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Abstract:

Composites of carbon nanostructures (CNSs) and biocompatible polymers are
promising materials for a series of advanced technological applications, ranging from
biomedicine and bioelectronics to smart packaging and soft robotics. In this thesis, we
present three types of organitinctionalized CNSs,namely 4methoxyphenyl
functionalized multiwalled carbon nanotubes, carbon nanohorns and reduced
graphene oxide, used as nanofillers for the preparation of homogeneous and well
dispersed composites of polyfctic acid), a biocompatible and biodegradable
FDAapproved polymer. A thonagh characterization of the composites is given in terms

of calorimetric response, electrical and mechanical properties. Significant differences

are observed among the different types of CNS nanofillers, underlying the key role
played by the nanoscale shapand distribution of the components in driving the
macroscopic behavior of the composite material. Surface properties are probed
through advanced atomic force microscopy techniques, on both flat substrates (films)

and confined systems (nanofibershll these composites are found to be fully
biocompatible when tested as scaffolds for supporting the prolifergtiamd
differentiations of human neuroal precursor cell line SHY5Y and of human
QrculatingMultipotent stemCells (hCMCsPrototypes oNerveGuide Conduits (NGCs)

for in vivo tests were also designedand obtained using the material based on
functionalizedViulti Walled CarbonNanotubes (MWCNTsand tested on micgfinding

promising results. We also propose the functionalization of MWCNTswitidzy O G A 2 y I §
organic groups (“enzoic acids and styrene)and performed an additional
derivatization on them respectively through an amidation reactbbry R I & ANJ T (i
TNRBYE LREBYSNATIGA2Yyd ¢KS a2 200Gl AYSR / b{.
complex composite materialsFinally we analyzd the reactionpathwayof the Tour
functionalization of CNSand we hypothesized that the resdaction schemeould be
a balance between two different pathways.
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Riassunto

Le nanostrutture di carbonio [&S)e i polimeri biocompatibili sono materiali molto
promettenti in un grande numero di applicazioni tecnologicamente avanzate, che
vanno dalla biomedicina e bioelettronicallo smart packaging alla roboticasoft. In

questa tesi presentiamo la funziomadazione organica tramite addizione della p
metossianilina di 3 diverse CNS: i nanotubi di carbonio a parete multipla, i nanoconi di
carbonio e il grafene ossido risotto. Questi materiali sono impiegati come additivi per

la preparazione di materiali compii nanostrutturati a base di acido polilattico (PLLA).

In questa tesi € riportatauna completa caratterizzazione in termini di proprieta
termiche, elettriche e meccaniche. Sono evidenti differenze significative tra le tre
nanostrutture e sul loro effettesulle proprieta dei compositicio sottolinea il ruolo

OKAlI @S 3IA20FG2 REfEF Y2NF2f23AF S F2NYI
nanostrutturapolimero e quindi nella determinazione delle caratteristiche finali del
composito. La superfice dei matdiig stata caratterizzata tramite AFM e CAFM sia

nella forma di film piatti sia nella forma di nanofibre ottenute tramatietrospinning

Sono state quindi testate le proprieta di biocompatibilita e induzione/controllo della
differenziazione sia su cellulenane neuronali (S13Y5Y,sia su cellule staminali umane
(hCMCs). | materiali a base di nanotubi di carbonio a parete multipla (MWCNT) ottenuti
sono stati utilizzati per la preparazione di prototipingirve guide conduittNGC) per
operazionin-vivosutopi, ottenendo risultati molto promettenti. Presentiamo anche la
Fdzy T A2y FEATTITA2YS RSA a2/ b¢ O22bénzeicod NUzLILIA
lo stirene) sui quali é stata effettuatauna derivatizzazione aggiuntiva sfruttando
rispettivamente unareazione di ammidazione e una reazione di polimerizzazione
cgrafting fromg @ LYFTAYS FOOALIl Y2 FyFEATT G2 f 2
funzionalizzazione di Tour delle CNS a abbiamo ipotizzato che la reale via sintetica sia
costituita da due differenti vie iequilibrio tra di loro.

VIii



CHAPTER INTRODUCTION

1 Introduction

1.1 Carbon nanostructures

Among graphiteand diamond, that are the most common allotropes found itune,
carbon hagnany other allotropes Among them, there are the saalled carbon
nanostructures (CNSanaterials thatare obtaining a particular interest in these last
years in many researcWworldwide. Typical example of CNSs are fullerenes, carbon
nanotubes and graphenebut it should be noted that a wider variety of structures is
available, like carbon nanohorns, nad@amonds andnano onions

MWCNT

Grafene

=

Nano Horns

Figurel-1: Structure of the most common CNSs

1.1.1 Structure of CNSs

All the different CNSs are characterized by their unique shape and morphology but
share the same basic structubased on a sfattice.

Fullerene

Fullerenes are the CNSs with the closest behavior to a molecule. The most common and
studied fullereneconsist 0f60 sp@-hybridizedcarbon atoms organized in hexagons and
pentagons to give a spherical shape to the molecwleich is sometimes referred to as
buckyball.
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CHAPTRE * INTRODUCTION

Figurel-2: Molecular structure of fullerene.

Higher order fullerenes are possible, with combinations of 70 or more atoms.

Fullerenes are the most reactive GNiSecause the spherical shape gives the highest
strain to the™ orbitals, that are respasible for the chemical behavior of the molecule
(see below for more detailsiziven the optoelectronic properties Gfo, it can be used

as an optical limiter because of the multi photon absorptiand non lineaibehavior
with high intensity lasers. Fullerenes have been studied also as photosensiéiadrs
used as electron acceptors for solar cedisd light harvesting systems.

Graphene

Grapheneis an ideal infinitesinglesheet of graphite, with all the carbon atoms in the
sp*-hybridized statecreatinga planar hexagon lattice confined in two dimensicFisis
unique structure has the interesting property that at ti@oint of the reciprocal lattice

the conduction and the valence band intersect each other, thus making grapten
zero band gap semiconductor. In principle, this would allow ballistic conduction inside
the sheet, so this single layer of carbon atoms candidates itself for electronic
applicatians.

Figurel-3: Structue of graphene.

By means of a bottom up approach, the production of graphene sheets through
chemical vapor deposition (CVD) is the best technique to obtain a material close to the
model, although with some limitations. Of coursasitimpossible to obtaian infinite
sheet of carbon atoms, so the biggest defect of real graphetige external border of
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CHAPTER INTRODUCTION

the structure; in order to keep the model reliable, the study of real graphene must be
confined to a sufficiently small area of the shesd that the bordes are enough far
away, hence negligible. For thisason,true graphene is yet hardly implemented in
technological devices, as it is limited to very controlled conditi@amsl quite small
amounts, suitable for fundamental scientific studies only.

Given the promising properties, but also the compromising limitations of graphene,
new approaches to its productipand handling were studied. Most of them are based
on a top down approach, where graphite is used as starting material.

During thsthesis work studies were performed on reduced graphene oxide (rGO), so
its production is described in detail in this section. Alternative methods like mechanical
or chemical exfoliation should be mentioned, where viscous friction or small molecules
able to produce gas arexploited to separate the layers of graphite.

Figurel-4: Schematic representation of a single player of RGO.

The production of rGO starts with the oxidation of graphitengsstrongly oxidant
solutions, usually a combination of phosphoric acid, sulphuric acid and potassium
permanganate. This process oxidizes the layers of grapmntd induces an increased
spacing between the layers that enables the intercalation of wagdwben the planes.

A further step is required to turn graphite oxide into graphene oxide where, by means
of mechanical stirring or sonication, the expanded multilayer structure is separated into
single sheets or few layers graphene oxide. It must be noteat all the
aforementioned procedures can be quite destructive for the starting material, that is
not only exfoliated, but also fractioned into small flakktss thennecessary to restore

the sp? network to regain the electrical properties of grapheas,graphene oxide (GO)

is an insulator, due to the lack of the sharedrbital network. The most common
method found in literature is the chemical reduction of GO by means of hydrazine, but
many other strategies are possible, including thermal, plasmhigit intensity light
pulses reduction.tlis important to understand that the process is never completely
reversible there is always a residual component of defects and oxides that lowers the
quality of the structure. Furthermore, the final material isrtily a single layer of
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CHAPTRE * INTRODUCTION

graphene but rather a stack of few layers with residual defects. As the percentage of
oxygen and the number of layers decreases, the cost of the material gets higher.

Trading quality for quantity odvailablematerial,it is possibé to work with milligrams
or even grams of rGO, thus opening the road to study chemical reacindssurface
modification of graphene for technological applicatson

Carbon nanotubes

CLLLLLCOCLONLLL,
i
i

Figurel-5: Structureof SWCNTs and MWCNTS.

Carbon nanotubes (CNTs) can be thought as hollow cylinders of graphene sheets. There
are many ways to roll a sheet into a cylingamnd the properties of the CNT vary greatly

with the diameter and the microscopic structure of the ie. CNTs are usually
separated in two categories depending on the number of sidewalls: single walled
carbon nanotubes (SWCNTwhoseelectronic properties are related to the nanotubes
construction, and multi walled carbon nanotubes (MWCNTS), that areaducbive and

robust nanostructure with averaged properties compared to the variety of SWCNTSs. It
is convenient to describe SWCNTSs in terms of the chiral vector around which the
nanotube is rolled.

armchair

Figurel-6: Chiral vector constructiori
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CHAPTER INTRODUCTION

The chiral vector is defined as:

C=nai+ma

where a and aare the basis vectors of the unit cell sepa@toy an angle d80 due
to the hexagonal honeycomb lattice of graphene.

The pair of integergn,m) defines the nanotube structure. The -salled armchair
structure hasndexn =m, and is denotedn,n), while the zigzag structurehasndex
(n,0). Those tw kindsof CNT are the only achiral tubes, while all the other combination
defined by(n,m) indexes are chiral tubes with chiral angle gitgn

9 _1 [ n+m/2 ]
= c0S

Vn? + nm + m?

By these two indexes that define the chiral vector, it is possible to determine the
diameter, the unit cellthe number of carbon atomss well as the size and shape of
the Brillouin zone.

Figurel-7: Examples of SWCNTs with different chirality.

SWCNTSs can be either metallic, if they have an armchair structusgnsiconducting

if nbm is a multiple of 33 CNTs are produced at high temperatures using metals as
catalyst for the nucleation and growth of the tube. Many processes have been
developed exploiting different precursors: arc discharged laser ablatioruse an
elemental carbon target, while HiPco, CoMoCaid CVD growth have molecular
precursors like carbon monoxide, or hydrocarbon gases as methane or acetylene. The
most used processes nowadays are HjRoa CoMoCADecause they afford high
yields andquality nanotubes, while laser ablatipmnd arc discharge are almost
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CHAPTRE * INTRODUCTION

dismissed, due tahe heterogeneous productsand demanding process parameters,
with temperatures up td200C and4000Crespectively.

SWCNTs productigrand properties were described so far, as they are the highest
quality CNTs, but also the most difficult to handle. In order to fully make use of the
electrical properties of SWCNTSs it is necessary to punéyntixture of CNTs to remove

the metallic catalystFurthermore,an extraction procedure is required to separate the
metallic and semiconducting fractions. The purification process usually requires the
oxidation of metal particles, in order to remove theas metal oxides, and of
carbonaceous fragments. This procedure can be quite harsh, and introduces
oxygenated defects on the side walls, such as hydroxyl, carboxylic or carbonyl groups.

Given the high cost of purified SWCNTs, when applications do not eequsemn
conducting behavior, MWCNTSs are a good alternative.

MWCNTSs areonductive and have an extraordinary high Young modulus, up to the TPa
range. The overall conductivity of MWCNTSs is lower than SWCNTSs, as the answint of
carbon is lower, due to aigter density of defects. NeverthelessK S& QNB  a i A €
nanoparticles for composite materials, as they can still be considered an almost one
dimensional particle, given the radulenght ratio. FurthermoreMWCNTSs are cheaper

and can be handled me easily than SWCNiis a mediumlarge scale production.

One of the main problems related to the implementation of CNSs into new technologies
is the difficulty to handle these materiaksspecially in solution, where they go towards
aggregation due to WaDer Walls forcesnd high surfaceolume ratios. The chemical
modification of CNTs can be an efficient route towards the implementation in new
functional materials.

