1nM L1CAM_ED and/or 100M L1-A and, as expected,

the ectodomain plus peptide combination was found to have the same neuritogenic potential
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as either the ectodomain or peptide alone (Figure YSHG 2-n). It is noteworthy that values
from L1CAM (or L1-A) treated cells, grown in the absence of RA, are comparable to those
from untreated cells induced by RA. Therefore, both L1CAM and biomimetic peptides are

as powerful in boosting neuronal differentiation as the well established inducer RA.

Surface Plasmon Resonance and in vitro analyses of agonist/antagonist binding

Homophilic binding between L1CAM_ED molecules was demonstrated by Surface Plasmon
Resonance (SPR) analysis (Gouveia et al., 2008). Therefore, we performed SPR
experiments with a Biacore sensor chip coated with the recombinant L1CAM_ED used in
our experiments with cells (see methods). Our results confirmed such homophilic binding,
with a dissociation constant (102+11nM) very similar to that found by Gouveia & coworkers
(Figure LA 1). Then, the L1-A peptide was used in displacement experiments to assess its
ability to interfere with the L1CAM_ED homophilic binding. In particular, L1CAM_ED was
incubated with increasing concentrations (1nM to 107’M range) of L1-A and then injected
over the L1ICAM_ED coated sensor chip. The sensograms relative to SPR experiments
show that L1-A effectively inhibits the homophilic binding, with IC5,=6.7+3.6nM (Figure LA
2). Then, we iterated such displacement experiments with L1-A_scr, L1-A_R184A (Zhao
mutation) and L1-A_R184Q (CRASH mutation) and found all these peptides to be able to
inhibit homophilic binding as well (Figure LA 3). In particular, binding was inhibited by 80%
by addition of 10JM concentration of any of the four peptides (w.t., scrambled and the two

mutants) and down to roughly 15% residual binding by 1071M peptide (Figure LA 3).

According to docking simulations, in which L1-A and its scrambled and mutant versions are
predicted to bind - even if differently - to the NOG site, experiments confirmed that all four
peptides do interfere with homophilic binding; at the same time, finding that only the w.t.,
L1-A peptide has biomimetic capacity is in agreement with its predicted, specific orientation
at the NOG site. Therefore, when considering that binding positions of the scrambled and
mutant versions partially overlap with position of L1-A (Figure IR 1), these peptides are
expected to compete with L1-A and thus to counteract in dose-dependent manner its
capacity to boost neuronal differentiation. In order to validate this hypothesis, RA-induced
SH-SY5Y cells were treated with 10JM L1-A (invariant, optimal concentration) in the
presence of increasing concentrations (up to tenfold) of the scrambled peptide. Figure
YSHG 3 shows that a 10:1 scr:wt peptide ratio is able to revert the biomimetic effect of L1-

A, confirming the hypothesized agonist/antagonist mechanism of action at the same binding
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site. In further control experiments without L1-A, the scrambled peptide alone showed no
neuritogenic effect even at the highest concentrations (not shown), confirming previous
findings (Scapin et al., 2015).

Effect of L1CAM ED and biomimetic peptides on SH-SY5Y cells expressing L1CAM-EGFP

We fused the wild type coding sequence of human neuronal L1CAM (kind gift from Prof.
Jacopo Meldolesi) to a synthetic C-terminal EGFP tag for transfecting SH-SY5Y cells. As a
control for effects mediated by transfection, we also used the same plasmid expressing the
EGFP tag alone. In transfected cells, L1ICAM-EGFP was found to be expressed at both 24
(higher levels) and 48 (lower levels) hours from transfection. In agreement with literature on
the neuritogenic effect of L1CAM, expression of L1CAM-EGFP was found to boost neurite
elongation in SH-SY5Y cells growing in proliferative conditions (Figure MG 1A and zoom in
panel C) as confirmed by comparison to cells transfected with EGFP alone (Figure MG 1B).
Since neurite elongation was not further improved by RA induction in L1CAM transfected
cells (not shown), next experiments combining transfections and peptide treatments were

performed in proliferative conditions.