1.2 CNSfunctionalization

The chemical modification of CNSs can greatly affect the solstability of a CNS. The
grafting of small molecules with proper affinity with the solvent or medium where the
CNSs are dispersed can prevent the aggregadiod allow homogeneous dispersion of
the CNSsThe reactivityof CNSs is generally similarthat of electronpoor olefins. Sp
the principal reactions aradditions of nucleophiles or radicals, cycloaddition reactions,
hydrogenations and halogenationsThe chemical modification of the CNSs can be
performed through several reactions: figure showsgosynthetic routes to introduce
functional groups on the CNSs.
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Figurel-8:CNSs chemical modification synthetic routes

The oxidative methodréaction 1 in figure) is the most common way to introduce
carboxylic acids on the surface of CNTs by a$tap treatment. Many variations of this
method are found in literature, based on the extent of oxidation desired; the common
principle is that the first step provides the purification from metal residue by oxidat
with nitric acid at reflux for several hours. This step is followed by filtrasind washing

of the product in order to remove the smaller carbonaceous fragments and metal
oxides. The second step provides the reduction of the heterogeneous oxygectslef

to charboxylic aids through piranha solutialf! The resulting CNTs are highly damaged,
since very aggressive solutions are used to induce the oxidation. The control over the
final product is obtained by the timing of each step, even thomghonly aqualitative
control The oxidation of the CNSs is widely used because it affords a reproducible
chemical behavior of the CNSwven though some of theirrpperties are lost during

the process.

Except for graphend b{ a KI @S |y SEGSyaAirg@dsS Oz2yedaAl GS
non-planar conformation. This curvature of the structure determipgsamidalization

FYR YAaltA3ayyYSyd oS o®sefectsokiBe réactidtiNdg GNBs. f a >
The pyramidalizatioof carbon atoms is quantified by theyangle defined as

— — w1

Sq for a sp carbon atom—is 0°, but for a shis 19.47°
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".Pyramidalization Angle:
8 = (0, - 90)°

TRIGONAL TETRAHEDRAL
8,,=90 @, =109.47
)
Q &
8= 0 Hp = 1947

Figure1-9: Pyramidalization and misalignmenof CNS.

This is thephenomenon that gives to CNSs itheypical reactivity of electrofpoor
olefins, as this distortion of the system brings to aductionof the electron density
on the convex surface of the bended structure.

alaltA3ayyYSyid 2F LI 2NDAGEE & A& | dzbriyftdish TA SR
Ay@2t 3SR Ay GKS =~ 02yR FT2NXI(A2Yy®

These distortions induced by cature generate local tensions in thesjattice, so
reactions that convert spcarbon atom into less strained $ptoms are favored thanks
to tension release.

planar t system fullerene n system
(pyramidalized carbon)

Figurel-10: Orbital strain.

General approache to the functionalization of CNSs can be grouped into two
categories: (a) covalent attachment of chemical groups onto preonjugated
backbongand at defect sites located either onto the graphitic surface or at the edges
and (b) noncovalent adsorption or wrapping of various functional molecules onto the
external surfacé® The attachment of proper residues to the surface of CNSs can bring
solubility, and induce the disentanglement of aggregates, thus also favoring
homogeneous mixing with polymeric matridés. Moreover, a solubilizing
functionalization can allow the removal of impurities trapped inside bun&&3n the
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CHAPTER INTRODUCTION

other hand, chemical modification of CNSs can modify their native features, thus
bringing to the loss of certain properties, but also pdivg new ones, which may cause
their better integration into inorganic, organiand biological systems.

1.2.1 Covalentfunctionalization
Covalent functionalization is based on the intrinsic reactivity of CNScaon
networks and on the possible presence different kinds of defects on the external
surface of CNSs. The degree of aggregation of the starting material is a crucial point too,
since it determines the exposure of the surface to reagents. Pristifststure of
CNTsand fullerenes is generallyjore reactive than that of graphene, due to the
curvatureinduced straif® Among the most common reactions used for the
functionalization of CNS$rato reaction namelythe 1,3dipolar cycloaddition of
azomethine ylides (AmY,grovides a convenient mean to get solupded functional
derivatives’® The resulting pywolidine rings introduced on the CNS surface can carry
a wide variety of functional groupand allow the simultaneous attachment of different
moieties. Usually, 1;8ipolar cycloaddition reactions on CNSs are carried out on a small
scale, owing to long redion times and big amounts of solvents required to
disentangle and disperse the starting materials. To mitigate thiskpem, our group
reported on the alternative use of flow chemisti, since continuous processes are
intrinsically easier to scale up than their flask counterparts, besides offering a safer
processingand the opportunity to rapid reaction screening and optimization using
relatively small amouts of reagentd'd

Aryl diazonium derivatives (either pfermed as diazonium salter generatedn situ)

are also a valuable family of raa@ species for the functionalization of CNSsThe
reaction is fastand effective, resulting in-C bond formation at the graphitic surface
and consequent gegration of singlesite sgdefects. Nevertheless, the involvement of
diazonium salts hampers full exploitation of this process, due to the risks associated
with the manipulation of thes@otentially explosive derivatives.

The flow methodology was also exided to the addition of diazonium salts to
SWCNTE4 Besides reducing processing times, the flow approach allows controlling
the degree of CNT functionalization, leading to products with enhanced solubility that
retain the electronic properties of the pristine tubes. Such features make these
derivatives deal candidates for applications related to organic electronics or
photovoltaics.

Defects m CNSs can be already present or deliberately created, as reactive sites for the
subsequent functionalization, through an assortment of oxidation reactibispical
defects are carboxyliagups at the edges of CNEsd GO or 8O, which can be used

to graft molecules through the formation of amide or ester bendnd hydroxyl or
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CHAPTRE * INTRODUCTION

epoxide groups available respectively for esterificatiand epoxide ringppening
reactions!'™® Oxygenated groupgesulting from CNT oxidatigand naturally found in
GOalso provide solubility in water and polar solverfGO is undoubtedly a water
soluble CNS)

Attachmentof proper chains, such as payiylene gycol) (PEG), can effectively help
to disentangle CNTs in order to achieve solub#ihd to improve the dispersion in a
polymeric matrix!é

Microwave irradiation has also been proposed as a, fastl scalable protocol for the
covalent functionalization of CNSs. Microwave irradiation may allow to perform
reactions in solventree conditionsand, compared to conventional thermal nietds,
reduces reaction timesnd gives rise to higher degrees of functionalization. For more
details we address the reader to more specific contributidHs.

1.2.1.1 Tour reaction: diazotization of CNSs
Tour et al. proposed a functionalization based on the addition of aryl derivatives to
CNTs starting from primary aryl amines (anilintspugh diazotization reactioR3?
The corresponding diazonium salt is first isolated as a tetrafluoroborateasaltthen
added to a CNTs dispersion at room or slightly higher temperature. This procedure is
inconvenient becaus it requires the isolation of an unstable and lighensitive aryl
diazonium salt. It has been demonstrated that an equivalent functionalization is
obtained, in the presence of SWCNTSs, by treating in situ anilinevadi®es with
isopentylnitritd?3¥ or nitrous acidt®d, whether the reaction is carried in organic solvent
or aqueous solution.

R—<Q\.\_>/LNH2

ONO
'

aQ

S

Figurel-11: Tour reaction mechanism

Although the actual mechanism is still under invgation, it was proposed that the first
step of the reaction involves the reductive dissociation of the diazonium salt, with loss
of Np, and formation of an aryl radic&¥® This in turn may react with carbqoarbon
double bonds alongthe nanotube walls according to the salled Meerwein
arylation!*9
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Moreover, recent investigations have been pointing out that the chemistry involved
may not be as straightforward as initially suggested. Indeed, the removal of physisorbed
byproducts may be difficUf?, and thehigh reactivity of the species involved in the
process maycause degradation of the functional group¥! In this context, the
functionalization of MWCNTs with aryl diazoniuderivatives generatedn situ by
treatment of 4methoxyaniling(1) with isopentylnitrite (2) was studied?!

HCO
3 \©\ H,CO
Nsy
choONm ocH,

1 OCH; H3CO OCH, HsCO

MWCNTs

Baede
£54 LY
DL D> 2D
N /
N
f-MWCNTs s-MWCNTs
‘ INCREASING CONCENTRATION OF 1 AND 2 >

Figurel-12: Theaddition of the diazonium salt generateih situ from 4-methoxyaniline (1) and isopentylnitrite

(2) to MWCNTs affordsa range of different products including functionalized {-MWCNTs) and
superfunctionalized $-MWCNTshanotubes,depending on the amounbf reactants 1 and 2 relative to that of
MWCNTSs[22,

Fdlowing a thorough purificationand characterization protocol (UV/Vis/NIR, TGA,
ATRIR, cyclic voltammetry and AFM)the formation was observed of both
functionalizedCNTEf-MWCNT} where the amount of functional groups anchored to
the carbon surface idess than a monolayer, and superfunctionaliz€MNTs(sf-
MWCNT}¥ where the aromatic groups already grafted to the CNT have been further
functionalized The molar ratio between reactantsand nanotube carbon atoms
resulted to be the key parameter, grantiagcess to eithei-MWCNTglower ratios)or
sFMWCNTghigher ratios)kstarting from the same pristine material.

1.2.2 Non-covalent functionalization
An alternative strategy to tailor the interfacial interactions of CNSs with matrices, yet
preserving the integty of their electronic properties, is the necovalent
functionalization based on van der Walls forcespop stacking interactions. Surface
coating or wrapping with low molecular weight amphiphilic surfact@fiter with
various types of polymel! ensures the effective solubilization of CNSs in water and
organic solvents.
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The strong interaction between thg-network of CNS surfaceand ap-conjugated
system like naphthahe? or pyrend?d hasallowed the attachment of many functional
groups to CNSsThese nanohybrids could find use in many plasmamiplications
related to photovoltaics, photocatalysis, photodetectoaad sensingto cite a few.

This approach is currently undextension foithe desigrof soft functional materials to
be usal in organic éectronicapplications. Such supramolecular strategg indeed a
promising tool to control the morphology of buleterojunction solar cellsand
construct supramolecular lightarvesting argénnae with weHldefined disposition of
the chromophores.

1.3 Composite materials

Composite materials are multi component materials composed of a polymeric matrix
filled with a proper reinforcing phase that can be in the form of fibers or particulates.
The useof composite materials is continuously growing in the present days for a large
number of applicationsranging from transportations to constructioyand consumer
products, as more manufacturers discover their benehisd versatility. Composites
are obtined by combining two or more materials that have different physicemical
properties: by merging, they confer the composite its unique character while retaining
their own peculiarities. In a composite, one or more phases (the fillers) are dispersed in
a continuous phase (the matrix). Composite materials can be divided into polymeric,
ceramic and metalli¢ according to the nature of the matrix phas#olymers offer many
advantages over other materialeand they are widely used in various technical
applicationsthanksto their ease of production, lightveight, and ductility, even if they
offer lower mechanical strength compared to metaad ceramics.

A nanocomposite is defined as a composite material with at least one of the filler
components having asize in the nanometer scale (< 100 nm). In polymer
nanocomposites (PNGs) K S T A -dcdleNdisiersighlwithth the polymer matrix
leads to extremely large interfacial contacts between the components, thus resulting
in superior properties with respe¢t bulk polymer phase8”? PNCs show a number of
interesting phenomena related to the fact that a consistent fraction of polymer is close
to a solid interface. Theeculiar role of interfaces in modifying polymer properties
within their proximity is recognized since the discovery of semicrystalline polyarats

the proliferation of PNCs has largely widen this awareness. Advanced technologies can
be developed for ¢ht-weight applications, aerospace structural components,
actuators, adaptiveand smart materials using multifunctional PNCs. lase, for
example, agroup of inorganic nandillers which have been widely used for the
preparation of PNCs. CHBNCE® are appealing materials for a wide range of
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applications in engineeringnd manufacturinghanks totheir durability, and strength,
coupled to low densityhut their potential has beeso far only partially realizedCNss
are particularly interesting for this fielthanks totheir high elastic modulysand
electrical conductivity; they could not only bring a mechanical reinforcepimritalso
allow electricaktonductivity on otherwise insulating materials.