Peptides in combination do not have aggregate effect over system saturation

When used at optimal concentration, the neuritogenic effect of combined 1M L1-A + 100M
Lingo1-A peptides was found to be equal or even lower than that mediated by each peptide
alone (Scapin et al., 2015). According to this finding, similar evidence of some 'saturation’
of the cellular system is observed in this work with e.g. combined 1nM L1CAM + 1 [IM L1-
A and it is confirmed by aggregate effect of aforementioned protein and peptide when used
at sub-optimal concentrations. In order to further check this phenomenon, a number of two-
/three-peptides combinations of the newly characterized biomimetic peptides was tested. In
all instances, no cumulative neuritogenic effect was observed when using combined
peptides at the optimal (peak effect) concentrations while, once again, aggregate effect was
only obtained with combinations of peptides used at sub-optimal concentration (data not

shown).

Concluding Remarks

To be written once data from planned work to get the manuscript complete are available.
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Figures and tables with captions

NOG motif: @ Ig domain:<:> Fnlll repeat: <l LRR:

NFASC L1CAM CHL1 NRCAM CNTN1 CNTN2 CNTN3-6 ROBO1 ROBO2-3 DCC

L1 family CAMs Contactins Roundabout Netrin
homologs receptor

Figure FF-TDR. Extracellular domain (ED) architecture of neuronal CAM proteins positive for
the NOG motif. The EDs of human NOG proteins protruding from the plasma membrane (grey
horizontal bar) shows a variable number of Immunoglobulin-like (lg, hexagon, with the grey
background when corresponding X-ray structure is available) and Fibronectin IlI-like (Fnlll, black
pentagon) domains. NOG motifs are depicted by full black circles. Hereafter the UniprotKB accession
numbers for all depicted proteins are reported, followed (when available) between parentheses by
the Protein Data Bank (PDB) accessions: NFASC, 094856 (3P3Y, 3P40); L1CAM, P32004; CHLA1,
000533; NrCAM, Q92823; CNTN1, Q12860 (3S97); CNTN2, Q02246 (20M5); CNTN3, Q9P232;
CNTN4, Q8IWV2; CNTN5, 094779; CNTN6, Q9UQ52; ROBO1, Q9Y6N7 (2VI9R); ROBO2,
Q9HCK4; ROBO3, Q96MS0; DCC/Netrin R, P43146 (3LAF*). *rat protein, as the structure of human
DCC is not available.
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Structure comparison L1 family Contactin family Roundabout Netrin receptor
homologs
Sequence (rmsd) Neurofascin CNTN1 CNTN2 ROBO1 DCC
comparison (identity) Ig1 Ig2 g3 g4 g2 Ig3 Ig1 Ig2 g3 g4 g1 Ig2 Ig1 g2 g3 Ig4
Ig1 8.19 | 6.69 | 4.81 | 10.13 | 4.15 | 7.04 | 851 [ 3.35 | 817 | 4.64 | 6.98 | 3.76 | 4.02 | 2.69 | 4.35
L1 family Neurofascin Ig2 25.9 533 | 403 | 217 | 4.67 | 6.32 | 265 | 504 | 3.38 | 443 | 315 | 7.92 | 3.92 | 465 | 5.14
Ig3 29.0 | 23.7 433 | 525| 364 | 7.73 | 512 | 2.05 | 3.09 | 3.92 | 436 | 5.00 | 417 | 3.45 | 443
Ig4 30.5 | 19.8 | 414 4.76 | 2.74 | 438 | 6.23 | 1.73 | 1.97 | 446 | 3.28 | 3.24 | 584 | 3.57 | 2.31
CNTN1 Ig2 194 | 33.0 | 266 | 16.3 451 [ 752 | 1.54 | 5.33 | 3.55 | 465 | 3.08 | 4.83 | 3.77 | 7.18 | 425
1g3 25.8 | 24.2 | 33.7 | 236 | 18.7 3.79 | 470 | 1.77 [ 291 | 2.84 | 407 | 2.92 | 406 | 2.52 | 2.13
Contactin Ig1 23.7 | 19.3 | 25.8 | 28.1 | 28.1 | 211 482 | 583 | 467 | 3.02 | 232 | 3.98 | 6.83 | 2.30 | 2.59
family CNTN2 Ig2 17.3 1 28.0 [ 21.7 | 183 | 60.0 | 19.8 | 25.8 544 | 530 | 492 | 333 | 4.66 | 3.76 | 552 | 4.15
1g3 216 | 20.9 [ 315|213 | 17.2 | 488 | 24.2 | 204 317 | 499 | 207 | 5.78 | 6.44 | 2.03 | 1.62
Ig4 27.8 | 26.7 | 30.3 | 364 | 17.6 | 326 | 29.2 | 23.1 | 26.7 453 | 421 | 3.93 | 480 | 4.92 | 1.42
Roudabout ROBO1 Ig1 30.0 (242 | 29.0 | 268 | 144 | 296 | 309 | 19.2 | 26.5 | 289 3.02 | 247 | 2.81 | 241 | 1.98
homologs Ig2 235|233 | 264 | 233 | 144 | 296 | 289 | 22.8 | 24.7 | 284 | 39.8 415 | 1.87 | 3.88 | 2.17
Ig1 194 | 211 | 306 | 17.9 | 22.7 | 26.8 | 29.2 | 219 | 240 | 232 | 306 | 24.7 352 | 2.36 | 2.19
Netrin pce Ig2 28.6 | 25.8 | 31.2 | 231 | 204 | 319 | 29.7 | 26.9 | 26.4 | 30.8 | 296 | 26.1 | 34.6 2.00 | 2.40
receptor 1g3 19.2 1 204 | 26.7 | 209 | 255 | 222 | 16.3 | 25.0 | 21.1 | 333 | 29.0 | 315 | 29.5 | 28.8 1.22
Ig4 24.7 | 20.0 | 31.1 | 30.7 | 31.1 | 29.9 | 30.0 | 23.1 | 29.9 | 34.9 | 30.9 | 30.7 | 28.2 | 32.9 | 40.0
Ig1 1g2 [1g3 [ g4
1g1 4.15 (27.3%)
Ig2 2.93 (28.1%) |
1g3 | 2.58 (30.7%)
Ig4 1.90 (34.0%)
e e o | 461(20.7%) | 4.41(26.7%) | 400 (282%) | 357 (30.2%)