1.3.1 CNSdbased composite materials
Due to their unique structuresomposed of spcarbon networks, characterized by high
aspect ratios, eletrical, and thermal conductivites KA 3K | 2 dghd@nsile Y 2 R dzf
strength, CNSs are considered ideal filler phases to improve electrical, themaal
mechanical properties of polymets29 The first example 0€ENSPNCs was obtained
through mechanical mixing of purified MWCNTs andegoxy resirt3d Since then,
attention has beeraddressed mainly to composite meaials with uniform and high
nancstructureloading, focusing on their mechanical properties.

Nevertheless, the combination of CNSs with polymers offers an attractive route not
only to reinforce polymer phases, but also to introduce new properties deyifriom
morphological modifications or interactions between the two components.

Industrially produced composite materials usually involve a simple blending of the two
components, where the filler is frozen inside the polymer netwdtie ainof this work

is to explore the effects of hetter dispersion of the fillerand astronger interaction
between the polymerand the CISs by covalently bonding the two components. A
better interface could lead to better load transfer under stress, hence better
mechanic&properties.

1.3.2 Electrospinning
Hectrospinning is a polymer transformation technique that allows to obtain huge
amount of nanofibers starting from the melt or dissolved polymer by applying a strong
electric potential during the spinning.

The electrospinneconsists in mextruder (A), that contrathe polymer flow through

a metallic needle (Band a generator that can apply an electric potentinathe order
tens of kV between the needland the collecting plate (E). During the extrusion, on
the tip of the needle,the polymeric material form a Taylor cone from which start
continuous nanometric jedbf polymer(D).
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Figurel-13: Schematic representation of an electrospinner.

This technique is of greatisatific interest because it is almost the only method to
obtain big quantity of polymeric fibers with a saticrometer diameter. The first
studies on electrospinning date back to the first half of the last centnhen many
physiciss begin to analyze th dynamic of fluids under strong electric fielér more
than 50years, however, these studies have not had the possibility to deepaly. in

the second half of the last century it has been possible to study all the basic principle

of electrospinningand the properties of the electrospun fiberthanks to the develop
of microscopies (SEM, TEM, AFMjifractions (WAXD, SAXSnd many other
characterizations techniquest has also been possible to study its operation with a
large number of polymer nadvailable in the past. From these studigshas emerged
that almost all thermoplastic polymsthat are soluble in a volatile solvent can been
spun through electrospinning. This is not true for melt polysn@rhichcan be really
hard to spindue to theirhigher viscosity.

Electrospun nanofibers are characterized by an extrerhai surface/volume ratio
and this makes them of considerable interest in the science of composite materials
whicha filler interaction with the external environmerg imporiant.

Researchersused elettrospinning for the preparation of polymeric nanofibers
functionalized on their surface with silver nanoparticles for catalytic purpdsia the
last years, many researcteehavedemonstrated thatelectrospinning can enhance the
biocompatibility and bioactivity of the polymer usedavith respect to the bulk
materiall®d Nanofibers obtained through electrospinning Bblylactic acidPLA)are
reallygaininglots of interest in many researelin the field of biomedical engineering,
drug deliveryand biotechnologies in gener@® It is clear that the high surface/volume
ratio, and ease of preparation are theainstrengthsof the electrospinning in this kind
of applications.
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1.3.3 Polylacticacid
Polylactic acid, or polylactide is an aliphatic thermoplastic polyester with molecular
formula (GHsO2)n.

O

O/

- -n

Figurel-14: Molecular structure of PLA.

It is clear from its strucire that it is an homopolymer that can exist in two different
configuratiors, namelyPLLAand PDLA, due to the chiral nature of lactic acid.

Its synthesis can be performed by stgwth polycondensation of lactic agidr by
ring opening polymerizatio(ROPYf the lactide. (see figure)

CH; O]l CHs
H,C 0
(0) O OH
S —— HO 0 - OH
\’H\CHS O CH3 n (@] OH

Figurel-15: Reaction scheme for the synthesis of PLA.

Lactic acid needed for the polymerization can be obtained through fermentation of
renewable biomass, mainlgccomplibed by the bacteria belonging to the genus
Lactdoacillus Of course, from this production method it can be obtain only tHadtic

acid. So, for the synthesis of PDLA it is necessary to chemically synthetizéattie D

acid. From an industrial point afiew, the synthesis of PLA (in any configurations) is
however preferable performing the ring opening polymerization that allows to obtain
higher molecular weightMoreover, RORan be catalyzed to obtain a polymer with a

much higher quality3¥ PLA can crystalize with 3 different conformation i, 2 NJ
RSLISYRAY3I 2y GKS O2yRAUGAZ2Y A Ditis&b&ined byF 2 NIY A
melting or solution crystékation in normal coditions. The crystalline structure
consiss in two antiparallel chain in a %Qevorotary helix conformation forming an
orthorhombic unit cell*S

Usually PLA cabe electrospun from solutions from 5% to 20% in polar solvent like
acetone or chloroform, applying an electric potential of3®kV, and a needle/plate
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distance of 120 cm. For exampleS. Wang et al. electrospun PLA from a
chloroform/acetone (2:1) solion at 5% w/w, with an electric potential of 25 kV, a
needle/plate distance of 15 crand an extrusion flow of 0.1 mL/#f!

1.3.4 Application fields
Advancedpolymerbased nanocompositeare appealing materials for many different
biomedical applications, ranging from scaffolds for tissue engingéfing releasing
matrices for drug deliveri#® biosensor89, or artificial muscles, tendonsnd other
bioactuatorsd Being their useaddressed towards living organismsiowivotesting,
naturally occurring polymers are preferred over traditional pepaymers as
nanocomposite matrices. These polymers can either derive directly from natural
sources, like polysaccharides such as staattfinate, chitin, chitosarand cellulose, or
be synthesized from naturally occurring mamers, like poly(lactide)or be the
products of microbial fermentation, like poly(hydroxybutyrdt8) CNSs are considered
ideal polymer nandillers also for tlese materials allowing the preparation of
functional nanocomposites with improved mechanical, electricahd thermal
properties but also able to perform more complex functiotee choice of which is
related to the final gal for which the materiaik envisaged. In this case again, chemical
functionalization of CNSs can be significantly helpfuachieving better dipersion
within polymeric matrices, but also in introducing tailored moieties airtedaining
the specific function&? Carbon nanostructures, including carbon nanotupesd
graphenebased materials, are largely employed fillers for polymer phases, being able
to confer novel properties tthe latters 3

CNSs are promising scaffolds for neuronal, h@rel cardiac tissue engineeriffd.
Neverthreless, CNSs suffer froblocompatibility issues depending dhe type, and
doses employedand onthe tested cell populatioa!*® For this reason, incorporation
into a polymeric, biecompatible matrix emerges as a keyguerement to further
extendthese potentials Furthermore,the dispersion of CNSs into such a matrix can
help generating a freestandingnd implantable devic&®!
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1.4 Characterizations

In order to describe the properties of the CNS before and after the functionalization,
is mandatory to have a protocol for the characterization of the material. Many of the
conventional characterization techniques used for molecular species have limited
applicability to CNSs, due to the size of the partijdesl the number of atoms they are
comprisedof. Optical spectroscopies have to face problems related to the low styubili
of CNSs in common solvenend their strong absorptionand scattering properties.
NMR measurements can hardly give any information, given the number of asmus

the heterogeneous nature of the particles. Those are just a few of the problems that
needs to be faced when characterizing CNSs.

For these reasons it is necessary a synergic work between different techniques to
obtain a univocal information about the properties of a CNS. The techniques used in
the characterization workflow are described belo

1.4.1 Thermal characterizations
Thermogravimetric analysis (TGA) are a class of characterization extremely important
in many field like material sciencand nanotechnologyin a TGAthe sample is heated
slowlywhile measuring the weight loss resulting frocombustion, decomposition or
evaporation process.

This technique isery useful for the characterization of CNSs because they present a
really high thermal stability strictly influenced by their structure or by any chemical
modification performed. In casef functionalized CNS# is possible to analyze the
difference in decomposition temperature of the CNSs itself (usually at a temperature
higher than 500°C), and the decomposition of the functionalized moieties (usually
between 100 °C and 400 °C). Insthway it is possible to estimate the degree of
functionalization of the CNSs, expressed as the ratio betwdenmoles of the
functional groupsand the moles of carbon in the CNS4.

If Wentsoo IS the residual weight of CNSs at 5008 MW. is the molecular weight of
carbon the moles of carbon atoms in the CNB8®L) results:

The moles of the functional groufisiol-g can be obtained from the weight loss at 500
°C divided by the moleculaveight of the functional groupMWEeg):
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Thedegree of functionalization (FD) can be defined as the ratio between the moles of
the functional grougmolkg), and the moles of carbon atom of the CNSs structmnel)
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Figurel-16: TGA of a sample of functionalized MWCNTSs.

TGA is extremely useful also for the characterization of composite matenaidich
the matrix and the filler have a remarkable difference in their degradation
temperature.
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1.4.2 Optical characterizations
Uv-Vis-NIRspectroscopy

UwVisNIR absorption spectroscopy is wery important technique for the
characterization of CNSs, both from a qualitataed a quantitative point of view/

The absorptiorspectrumof CNSs is due to the electronic transitions in the range 400
2500 nmand it is characterized by a plasmon plateau relative to the absorption of the
big delocalized Spstructure.

For SWCNTst is possible to see specific absorption bands due to the confinement of
the density state, resulting in the smlled Van Hove singularities in the band structure.
These transitions are partially superimposed on thfrementioned plasmonic
contribution, and are specific of a singl@mily of CNT.

UwVisNIR absorption spectroscopyvery versatile and, in combination with Raman
spectroscopycan provide information on the chiral distribution of a sample of SWCNTSs.
In condition of good djgersion in solution it is also possible to correlate the
absorbance of the sample to its concentration through the LamBestr lawt*™?

Where Absis the absorbance of the sample,(mL mg' cnt? for CNSkis the molar
extinction coefficientcis the concentration (mg mf), andl is the pathlength

— recorded spectrum
0.8 — = plasmon contribution
— plasmon contribution subtracted
0.6
8 =
3
< 0.104
0.054
0.00 4
400 600 800 1000 1200
Wavelength [nm]

Figurel-17: Uv-VisNIR absorption spectra of a sample of SWCNTSs (black curve), the plasmonico contribution to the
absorption (dashed curve) and the difference between them (red curve).
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The analysis of the SWCNTs diameter population distribution akowelatingthe
transitions withhigherenergyto the Van Hove bands of metallic CNTs (M11 in figure)
and the transitios with a lower energy to the bands of the semiconducting ones (S11,
S22 in figure).

| m-SWNT

CONDUCTION
CONDUCTION

Energy
A

MALENCE
i MALENCE

Figurel-18: Density sate representation and electronic transitions for metallic and semiconducting SWGOMTs.

Ramanspectroscopy

Raman spectroscopy is a fundamental tool for the characterization of CNSs. Into the
spectra of all the different clion nanostructuresthe three following important bands
are evident

1 G band(graphite) centered in the interval between 155and 1605 cm, this
band correspondto the vibrations of spcarbon atom in the CNSs structure.
For samples of purified semicomcting CNTs this bandan be split in two
different bands in a range of8 cm’: G- (at lower energies) associated to the
vibrations along the circumference of the tuband G+ (at higher energies)
associated to the vibrations oriented longitudinallytb® main axes of the CNT.

! D band(diamond) centered in the interval between 1250 and 1450-%rthis
band isdue to the defects in the gdattice. In particulayit comesfrom the
vibrations associated to $parbon atomsDue toits nature this band ncrease
in intensity as the CN$&comemore covalently functionalizedtrom this fact,
and from the definition of the G band, comes that the ratio between these two
bands gives a quantitative analysis of the density of defects present in the
sample. This value, namely D/G ratio, is correlated with thaegree of
functionalization of the CNS.