Table IR-FF. Structural and sequence comparison among the Ilg domains of NOG positive
CAM and ECM proteins. In the upper right part of the larger table, RMSD values in A are shown,
while % identity values of corresponding sequences are reported in the lower left part. The smaller
table below resumes the average RMSD and identity values for homogeneous Ig type comparison

or for comparison with the other Igs from the same protein.

128



—e— L1A
--»--DCC
....... ®-- CNTN5
100 @e @
N - &~ Robo2
—o—L1A Scr
80
<
° 60 -
°
a
(0]
[a
= 40
>
S
(7]
[0]
@
20
O T T T T T T T

Figure AP 1. Residual concentrations of NOG peptides in media from differentiating SH-SY5Y
cells. Medium was collected and ultrafiltrated at the indicated time points covering the 2-days time
slot for medium (and peptide) refresh. Data represent the mean + SEM of at least three independent

experiments.
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Figure GS 1-n. Effect of NOG and control peptides on neuritogenesis of SH-SY5Y cells.
Treatments were performed both in the absence (RA-) and presence (RA+) of the RA inducer;
CTRL, untreated control. Measured features are reported at the top of each graph; incremental
values are presented as % of RA- CTRL. Data represent the mean + SEM of at least three
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Figure IR 1. Biomimetic, scrambled and mutant peptides docking to Neurofascin horseshoe.
Simulation for NFASC-A docking to the Neurofascin horseshoe is shown in the grey box, both in full
to tag Ig1 to Ig4 by colour coding and as a close up view of peptide-target bonds; close up views for
other peptides are depicted around. Peptides are red, with three-letter coding for their second
position (orange) and central position (blue, conserved Arg or mutant residue). Neurofascin 1g2 and

Ig1 residues involved in peptide binding are indicated insted by one-letter coding with number.
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Figure GS 4. Representative microscopy fields of SH-SY5Y cells from experiments in Figure