! D @and between 2500 an@900 cmt, this spectral bands due to all the non
longitudinal vibrations mode.
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1 RBM(radial breathing mode)detectable only in for SWCNTisrepresent the
radial vibrations in the region at lower frequency, usually below 400.drhe
frequency of the bands in this spectral regionngersely proportionato the
diameter of the SWCNTSs as foll &)
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Figurel-19: Example of a Raman speain of a sample of SWCNTSs.

1.5 Aim of the thesis work

Moving from the experience of the research group where | am carrying out my PhD
studies and from results obtained during my previous master thesis work, the
objectives of this project are focused on the chemical functionalization of carbon
nanostructures and their compatibilization into polymematrices to generate
functionalpolymerbased nanosmposites.

At first stage, the main aim tfie researchisthe optimization ofthe functionalization
with 4-methoxyaniline of three different CNSs: multiwalled carbon nanotubes
(MWCNTSs), carbon nanohorn&CNH¥ and reduced graphene oxide (RG@$

G ANIYIIK § A | S.£ThevaimipiBeNdinttibnalization is taenhancethe solubility

of the CNSs in organic solvents like DMF or chlorafordeed,the optimization of the
reaction parametes is performedin order to maximize the gain in solubility of the
product. After that, we want to prepare and characterize polymebased
nanoccomposite PNG materiak based orthe 4-methoxyphenyffunctionalized carbon
nanostructures (namely CNSPhOMe) dispersed in a polydctic acid) (PLLA) matrix
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(namely CNSPhOMe@PLDA These materia are obtained both in the form of
freestanding filmsand in the form of nanofibrous substraéthe latter obtained by
electrospinningand defined as eCNBhOMe@LLA)With these materials, we want
to study the effect of thencorporationin the PLLA matrigf different CNSsand at
different loadings,on the mechanical, thermal, electrical and biological properfié®
main aspect that we want to analyze the difference in properties of the final
composite material due to the particulanorphology and shape of the CNSs used
Thanks to these studies, it will be possible to estabishbest fields of application
suitable for the different CNS$ased on the particular effects on theelectrical
mechanical and thermal propertieghen wsed as fillers

Therefore,we want to perform in vitro tests using human neuroblastoma cells (SH
SY5Y), and human peripheral blood stem cell (h\CMCs), in collaboration with the
research group of Prof. F. Filippini from the department of Bioldggse lastellshave

the advantage of not being embryonahnd therefore not subjected to ethical
restrictions. With these tests, we want to study the biocompatibility and the
neuritogenic properties obur new composite materials. In particulay we want to
analyz if the well known biological properties of CNare preserved in the composite
materials andmoreover, if these properties can lwembined with the biocompatibility

of the full-biocompatible, FDA approveBLLA matrix.

After that, we want to studyin vivo the possibility to integrate our PNCs scaffolds
containing CNS in implants for peripheral neve surgery on living organisms)
collaboration with the group of Prof. Bassetto from the Clinic of plastic and
reconstructive surgery at the department of nmegcience

After this first parf we wantto analyze the usefthe Tour reaction for the introduction

of different, and more useful moietigslike carboxylic acidand styrenegroups
Carboxylic groupare used toperforman amidation reaction onto theNSs in order to

obtain a more complex functionalization particular our aim is to study the
conjugation of biemimetics peptides onto CNSs in order ftather enhance their
biocompatibility, and bioactivity.On the other hand, styrene functionalizat®are
usedtostudyl & 3IANI FiGAy3d FNRYE LI2fé&YSNhkthbvay2zy 27F
thanks to the covalent link between the nanofiller and the polymer maitrshould be

possible to enhance the mechanical interaction between them, determining a
modification of the properties of the final material.

Finally we want to study theeaction schemef the Tourfunctionalizationanalyzing
the importance otriazenesspecies in the generation of the aryl radicatsparticular,
we want to study the e#cts of differentacidic and basicconditions onto the overall
reaction pathway and the consequent reaction efficiency.
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2 Resultsand discussions

This chapter is composed of three sections, corresponding to three main tasks of my
research activity.

The firg section reports on the optimization of the functionalization of CHifsedto
maximize their solubility in organic solvepdsid then describes their use as filler inside
a PLLA matriwith the purpose ofobtaining good quality biocompatible composite
materials.

In the second section, i$ presented the use of the Tour reaction to introduce reactive
functional groups onto the outer surface of CNSs that can be useful for a second
derivatization of the nanostructures.

Finally, itis presented a study on #hreaction pathway of the Tour functionalization
that analyzsthe importance of triazenes species in the process providing a hypothesis
of reaction scheme characterized by two different pathways.

2.1 PLABasedcomposite materials

This sectionis focused on he preparation of PLLA based composite materials
containing weHldispersed functionalized CNSs. The functionalization with
methoxyaniline through Tour reaction provides an enhancement in the solubility of the
CNSs decreasing their strong interactiorand thus the consequent tendency to
aggregation. The sobtained functionalized CNSs can be used as filler inside a
polymeric matrix easilyobtaining an extremely good dispersion. CNSs have unamake
interesting electrical, thermal, mechanicand biologcal properties, therefore the
possibility to obtain good quality composite materials based on them can provide useful
compound for many application fields. Indeed, understanding the different effects of
the different CNSs when used as filler is extrenmalyortant.

2.1.1 Functionalizationof CNSs

The functionalization of CNSs consistthe addition of a functional group on the outer
layer of the nanostructure, with the main aim of limiting the wan der Waals
interactions and so prevent their aggregation in gtbn. The best solvents for this
reaction are of coursthosethat can better disperd the pristine CNSs: in particlNCP
(N-cyclohexy2-pyrrolidone), NMP(Nnethyl2-pyrrolidinone) and DMF are in this
order the best. NCP, that is the solvent that Wi used in all the functionalization
performed in this thesishas however a big drawbadk:has an extremely high boiling
point that can be a problem in the purification stepsad in a scale up procesghough,
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in the lab scale, and with an appropriatsaction protocolthis solvent can provide the
best results.

The functionalization reaction that will be used in this work is thecalted Tour
reaction. It consigin the addition of a diazonium salt to the double bonds present in
the sp# lattice ofthe CNSs. We decided to use this particular reaction becausenidlits
efficiency in the functionalization of CNSs with a good variety of different functional
groups. We also already reported that controlling the parameter of the reaction, in
terms of temperature, time and stoichiometryit is possible to obtain a good control
on the modification of the materiall?d the main parameter usedere for the
optimization of the functionalization of the 3 differentNSs is theelative amountof
reactans with respect to the carbon nanostructure. All the other parametesll be
fixed respectively to 80°,@nd 15 minutesas it was found during the optimization of
the reaction on MWCNTSs.

The three types of CNSs caiegied in this work, namely MWCNTs, CNaisdd RGO,
were first subjected to the functionalization process to obtain the corresponding
methoxymenyl derivatives. The functionalization was carried out in NCP in the
presenceof 4-methoxyaniline and isoamyl itrite. The reaction between these two
speciesleads to the formation in situ of the reactive intermediate that actually
functionalizesthe CNS(see experimental details in chapter 3)
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Figure2-1: Covalent functionalization of MWCNTZO(t(C:Jp), CNHs (center) and RGO (bottomywitkthoxyphenyl
substituents via diazotization reactions.
Reactant amounts were screened in order to determine the best conditiorihir
highest disper®n of the functionalized CNSs in chloroform (the solvent of choice for
PLLA). As already reported by our research group, in order to express the relative
amount of reactants, we defined the ratio between the moles of anjiamel the moles
of carbon atom®f the CNS as the number of equivalents used for the reaétdf. It
Is important to note that in thigalculation it is considered the whole amount of carbon
atoms of the CNS, and not only those available for the reaction (e.g. the outer wall of
MWCNTSs). Therefore, the number of equivalents is a convenient way to express the
reaction conditions for the fctionalization, but it gives only qualitative information
and not a real stoichiometry of the reaction. Moreover, since different CNSs are
characterized by unique shape and morphology, the amount of carbon atoms available
for the reaction is different foeach of themFor this reason, the numbef equivalents
of aniline used for the functionalization of one particular CNS is not easily comparable
with those used for other nanostructures. bur case the maximum dispersion of
MWCNTsand RGO in chlorofor was obtained when the reaction was carried out with
0.5 equivalentsof 4-methoxyaniling whereas for CNHs this happened when one
equivalent of reactantgvas usedFor everyCNS$at least five different conditions were
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tested (0.1, 0.25, 0.5, 1 and 5 eqalent). The needf different reaction conditiongo

gain the best solubility appears reasonable when considering the differences in
morphology existing among the three CNSs, which lead to different reactanty
tendency to aggregate. The resulting @tionalized CNSs, namely MWCGRAOMe,
CNHPhOMe and RG&@hOMewere characterized in terms of functionalization degree
(FD)I?% 51 determined with a good precision through thermogravimetric analysis (TGA,
the corresponding thermograms are reported in chapter 3). Particylgilyvalues of

91, 47 and 44 were found for MWCWHhOMe, RG®PhOMe and CNFHPhOMe
respectvely, indicating thabne 4methoxyphenykubstituent is present every 91, 47
and 44 carbon atoms of thENS. As before, it is important to note that also the FD
calculation takes into account the whole amount of carbon atoms of the CNS, including
those nd exposed to the reaction. Indeed the highest number obtained for MWCNT
PhOMe is consistent when considering that only carbons of the outer walls are reactive.
The FD provides useful information on the total amount of functionalization, but gives
only quaitative information onto the real surface coverage of the functionalized CNS.
Neverthelessit can be used aa relative parameter to compare different derivatives of
the same CNSCNSPhOMewere also characterized by RAMApectroscopy UwVis

NIR absorpon spectroscopyand DLS analysithe characterizatiosagree with a good
grade of functionalization able to enhance the solubility of the CAl8sdecrease the
dimension of aggregates in solutiavhile maintaining the main spstructure of the
material
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2.1.2 Preparation of the composite materials
The obtained CNS derivatives were effectively dispersed in chlorpéominthen mixed
with PLLA in different weight percentages (wt%) with respect to the polymer. In this
way, films of MWCNPhOMe@PLLA, R&EDOMe@LLA and CNFPhOMe@PLLA
containing different concentrations of functionalized CNSs in Rlerd prepared The
resulting films were all frestanding and characterized by a glossy texture.

CNSPhOMe@PLLA blend solutions in Gk@re prepared by adding dispersionin
chloroform of MWCNTPhOMe or CN#PhOMe or RG®hOMe obtained through
sonication to a chloroform solution of PLLA (final concentration of PLLA: 6 wt%). The
amount of CN$hOMe 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 56&¢h of

them havinga diameter of about 6 crexceptthe film of RGA@PhOMe@PLLA 5 wi%
whichhad a diameer of 2.75 cm

MWCNT-PhOMe@PLLA
0.1 wt% 0.25 wt% 0.5 wt% 1 wt% 5 wt%

CNH-PhOMe@PLLA

0.25 wt%

Figure2-2: Photographic images of the functionalizedNS@PLLA films considered in this work.
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The thickness of each sample was measuasedlifferent points using a Mitutoyo
Digimatic microreter with a precision of 1 cm. Resulting thicknesses wefund
uniform among the filmsand all included in the range between 300 and 350 um (see
chapter 3 for the exact values).

The 0.25% and 5 wt% functionalizENS@PLLA composites were also produrcéhe

form of nanofibersby electrospinning This process has been performed in the
laboratories of Prof. C. Mareg&olutions of CNBhOMe@PLLA blends (0.25, 5 wt%) to

be used for electrospinning were prepared following an analogous proceduteat
described for the preparation of the filmbut using a CHEDMF 9:1 (v/v) mixture as
solvent. The small DMF portion in the solvent was introduced in order to increase the
boiling point of the solution and optimize conditions for electrospinning.
Electropinning was performedy meansof a homemade apparatus with an applied
voltage of 18 kV. Transmission electron microscopy (TEM) images were recorded with
a Tecnai G2 microscope (FEI) operating at 108kipleswere spun directly onto TEM
copper grids fo 60 seconds AFM images were recorded on samples spun onto
Graphene Supermarket silicon prime wafers (oxide thickness: 285 nm) for 60 seconds
(see AFM details later in the text). In this work, the electrospun material analogous to
CNS@PLLA will be name@NS@PLLA. (this is also applied to bare PLLA fibers that will
be named ePLLA).

" eMWCNT@PLLA 5% = eCNH@PLLA 5%

eMWCNT@PLLA 5%

] eCNH@PLLA 5%

eRGO@PLLA 5%

Figure2-3: TEM images of the electrospun fibers of eCRIBOMe @PLLA 5%.
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2.1.3 Characterization®f the composite materials

2.1.3.1 Opticalanalysis
The good dispersion of the functionalized CNSs within the polymer matrix was
qualitatively evident after backlight inspection of the films with the lower
concentrations of CNSs (0.1 wt%, see Figw#a)2 in which the presence of
macroscopic agggates was not evident, while at higher concentrations transparency
was lost and backlight inspection was not feasible.

a)
B BUTE Srooon
%' F r\;‘IWCNII'-PhO'Me@P'U-A ' I o]
; ® RGO-PhOMe@PLLA
I A CNH-PhOMe@PLLA 1
PLLA MWCNT-PhOMe@PLLA O
oI A 1
DI PADOVA| Wisc v .5 - %)20' - 1
[ ]
E 15} 1
5102 1
8 o5l
<"™01 02 03 04 05
CNS content (wt%)

RGO—PhOMe@PLLA CNH-PhOMe@PLLA

Figure2-4: a) Backlight photos of sample films-§ cm diameter) of 0.1 wt% functioneledCNS@PLLA films and

of a pure PLLA. b) Absorbance at 1000 nm of nanocomposite films as a function of filler wt% (high filler

concentrations giving signal saturation are omitted)..

Absorbance values at 1000 nm were measured with a Varian Cary 5000
spectophotometer equipped with a solidampleholder. For the case of MWCNT
PhOMe@PLLA filman almostlinear trend in the optical absorption at 1000 nm (a
wavelength where only CNSs absarai be observed for the first three wt% examined
as reported in Fig2-4b, while at higher concentration saturation of the signal was
achieved, not allowing to extend the extrapolation. For the other two functionalized
CNS@PLLA films only two points were extracted due to saturated absorption at lower
wt% compared to MWCNFPhOMe@PLLA films (see Fighl

2.1.3.2 Thermalanalysis
DSC measurements were carried out with a DSC Q20 (TA Instruments) under nitrogen
by heating the samples at 1 °C nhiover a temperature range from 40 to 200 °C.

A further proof for the good dispersiaf the functionalized CNSs within the PLLA phase
was obtained by considering the crystallization temperaturg €ktrapolated from

Page |37



CHAPTER RESULTS AND DISCUSSIONS

calorimetric data resultingrom differential scanning calorimetry (DSC) analysis (see
chapter 3 for the DSC traces of theee types of functionalize@NS@PLLA composites
at all the studied concentrations, and a complete resume of calorimetric data).

Actually, T values are significantly influenced by the presence of -disjpersed
nanofillers, which can act as nucleating atg allowing crystallization to happen at
lower temperatures (PLLA usually crystallizes on heating in a cold crystallization
process}®. This was particularigvident in MWCN-PhOMe@PLLA composited, for

which an almost linear decrease of Was observed when increasing the quantity of
nanofillers up to the 1 wt% limit (see Fig5R. Fig. 25a reports the detail of DSC traces

in the region wiere polymer crystallization takes place).

A decrease incwas also recorded for the REhOMe@PLLA composites as a function

of CNS concentration, but it did not follow an almost linear regime as for MWCNTSs. For
CNHPhOMe@PLLA compositas apparent oppsite behavior was observed, since at
lower CNHPhOMe concentrations (up to 1 wt%) an increase Jrwas detected,
followed by a decrease at the highest concentration examined (5 wt%). This apparent
mismatch in crystallization trends is significantly retht® the particular sizeand
shape of each different nanofiller, which in turn influence dramatically the
crystallization behavior of the resulting PLLA composites.

a)
0.0
- b)
o 114
= 12}
o
> 110} ®
O J— —
E<J -0.2 1 ‘9 108+ u
g | — e
& =i N
E :gg:ﬁ,&} MWCNT-PhOMe@PLLA 104 + “
I — W%
5wit% 102 u
0.4 , : : ' - : ' :
80 100 120 140 0 1 2 3 4 5
Temperature (°C) MWCNT-PhOMe content (wt%)

Figure2-5: a) Zoom of DSC traces of MUNFPhOMe@PLLA composites with five different filler concentrations
and of pure PLLA in the zone where polymer crystallization takes place. b) Variation(tdken at maximum of

the curves in a) as a function of MWCNPhOMe in the composite..
Also the tlermal behavior of the electrospun samples have been evalubyechenas
of DSC analysis as previously descritmdilms. The first difference between these
fibrous samplesand the corresponding films is the presence of a crystallization jpeak
the firstheating ramp This is due to the fact thaduring the supeifast evaporation of
the solvent in the electrospinning proceske PLLA matrix is not able to completely
crystallize as happesin the slow solvent evaporation process used in the preparation
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of the films. This crystallizatiprthat occus inside the fibersis visible at a lower
temperature with respect to the one that normally hapen the bulk film samples
this is certainly due to the peculiar morphology of the electrospun fibers.

For the fibrous samples of CNH@PLBAd RGO@PLLAIl the other pars of the
thermograms are completely analogoigsthe corresponding one obtained for the bulk
material. On the other hand, for the fibers of MWCNT@PIiLi& possible to see a
complete shift ofthe cold crystallization peak from the second heating ramp to the
cooling ramp. This big enhancement of the melt crystallization due to the presence of
MWCNTSs in PLU#asalreadybeenreported, but in our sampld is visible only in the
fibrous substrateprobably becausef the extremely good dispersion obtained in the
electrospinning process. Furthermore, cycling the DSC with the same temperature
program this melt crystallization peak gradually moves at lower temperatared
disappeas, leaving placed the normal cold crystallization process.

0,4 -

Heat flow (exo up) [W g']

'0'6 T T T T T T T T 1
40 60 80 100 120 140 160 180 200

Temperature [°C]

Figure2-6: DSC of the fibers of MWCNT@PLLA at 5% of CNSs content.

Since this effect is present only with the MWCNT@PLLA fibexrgossible to suppose
that it can be due to a partial retain after the melting process of the local alignment
and good dispersion of MWCNTSs that characterize these fib@is.is probably due to
fact that, the viscosity of the melt PLLA is high enoughptevent MWCNTsfrom
completely reorieningrandomly. Of course, cycling the melting process will give to the
CNSs the opportunity to gradually reorganize in a complete isotropic way.

Performing the DSC with different temperature progaffect the rate at viich the
melt crystallization process tends to disappeArcomparison between the already
described DS@erformed with a temperature program that reae8200°C (Prog200)
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and a second analysis that re@das maximum temperature 180°C (Progl83hown
in figure 27.

—— Prog200
—— Prog180
0,2 1

Heat flow (exo up) [W g™

70 80 90 100 110 120
Temperature [°C]

Figure2-7: DSC of the MWCNT@PLLA fibers performed with different temperature program

As it is possible to see also from the melt crystallization enthalpies rshioviigure,
there is a strong dependence on the decreasing rate of the peak due to the temperature
program used. In particular, the rate is lower if the temperature prograacthesl80

°C instead of reaching 200.°C
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Figure2-8: Enthalpy of crystallization as a function of the number of cooling ramp
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Indeed, the program Prog180 maintaithe sample in the melt state for a shorter time
in each cycleand, sincereaching a lower temp@ature, the viscosity of the polymeas
higher. Both these two aspexwill surely hinder the diffusion of the MWCNTSs inside

the melt polymer thus letting a slower loss of their retained local alignmeand
anisotropic dispersion.

2.1.3.3 Mechanicalanalysis
Tersile mechanical properties of rectanguksitaped specimens were measured using
an Instron model 3300 mechanical tester at room temperature. The strain rate was 10
mm mint!. At least five measurements were performed for each sample.

The mechanical behaviof the functionalizeedCNS@PLLA composites was investigated
to determine the effect of the three nanofiller types at their different relative
concentrations. The tensile strength was measured for all the examined materials on
samples of the same sizand thickness, except for the 5 wt% REBOMe@PLLA
composite, which was too brittle to undergo mechanical testing (too brittle even for
handling, as it can be somehow inferred from its picture in F&). Zhe variation in

L 2dzy3Qa Y 2-Gujizndidevadaon i te percentage of film deformation at

the fracture point (Fig.-®b) as a function of the nanofiller concentration are shown in
figure.

a) b)
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@ 850 F] —e—RGO-PhOMe@PLLA 250
8001 —4— CNH-PhOMe@PLLA
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C 1 :- -
3 450+ 7 50 |- —=—MWCNT-PhOMe@PLLA
> 400+ | —e—RGO-PhOMe@PLLA
350 - ] 0 e CNH-PhOMe@PLLA
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Figure29Y | 0 |, 2dzy 3Q& Y2 Rdzf dzifunttigh&izedCNS@RLNA canyposited as @ Mdktioh of F 2
nanofiller concentration.

The elastic modulus changes significantly when functionald&s are dispersed in
PLLA: the pure polymer has a modulus of 871 MPa, whereas the inclusion of small
amount of fllers (0.1 wt%) surprisingly drops it down to 745, 4&88d 538 MPa for
MWCNTPhOMe, CNHPhOMe and RGE&@hOMe, respectively. In general, loading
polymers with stiffer fillers (normally in the pristine form and thus lacking
functionalization and good disp@rA 2y 0 A& SELISOGSR GBI 1Ay ONBI ¢
the present case, small amount of functionalizZ8dSs in PLLA behawmore as
plasticizers rather than as reiforcing agents. This has been observed before for
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poly(lacticacid) phases plasticized with palm, @hd filled with small amount (up to
1wt%) of graphene nanoplatelefsl. Since in our case no plasticizers have been added
to PLLA, the effect muse likely driven by the presence tifie 4methoxyphenyl
substituents covalently bound to the CNSs, that allow their homogeneous dispersion
within the polymeric phaseand act as plasticizeffter the initial decrease at low CNSs
O2y OSy i NI ( A egfldls undetgimé FaQ slight increase only at higher
concentrations of the fillers for the case of MWCGRAOMe (at 5wt%)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 fahe three types of composites (Fig-9B) is
noteworthy: the increase in ductility with increasing filler content, up to 0.5 wt% for
both MWCNTPhOMe and RGE&PhOMe, and up to 1 wt% for CNHiOMe, brings to

final lengths at break-& times longer thathat of PLLA. Unfortunately, in the RGDd
MWCNTs based composites, this effect drops down for higher concentrations,
eventually leading to materials which are more fragile than bare PLLA at 1 wt% for RGO
PhOMe and 5 wt% for MWCNPhOMe. For the RGkased omposite at 5 wt%
concentration it was not even possible to measure any tensile strength because of the
brittleness of the material, as already mentioned. Such a drop in duoivkty not
observed with CNH#PhOMe as a filler up to 5 wt%. While at lower centrations CNS
fillers are more homogeneously 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 mechanical response of theethypes of
compositesis significantly influenced by the type of contained nanofiller, as it was
observed for the calorimetric behavior. Different behaviors among CNSs can be due
their different size and shape, ando their different tendency to aggiate, even if
strongly mitigated by the covalent functionalization.