GS 3. Cells are stained with Calcein-AM. Image magnification is 32X. Scale bar is 25 pm.
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Figure LA 1. Surface Plasmon Resonance analysis of the L1ICAM homophilic binding. Left
sensogram: increasing concentrations (0 to 0.5mM) of L1CAM are sequentially injected at 25°C over
the sensor chip, with flow rate of 10 ml/min, using HBEP (10mM HEPES pH 7.4, 150mM NaCl, 3mM
EDTA, 0.005% P20) as running buffer. Each SPR trace is subtracted for unspecific binding (<2% of
Rmax) of L1ICAM. Response Units (RU) at the steady state are plotted (right graph) as a function of
[L1CAM] and fitted to the Langmuir equation to yield the dissociation constant, Kd, for the homophilic

interaction.
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Figure LA 2. SPR analysis of the effect of L1-A peptide on L1CAM homophilic binding. Left
sensogram: 300nM L1CAM is first incubated at 25°C with increasing concentrations (1nM to 100JM)
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in the right graph, wherein ICso corresponds to the midpoint of the semilog plot.
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Figure MG 1. Treatment with peptides of SH-SY5Y cells transfected with L1CAM-EGFP.
Representative microscopy fields from SH-SY5Y cells transfected with either L1CAM-EGFP (panel
A) or EGFP alone (panel B). Red box from panel A is magnificated (C) to better show cell processes

and their length.

140



Total neurite length / no. of cells

200 -

180

160 -

140 -

120

% of untreated control

100 -

80

—R—

—=— no peptide
< 1uML1-A

*k

Neurites / cells

200
180—-
160—-
140+

120+

% of untreated control

100+

—=— NO peptide
—— 1uM L1-A

80
L1-A

1uM TuM TuM TuM

L1-A_scr

- 0.1uM 1uM 10uM

Figure YSHG 3. Competition by increasing [L1-A_scr] of the neuritogenic effect mediated by
L1-A peptide. RA-differentiated SH-SY5Y cells were treated in the absence (ctrl) or presence of
100M L1-A and tenfold-step, increasing concentrations of L1-A_scr. Data represent the mean + SEM

of three independent experiments performed in duplicate. Significance at p<0.05 (*) and p<0.005 (**)
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4. CONCLUDING REMARKS

In my PhD project | developed biomimetic nanosystems to be used in neuronal regenerative
medicine.

| tested new nanocomposite scaffolds by varying types and concentrations of nancofillers
dispersed in PLLA matrix. As nandfillers, we used from 0.25 to 5% of three CNS: MWCNTSs,
RGO and CNHs. Even if we observed these nanocomposites have different calorimetric
response, electrical and mechanical properties, all of them proved to be biocompatible and
to support as scaffolds the proliferation of human neuronal precursor cell line SH-SY5Y.
Instead, only 5% RGO-PLLA and 5% MWCNT-PLLA showed to boost neurite outgrowth
and elongation. In addition, 3D printing with graphene-PLLA filaments has be used to obtain
patterned printing scaffolds, which proved to enhance neuronal differentiation of hCMCs
and to drive oriented growth and axon elongation. Actually, we started novel experiments
after changing the 3D printing nozzle with narrower diameter ones (0.4-0.3 mm diameter).
This is expected to provide us with possibility to print with better micrometric precision and
to produce patterns with dimensions closer to cells and their processes.

In the meantime, we focused on the characterization of novel biomimetic peptides sharing
a conserved motif to better reproduce neuronal biochemical cues and they proved to
promote neuritogenesis and neuronal differentiation of SH-SY5Y cells. In silico simulations
and in vitro evidence by comparing natural NOG sequences vs mutant and scrambled
peptides, suggest an agonist-antagonist mechanism for their action.

Once the best conditions in terms of physical and biochemical stimuli are defined, we could
combine them, linking peptides to the scaffolds. Given that peptides are very short, spacer
region might be needed and, if so extended peptides should be validated for the biomimetic
potential.

In conclusion, our new nanocomposite scaffold and biomimetic peptides are potential tools
for neuronal regenerative medicine and this work opens the route to further investigation on
the role played by scaffold properties and by biomimetic peptides on neuronal differentiation

and regeneration.
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