2.1.3.4 Electricalanalysis
The surface resistance of the films was measured with two different instruments
depending on resistance. For films with resistance lower thah MOa digital
multimeter, Keithley 2000 provided with 4 probes positioned at a distance of 1 cm with
respect to each other was used. Each film sample was measured in different, paohts
average values are given. For films with resistance higher thAmn1@ Keithley
electrometers for UltraHigh Resistanc€517B coupled toa resistivity text fixture
(Model 8009) for measuring surface resistivity was used. Measurements were
performed alternating the polarity between 100 V aiid0 V and acquiring each pat
for 60 s. Average values over 10 repetitions are reported.
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Figure2-10: Electrical resistance in a logarithmic scale for functionaliZeNS@PLLA composites as a function of
nanofiller concentration (left) and image of a led powered by a 9V battery and a speciment of MWCNT
PhOMe@PLLA at 5 wtés resistance

The bulk electrical properties of the functionalizEBINS@PLLA films were measured,
showing again a behavior deeply influenced by the type of CNSassadnofiller. In

Fig. 210 the electrical resistance is shown as a fiorcbf the concentration of CNB
PLLA. A percolation threshold at very low filler content is observed for the composites
based on MWCNTSs, with a significamatiationin resistancavhen moving from 0.1 to
0.25 wt%this correspondo the formation of conductive networks. Indeed, it is known
that CNTs are more effective than other fillers, such as carbon black, in conferring
conductive properties to insulating polymef8. The fact that this happens at a low
concentration of MWCNPhOMe deserves special attentitf,it confirmesthat the
CNSs dispersion is optimizexhd the occurrence of aggregates is negligible, which is
possible thanks to the organic functionalization that drives the homogeneous
distribution of nanotubes among PLLA chaiddso the extremely low value of
NEaAradl yOS omun m0 2001 Ay SR Iydzairdsyitaf the y t &
efficient dispersion of the CNSs inside the polymer matitve recordedow resistance

also evilences that our functionalization approach avoided excessive modification of
the CNTs structure, which could result in the loss of the electronic properties of pristine
nanotubes®” For the RGEGPhOMe@PLLA composites percolation threshold was
found between 0.5and 1 wt% nanofiller concentration. These fillers appeared to be
less effective inncreasingelectrical conductivity in PLLA, with electrical resistance
being 2 ordes of magniude higher than that reached with CNTs at the maximum
concentration (5 wt%). On the other hand, with the CRIHOMe fillersno percolation
threshold was observed at the considered CNS concentrations, demonstrating again
that the differences in nanomorphafly among the components largely determine the
macroscopic behavior.
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2.1.3.5 AFManalysis
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 concentration (5 wt%) were considered. All the AFM analysis were
performed in collaboration with Dr. Marco Salerno from the Materials Characterization
Facility, at the Istituto Italiano di Tecnologia of Genova.

For AFM analysief the film samples, small specimens$(x 5 mm) were cut and
Y2dzy SR SIFOK 2y | RAFFSNBYyld 2LIWGAOLFE YAONER:
double-sided sticky tape. In case of topograpbidy measurementsa standard tape

was used, while for the CAFM measments a conductive carbon tape (normally used
for scanning electron microscopy as a drain layer for the injected electron beam
current) was employed. The goal was to obtain a measurement of local transversal (i.e.
out of plane) conductivity, perpendiady to the film and through that. For the fiber
samples, few fibers were directly deposited by electrospinning on an insulating
substrate of oxidized silicon wafer. The fibers were sparse enough to allow us to
addressand image them independently. Thbédrs crossed the whole silicon substrate
diameter, and touched the substrate edges on both opposite sides. There, a contact
was provided all around the substrate edges by means of silver paste. The goal was to
obtain a measurement of local longitudinale(i 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 alwaarried out on fiber regions close

to one edge of the silicon substrate, in the range of-B00 um distance from that. In

both cases of CAFM samples (films on carbon pad or fibers with silver, regrdpntact

was taken away to the AFM head by meahsdhesive copper tape stuck to the glass
slide, and, later on, at a magnetic contact pad, to the head through a thin compliant
wire.

The conductance was addressed by means of conductive AFM (CAFM) measurements.
The film of bare PLLA did not show any meabkle current, as expected, and the same
occurred also for the CNPhOMe@PLLA composite film, even when probed at several
different positions on its surface and with different contact forcdsisTconfirmsthe

data obtained through the macroscopic electiccharacterization. The samples of
MWCNTPhOMe@PLLAand RGE&PhOMe@PLLA exhibited instead measurable
currents. Representative current images for the MWENDMe@PLLANd for the
RGGPhOMe@PLLA samples are presented in Fidb2and 211d, respectivelyKig. 2

113 and 211c report the corresponding topography).

When considering for example the MWGRBOMe@PLLA composite film (Fig.1d),
one can see that the current image is partly correlated with the surface topography, as

Page |44



CHAPTER RESULTS AND DISCUSSIONS

few high regions show no aant (see filled arrows). However, these are real effects
associated with the feature contentand not topographical artifacts. The different
compositional contents in the aforementioned tall features is also apparent in other
surrounding regions with sikar low current level (black areasyet without
outstanding 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, tlenducting regions emerging in Figl2b show a finer
structure (down to the single pixel size i-€l0 nm) than in Fig.-21d. Indeed, in the
former casethey are likely associated with smaller sizes of the caitbased fillers
(single MWCNTSs or bundle$ few of them), whereas in Fig-12d the bright regions
include several adjacent pixels up+@ pm linear size (see the arrowed zone) which
are likely associated with sparse RGO flakes.

Fig. 211 further shows that, under the same conditions of vertiorce 18 nN) and

bias (+1 V), the current levels observed on the MW BNDMe@PLLA film surface are
higher than those for the RGBhOMe@PLLA one (see the vertical scale bar of the color
palettes). Additionally, the total conductive area is higher fime 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 value
2F HdPc B MPH am YR pon p HRhOMe@RLLANE 206 0!
the RGEGPhOMe@PLLA sample, respectively, which can be considered representative
of the whole films. These values are in a similar ratio (about 200x) to that of film
resistances masured macroscopically (see Figl®, 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 datils in appendix). The agreement between electrical measurements
made at the macrpand nanoscale is a proof of the good homogeneity achieved in
dispersing the functionalize@NS within the polymer matrix.

In Fig. 211e also singleV curves typical of pots in which conduction occurred (i.e.

within bright regions in Fig.s-P1a and b) have been plotted. One can see that the
composite film with CNT fillers exhibit y ' f Y2ad WYSGlItftA0Q 06SKI
I-V profile), while the RGO film shows a pasgsegion close to zero bias (sigmoidal

profile), more similar to a semiconductor. An analogous difference in current values
(about two orders of magnitude) between the two different samples is observed as
described above, in favor of the MWGRTOMe@PLL#M.
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Figure 2-11: ad) Representative CAFM images of fiims of ab) MWENMDMe@PLLA and c,d) RGO
PhOMe@PLLA; a,c) topography, b,d) current images (at +1 ViVdhlaracteristic curves obtained at condiixe

points on the two samples of composite films. Black curve: MWENIOMe@PLLA film; red curve: RGO
PhOMe@PLLA film. f) 3D rendering of a current image taken on a MWEHNOMe@PLLA electrospun nanofiber,
with the current overlaid as a color onto the topagphic 3D profile..

Finally, we investigatedoy means of CAFM the conductive properties of the
functionalizedCNS@PLLA composites in the form of nanofibers, obtained with the
electrospinning technique. This morphology was selected in order to study the
electrical properties of the composites in nanoscatmnfined model systems along a
single direction. In Fig.-P1f a CAFM image of a single MW&MDMe@PLLA
nanofiber is shown. The current level has been rendered as the color, overlaid on the

3D profile of he height. For composite nanofibers, the CNT based sample was the only
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one, which allowed current imaging, while in this form also the R@&&d composite

did not show any conductivity. This can be justified by considering that, for the same
filler concentation, percolation along a narrow conductor such as a hanofiber-G200

nm diameter) is more difficultand is detected in the present case only for
monodimensional conductive fillers as CNTs. Also the geometry of the CAFM contact
was significantly diffeent in this case, iplane along the fiber axiand not through the

fiber to the substrate. Actuallyn the case of fiberghe substrate used was insulating,
which allowsusto obtain a typical value of fiber conductance. When the resistance is
calculaed, a value of~r M Dm A& 200FAYy SR Fy20KSNJ Fli
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 FigjlRis 4.8 pA).

In order to support the electrical chacterization of the different composites, we
carried out AFM electrostatic measurements (scanning Kelvin probe microgcopy
SKPMand/or electrostatic force microscopyeFM) on the functionalized€CNS@PLLA
composite with fiborous morphology. These AFM teclueis 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, , are expected to exhibit
stronger contrassincenot allowing the charge to be draed away This was actually
observed with fibers of bare PLLA (see appendix). 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 thesedgor the current in Fig.-21f.
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, werebd fibers that looked from

less bright (i.e. with only some degree of conduction) to completely dark (i.e.
completely conductive). Unfortunately, it was not possible to acquire GAdfid
SKPM/EFM images simultaneously on the same fiber portion, betlaeis@o classes

of techniques require different probbolders. An interesting representative SKPM
image of the MWCNPhOMe@PLLA fibers is shown in Fifj22In Fig. Z22a a region

is evident where several fibers cross each other. In the correspondirersysbtential
(SKPM) image of Figl12b, three different levels appear, namely an intermediate level
background (associated with the substragte)higher level (bright regions) spreading
around the fibers (the typical bleeding effect of electrostatic ¢irag) and a negative
contrast (black) region localized only on some positions along the fibers, which can be
associated with the functionalized MWCNT fillers. Such three regions are more clearly
represented in Fig.-22c, where the same maps of topograpfineight) and surface
potential and as in a) and b) have been rendered agaia 8D fashion, using a
multicolor palette to segment the abowmentioned regions in different levels
associated with red, greeand blue colors, respectively.
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Figure2-12: Largearea SKPM images of a sample of MWERHIOMe @PLLA composite fibers, a) topography; b)
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As a final step of surface chatarization of the functionalize€ NS@PLLA composites,

the roughness of the film samples has been assessed by standard AFM-(ionmact

mode). The 2D roughness amplitude parametew&s evaluated. The two composite
materials based on CNEnd RGO filles result in films with higher surface roughness
(§~155 nm), whereas the composite based on MWCNTSs is smoother, on the same level
as the film of bare PLLA4f80 nm). The differences between the two groups are

statistically significant (p<0.05). Therefotbe weltdispersed MWCNPhOMe fillers

provide a good uniformity in the overall electrical properties, resulting in a percolation

network that endows the films with a good electrical conductivagd, in addition,

turns out to determine the least amoumtf surface roughening, compared to the bare

polymer film.
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2.1.4 Biologicaltests
In collaboration with the group of Prof. F. Filippim, particular with Yuriko S
Hernandez Gomdrom the Departmentof Biology we tested the biological properties
of our conposite material. We studied the biocompatibility and bioactivity of the CNS
PhOMe@PLLA materials both in the form of freestanding éhd fibrous scaffold.

The functionalized NS@PLLA films were firstly tested for biocompatibility by
employing them as sdfolds for the growth of SI$Y5Y cells. These cells are a-well
known, and well-studied neuronal lineage often used as in vitro models of neuronal
function, and differentiation. For both cell deathnd cell proliferation assays, only two
percentages pera&ch type of CNS filler were selected, namely a lower one (0.25, wt%)
and a higher one (5 wt%), assuming that the biocompatibility of all the intermediate
concentrations will be preserved. In all assays, results from CNS scaffolds were
compared to those olatined on bare PLLAnd on control wells coated with paoly
lysine.

Cell deah was evaluated 24 and 72 hodrsm seeding in order to combine cell viability
to proliferation datg and, more importantly to properly consider factors underlying
cellviability.

Cells grown onto 0.25 or 5% functionalizZ@llIS@PLLA films showed viability values in
the same range as control amdPLLA samples (figuBel3a), moreoverno meaningful
effect was found on cell proliferation (figure2-13b), thus demonstrating full
biocompatibility is kept and the potential cytotoxicity of the three types of CNSs is
prevented when employing them well functionalizednd dispersed within a
biocompatible polymer matrix.

a b
100 [_J24h
R
<
Q
80 ﬁ 5 %
S z I + Jr T
Nt o4
Z 60+ = I
4 <
= @
m w3k
< TR
> 404 =}
— O
— x2t
8 o
20 j
wir
(@]
0+ 0
CTRL PLLA CNT RGO CNH CNT RGO CNH CTRL PLLA CNT RGO CNH CNT RGO CNH
0.25 wt% 5 wt% 0.25 wt% 5 wt%

Figure2-13: Per@ntage of viability &) or proliferation () for SHSY5Y cells grown onto control (pelylysine
coated) wells, pure PLLA film or functionaliz&€NS@PLLA films. Data represents the mean + SEM of four
independent experiments performed in duplicate.
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At the same time this first study revealthat also cell adhesion on the substrate is not
compromise by the presence of the nanostructures into the polymer matrix, and that
is not influenced by the concentration and type of CNSs.

Finally, for what concescell dfferentiation, different morphological parametetsave

been evaluated: the number of neurites for cell, the total length of the neurites, the
number of neurites longer than 100 yrand the numbers of neurites longer than 150

um. In figure 214 are reportel the results obtained for MWCNT@PLLA films (the
analogous results obtained for CNH@PLLA and RGO@PLLA films are reported in
appendix).
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Figure 2-14: Differentiation results obtained with MWCNT@PLLA films @25 and 5 wt%, as reference are
reported the results for bare PLLA and for a polylisineated glass. All the tests were performed both in the
presence and in absence of retinoic acid.

It is possible to note that the presence of CNSs inside the polymmeaticx can favor

the growth of neurites. In partidar, for all the CNSs is visible an increase in the mean
number of neurites per celand in their length. This effect is much more remarkable in
the sample containing 5 wt% of CN&sd in particular witt MWCNTSs. With these CNSs
also the number of neurites longer than 150 jismemarkably enhanced.

At this point we compared eMWCNT@PLLA 0.25% with eRINdAVWCNT@PLLA for
both biocompatibility and neuritogenic properties.

The highly porous morphology abhed through electrospinninig expected to better
mimic the environment in whicmeurons normally develaf§® In particular, the
obtained geometryis similar in scaleand in 3D arrangement to the collagemand
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laminin fibrils of the extracellular matrix (ECNP? This aspecthas fundamental
implications in the further renement of ourbioengineering capability to mimic the
neural environmentMoreover, the presence of MWCNTs within the PLLA matrix is
thought to: (i) locally reduce the polymer electricasistance at thenanoscale level
which enhances neuronal network activif), and (ii) to feature nanoscale meshwork
within the polymerhence providindibers wth an optimal surface nanoroughnessd
texture, ideal for cell adhesigmandfor protein/growth factor retention(®4

No difference in cell proliferatigrand vability was found when growing cells onto the
fibrous or filmscaffoldsor onto the polyL-lysine coated control wells (Fig-15A)59
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Figure 2-15. eMWCNT@PLLA scaffold effect on-S¥BY cell adhesion, growth and differentiation. (A) cell
proliferation; (B) cell distribution and (C) cell differentiation. Data represent the mean + SEM of three independent
experiments performed in duplicate. (*) shows significance at p < 0.05 between cells seeded onto eMWCNT@PLLA
scaffolds and control (pohL-lysine coated wells). (#) shows significance at p < 0.05 between cells seeded onto
eMWCNT@PLLA scaffolds and ePLLA scaff@ijsshows significance at p < 0.05 between cells seeded onto
MWCNT@PLLA scaffolds and eMWCNT@PLLA/ePLLA scaffolds. Dotted bars refer to the corresponding retinoic
acid treated sample$:®

However, cells better adhere onto eMWCNT@PLLA (~66%) than onto ePLLA (~53%)
(Fig. 215B). Furthermore, the total neurite length is significantly increased in samples
seeded onto eMWCNT@PLLA. These results highlight an impewiression and
differentiation of cells growing onto eMWCNT@PLLA, possibly due to the combination
of two factors. First, the fibrous morphmyy of the scaffold, with fibediameters

partially overlapping the diameter range of both axons (80-2® mmJ¢2 and collagen
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fibrils (260- 410 nm)7d Second, the presence of MWCNTSs that (i) lower scaffold
resistance and, most important, can induce beneficial effects at the nanoscale based
on their electronic propertid&°263, and (ii) can provide sites for cellular anchorage and
guidance of cydskeletal extensions thanks to their nanotopograptfy.

Indeed, the superimposition (Fig:18C, F, I) of the fluorescent images of the cells (Fig.
2-16B, E, H) atned with a cytoplasmatic dyeand the bright field images of the
corresponding portion of the scaffold (Figl8A, D, G) shows that the newly formed
neurites elongate following the direction of fiber orientation. This is a strong indication
that the scdfold topography guides cells outgrowttand opens up the bright
perspective of obtaining a polarized neurites outgrowth and elongation upon previous
fibers alignment.

Figure2-16: SHSYS5Y cells extend neites following the scaffold fiber orientation. (A), (D), (G), bright field images
of the eMWCNT@PLLA scaffold; (B), (E), (H), fluorescent images of RA trea®d®Hcells stained with Calcein
AM; (C), (F), (), superimposition of the fluorescent and @mponding bright field images. White arrows indicate
neurites following the scaffold fibers orientation. Image magnification is 32X.
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For comparison to previous performance with-SM5Y cell8? we used the same
electrospun eMWCNT@PLLA 0.25% scaffolds to provide human circulating multipotent
cells (hCMCs) with submicrometsized fibers able to mimic the neuronal processes
and the fibrillar collagenoysnd laminn component of the ECM. Cell proliferation is
not impaired with respect to control when culturing hCMCs onto eMWCNT@PLLA
scaffolds, which show to drive cell morphological changes toward neuronal
differentiation (Figure 217), such as diameter narrowing difusiform shaping of the

cell bodies.

Day 1 Day 3

Ctrl

Figure2-17: Human circulating multipotent cells (hCMCs) stained with Cale&M; image magnification is 32X. .

Moreover, in comparison to control, hCMCs increasisblyw a polarized appearance
with longer, and numerous neuritdike protrusions. The superimposition of the
CalceirAM stained cellsand the bright field images of the corresponding portion of
the eCNTPLLA scaffold shows that hCMCs protrusions follovadddfiber orientation

(as highlighted by white arrows in Figurel2). Quantitative gene expression analysis
reveals a scaffolddependent upregulation of some markers of the neuronal lineage.
Indeed, a higher expression léstin TUB 3 andMAP2is observed in cells grown onto
eCNTPLLA compared with controls, suggesting that a neuronal differentiation
program activation has started.
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Figure2-18: hCMCs cells differentiating on. (A) bhgfield images of the eCNPLLA scaffold; (B) fluorescent
images of RA treated SBY5Y cells stained with CalcedM; (C) superimposition of the fluorescent and
corresponding bright field images. White arrows indicate neuritiise features following thescaffold fibers
orientation. Image magnification is 32X.

Morphological evidence highlights thathen growing onto MWCNT@PLLA scaffolds,
hCMCs are committed toward neuronal lineaged show typical features of neuronal
differentiation, such as reduced sipf cell bodies, polarized appearanead presence

of neurite-like protrusions. Moreover, such protrusions (which align to fibers, when
growing onto eMWCNT@PLLA, confirming observations wiBY&Y cells) are tipped
with fan-shaped structures resemblingrowth cones. Concerning gPCR evidence,
hCMCs seeded onto the CNT@PLLA scaffolds show an early upregulatiestinf
indicating that cells are undertaking the differentiation pathway toward neural
progenitor cells like neurons, oligodendrocytes and @sgtes. Concomitant
upregulation ofTUB 3, specific to immaturgand postmitotic neuron$® confirms that

the majority of cells are acquiring a neurspedfic commitment.MAP2expression is
upregulated as well in CNT@PLLA samples and it progressively increases until day 5 of
differentiation. Indeed, it is known that the expressionMAP2is temporally shifted
with respect to neurorspecific TUB 3 as, durirg neurite initiation, MAP2 is later
involved in the coordinated reorganization of cytoskeleton networks of microtubules
and filamentous actitf® Aforementioned reslis suggest that our nanocomposite
scaffolds are able to initiate hCMCs neuronal differentiation through the expression of
neuronal specific market§’
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2.1.5 Preparationand tests of nerve implant prototypes
Peripheral nerve injuries following traumas are an epidemiologicalgvaat problem
due to their poor outcome. They still need an appropriate and effective management.
In the last decades, improvements in the field of biomaterials and nanotechnologies
have offered a suitable alternative to more invasive methods such agyefts or
allografts, leading to the production of far more sophisticated scaffolds which are able
to interact with cells and macromolecules on a nanos&dle.

Sarting from the promising results obtained with our composite materials in terms of
biocompatibility and bioactivitywe began to prepare prototypes of Nerve Guide
Conduits (NGCs) fam vivotests. Due also to our results with neurgasmd stem cells
obtainedin vitrowith our eMWCNT@PLLA 0.25%6 decided to use this kind of fibrous
materials for the preparation of our first substrates. The main problem to overcome
was that such nanofibers tend to be too much electrostadiied soft to be handled
alone & implant. Spwe decided to deposit a layer of PLLA fibers containing MWCNT
PhOMe onto a thin film of neat PLLA,; in this kind of prototypes the film layer have to
sustain the active fiber layer giving to the substrate the mechanical properties needed
for the use as an implant. Through solvent evaporation in a Teflon,moetboptimizing

the concentration of the PLLA solution (3% wt% in §H@ have been able to obtain
thin film of PLLA of 80 pum of thickness (height 5 cm, length 7.5tbat)was the bes
compromise between flexibility and tightness of surgical stiches. (Hig) 2

Figure2-19: Image of the PLLA film used to prepare our first implant prototype.

To deposit the fibers layer onto the film BLLA firstly we tried to combine them after
their separate preparation, but the conjunction between the two layers was not very
stable. Spwe decided to try to electrapin the fibers layer directly onto the film. We
firstly perform a low deposition of ettrospun nanofibers in order to analyze the
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contact point between the two layer#&s we can see from the SEM images (FRP)2
there are lots of points in which a section of a fiber is embedded into the film.

Figure2-20: SEM image of the surface of the PLLA film with a low deposition of electrospun fibers (red arrows
mark conjunction points between the two layers)
These conjunction poinidogether with electrostatic interactions will surly provide
good sability to the substrate mantaining the fibrous and the film Isspell attached.
After that, we prepare the real first prototype performing a complete deposition of the
fibers onto a PLLA film obtaining the scaffold in figu&12

Support
300 pum

Film

Figure2-21: Images of the impermeable prototype. In the first image it is possible to see the scaffold onto the
support and protective norstick layer. In the microscope images it is possible to see the PLLA layer coveriee of t

fibers layer.
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As it is clear fronits structure this first prototype results completely impermeable to
water, since the PLLA film layer is not porous. In literatitiie, instead, well reported

the importance of using permeable substrate as N&TSqg we decided to use the 3D
printing technology to find a way to replace the impermeable PLLA layer. Using a fused
filament fabrication (FFF) 3D printgre have ben able to design and obtain PLLA grids
that can be use as support for the fibers layer maintaining the mechanical properties of
flexibility and biocompatibility but giving to the scaffold a complete permeability. Using
this technique, we can obtain grith the desired shape, dimension apdrmeability

(two examples with differenineshsize are shown in Figure22).

Figure2-22: Images of two different 3D printed PLLA grids and the model used forpttieting process.
2 0K (KSaS 05 LINAYOGUSR 3INARa ¢S Y2O0SR (2
prototypes simply using the same procedure used for the PLLA films before, performing

the electrospinning to cover the grids with the layer of PLLA fibers contpithie
functionalized MWCNPhOMe. (Fig.-23)
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Figure2-23: Images of gpermeableprototype, in the microscope magnification it is possible to see the PLLA
fibers layer covering a pore of the grid.
2.1.5.1 In vivotests

We have then perform the firsh vivotests of these substratesn order to understand
the effect of the presence of MWCNT into the PLLA matrix all our prototypes have been
LINS LI NBR Fftaz2 Ay | aofl yl khvidedskhaebfenY RS
performed on sciatic nerve of mice; the nerve was transected, repaired with suture and
then wrapped with our novel wrapping sheet. (Fieg42 225). Control mice were only
transected and repaired with suture. All the operation and analysis on were
performed in collaboration with the group &frof. Bassetto from the Clinic of plastic
and reconstructive surgery at the department of neuroscience, and in particular with
Dr. A. Pontini.

Figure2-24: Schematic illustration of the use of a NGCs. Image provided by Integra®.
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Figure2-25: Photo of one of the in vivo tests, in the image on the left it is possible to see the sciatic nerve before
the operation and the implant; in the image on the right it is possible to see the sciatic nerve after the operation
with the implant in his position. (the implant is barely visible when wet)

We test our implant on 10 mi¢and we monitored their status several timafter the
operation until the day of sacrifice.

Figure2-26: Photo of one of the operations.

We performed general evaluation, the De Medinaceli test, the Open Field test and
electromyography (Fig.-27) kefore the sacrifice, and after that a histology of the

nerve.
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Figure2-27: Electromyography performed on an operated mouse.

In particular, for the general evaluatidhe animals were monitored since thedi day

after surgery until the day of sacrifice. We evaluated their motor behaviors, gait
abnormalities, limb displacements, walking and running behaviors, generabeiati,
appetite and arousal. THee Medinaceli tess used to evaluate walking traglksd can

be very useful to study functional recovery since proper walking requires coordinated
functions involving sensory input, motor response, and cortical integration. The open
field activity monitoring system comprehensively assesses locomotor ahavimal
activity levels of mice, which can be correlated with locomotive function. In particular,
the open field is a useful tool for assessing locomotive impairment in animal models of
neuromuscular disease. This tecnique measures ttital distance traelled and
thereby measurethe medium speedfocus on submaximal exercise performance and
quality of life. Overall, this makes the open fieldivity test a useful outcome measure

to use in preclinical trials.

Results from De Medinaceli and Open Figst$ were statistically different between
CNTPLLA mice and sutured mice. The NTA group showed a fastand greater
improvement in all the performed tests. Friedman's test indicated improvement in the
CNTPLLA group has been far more relevant. Etgdtysiology confirmed the absence

of Wallerian degeneration and the presence of a biphasic compound muscle action
potential (CMAP). Histology showed no adhesjarsd no fibrotic reaction. Muscle
showed a certain grade of atrophgibeit higher among thewsure group.
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We can state that our technology is really promising for the preparation of implant for
neural surgery. Our eMWCNIhOMe@PLLA nanofibers based scaffold has proved to

prevent Wallerian degeneration, being fully biocompatible and protective from
adhesions and the neuromas at the same time.
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2.2 Carboxylicand vinylic functionalizations

In this sectionjt is presentedhe use of the Tour reaction to introduce onto the CNSs
functional groups useful for a second step derivatization. The most usedioa in
literature for the functionalization of CNSs is the oxidatittvat can both provide an
enhancement in the solubility of the materjaind carboxylic moieties that can be really
useful to anchor other group onto the nanostructures. As mentionetoike, this
procedure can greatly reduce the conjugation of the Cld8d so compromise their
properties. Indeed, we perform the functionalization withbpnzoic acidin order to
obtain the introduction of carboxylic acid with a limited introduction of dpfects into

the s lattice of the CNS$Y The reactivity of the introduced carboxylic groups can be
tested through the amidation with labeled moieties, as a model for a possible post
functionalizationwith biologically relevant molecules. In particular, this could open the
door to a future covalent grafting of the biomimetic peptidésat we already studied

in our previous works for their effect on the differentiation of neural céf§? 71

After that, we will study the introduction of styrene groygbkat can provide anchor
LRAYyG F2N) GKS @GaINFFhUGAY3I FNRYE LIRfEYSNRI
functionalization of the nanostructure can provide a covalent interaction with the
polymer matrix. This should provide a more efficient contact betw#enmatrix and

the filler, determining the properties of the final composite material.

2.2.1 Functionalizationwith benzoic moieties
Most of the chemical modifications of the CNSs found in literature make use of
carboxylic groups for the decoration of the CNSs.

The carboxylic groups are usually introduced by oxidation of the CNSs, a methodology
highly invasive that introduces a wide variety of oxygelated groupsthat can only
partially be converted in carboxylic functionalities. Furthermore, the CNSs increase
their resistivity due to the high level of damage introduced with the oxidation.

The addition op-carboxyphenyl groups on the CNSs through the Tour reaction allows
us to obtaina selective introduction of the functional group with the choice of the
reagent. The introduction of defects is contained, as the addition of the molecules to
the outer layer of the CNSs prevents further undesired damaging of the structure.
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NCP
15 min
80°C

Figure2-28: MWCNTPhCOOH reaction scheme.

The carboxylic functionality can enhance the solubility of the CNTs in water, a
parameter that is used as a figure of merit for the evaluation of the reaction outcome.

The grafting of MWCNTSs wifiticarboxyphenyl groups (ithis section we will refer to
p-carboxyphenyl functionalized MWCNTs as: MWERTOOH) was studied in a wide
range of reactant equivalentsn order to find the optimal reaction conditions. The
reaction was at first tested 00.5 eq of p-aminobenzoic aciat 80 Cfor 15 minutes.
The TGA of the product shows a weight loss lower #f#rat 450 Csuggesting a low
degree of surface modification.
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Figure2-29: TGA of MWCNPhCOOH functionalized for 15 min (left) anal 24 hours (right).

The reaction was also tested with the same amount of reagents but with a 24 hours
reaction time in order to understand if the low grafting was due to the formation of
side products or to kinetic reasons. For a 24 hours reaction tr@eeight loss is above
8%, validating the hypothesis of a kinetic limitation on the 15 minutes reaction that,
requires indeed more time to reach higher yields.

A higher degree of functionalization can be detected also because the degradation of
the grafted molecules shifts to higher temperatures. The outline of the first derivative
of the weight loss does not change, as it presents in both cases two main peaks, but the
onset temperatures of the two degradation processes are shifted to higher
temperatures.
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In order to understand whether the grafting can be boosted toward higher yields,
maintaining the profitable short reaction time of 15 minutes, the number of equivalents
of p-aminobenzoic acid was explored maintaining constant the other reaction
parameters.

In table are summarized the results obtained in terms of weight loss and the solubility
of the first extracted fractions.

p-aEn?il:lIz)/g:eennztzigfacid Weight loss ab00C in wi?eltrjl[)rlrlltg%mL]
0.1 3.4% null
0.5 3.6% null
25 9.6% 0.31

The best result was reached at5 eq of p-aminobenzoic acid with a solubility 6131
mg/mL in deionized water.

In order to further prove the presence of carboxylic groupwas studiedhe stability

of the dispersion idifferent acidi¢ and basic aqueaas environment The hypothesis is
that the aggregation of MWCNThCOOH in water is controlled by two components
The first one is common to all functionaliz€Nss, and is the steric hindrance between
the functional groups that can prevent CNSs aggregatitbe second, and more
relevant from our perspective, is the presence of charged groups on the CNSs due to
the protonation/deprotonation of the carboxylic grougéwe reducethe experimental
situation to a simplified modelwhere the pristine MWCNTSs ar@leal nanotubes
without any defectsthat can provide charged groups, and the MWE&MICOOH are
nanotubes with the outer layer grafted lpycarboxyphenyl groupsn the first case the
nanotubes aggregation should kentrolledonly by Wan der Walls forceso it should
not be affected byacidity or basicity of the solutiomnstead in the second scenario the
solution stability should be governed by the protonati@nd deprotonation of the
carboxylic groups.
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II. Acid treatment

I. Neutral Ill. Base treatment

Figure2-30: Acidity dependent solubility.

By controlling the acidity and basicity of the solution, it should be possible to protonate
the carboxylic groups in acid conditigience lowering the solubility in water of the
CNSs, while under basic conditsotmeir deprotonation should enhance the solubility.
Following this guideline, it was verified that indeed adding a droplet of acidic solution
(0.1N HG}) to a stable dispersion of MWCNPRCOOH the CNSs formed macroscopic
flakes characteristic of unstabldispersions. When a droplet of basic solution (0.1N
NaOHg) was added instead, any major difference could not be detected in the stability
of the solution. Moreover, adding the basic solution to the acidified dispersion of
MWCNTPhCOOHthat have lost the stability in solution will bring back the initial
solubility. To make sure to evaluate the dispersion stability under the same timeline,
the two dispersions have been sonicated for a minute after the droplet addliiion
order to restore the dispersiorat time zero. Starting from these qualitative but
substantial results, a quantitative prove of the presence of the carboxylic acids was
researcled.

2.2.1.1 XPXharacterization of MWCNPhCOOH
XPS measurements were performed in collaboration with Dr. Francesiom&érom
the Department of Chemical Sciences on MWERTOOHand pristine MWCNTSs for
comparison. The peaks of interest are relative to carbon 1s (@ig)xygen 1s (O1s)
electrons. Given the structure of MWCNTSs, oxygen should be present in small
percertages due to a certain extent of defects on the nanostructures, therefore a
hardly detectable oxygen signal is expectet for pristine MWCNTS. A significant increase
in the Ol1s emission could be a good indication of the addition-cdrpoxyphenyl
groups ornthe CNTs.

A study on terephthalic acid multilayer adsorbed on epitaxially grown graphene was
used to assess the expected peak shamel energies relative to carboxylic groups.
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Figure 231 shows the superimposition of Ols data from pristine MWCNTs and the
functionaized MWCNPhCOOH. As expected, the starting material shows a weak
signal that is unsuitable for peak analysis, as the noise/signal ratio is too high, but it is
a good reference for the comparison of the signals. The étssion from the
functionalizedproduct is significantly higher, confirming a successful addition of oxygen
containing molecules by Tour reaction.

1 —— MWCNT-PhCOOH
3901 - - --MWCNT

Intensity [a.u.]

L T T T T T
537 536 535 534 533 532 531 530 529
Binding energy [eV]

Figure2-31: XPS O1s spectra prior (MWCNT) and after the functionalization (MWENJOOH).

The analysis of the Ol1s and C1s signals is reported to verify if the signal is quantitatively
compatible with carboxylic oxygen.

Page |67



CHAPTER RESULTS AND DISCUSSIONS

400

ko4~ O1s _experimental

i —— O1s_Fit_total
- - -Baseline
300 V.| ---1LHO
I / -~ -l HO-C=0
250 - - -1Il. C-OH
- - -IV. HO-C=0

200 4 1. - - -V.C-C=0

150

Intensity [a.u.]

100

50

Bl A
537 536 535 534 533 532 531 530 529

Binding energy [eV]

Figure2-32: O1s XPS analysis.

The deconvolution of the Ol1s peak shown in FegB6 was performed wittKPSpeak
software. According to the literaturéd a chemical shift of 1.5 eV was imposed
between the two main peaks ascribable to the,@HRd CO signal of a carboxylic group.
Furthermore the area of the two peaks is expected to be equal bectheye is one
oxygen of each type for every group. In order to have a convergent fit, three auxiliary
peaks are necessary.

G0 H&GCGO GOH HOLCO H.O

Binding energy [eV] 530.8 5320 5332 5335 5350

Area 774 3031 2114 3031 69
Ol1ls MWCNPhCOOH peak assignment and area

In table are shown the results of the deconvolution, where the pe&k&Q, and GOH
are relative to mn-carboxylic signaJeand HOis attributed to water according with the
literature [3

The analsis of Cls was performed on the basis of these results; due to the different
cross sections of the elements and the apparatus configurationsitirealO1sis about
twice as intense as thaif C1s Thefit on Clswas performed by imposing the area of
the GOOH peak as half of the intensity of that found in the (O1s) signal.
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Csp CspP HGBLC CO QOH "b7°

Binding energy [eV] 2845 2861 28621 2876 28922 2913

Area 7633 1.222 105 375 150 3516

% respect teCsp’ 16% 1.37% 05% 1.96% 4.6%
Cls MWCNPhCOOH peak assignment and area

In table are reported the results of the fit on tikarbon signal. The quantitative analysis
shows that the carbon bond to carboxylic groups constitutes almost2#tef the

whole structure. Considering that the TGA suggests the molecules grafted on the CNTs
are the9%(w/w) of the structure, and that thearboxylic group contributes roughly as

a third to the total weight of the grafted molecule-@arboxyphenil groups), th2%

signal obtained by XPS measurement is consistent with the amount of carboxylic groups
selectively introduced by Tour reaction. Ewbough the signal could be attributed to
carboxylic groups, it must be mentioned that given the shift range of the peaks reported
in literature, the peaks could be also associated to different functional groups as the
assignment in different works can beitg arbitrary.
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2.2.1.2 Amidationon thefunctionalizedCNSs
Given the absence of indisputable results from the spectroscopies, an indirect evidence
of the presence of carboxylic groups could come from an amide coupling that would
prove both the presence of théunctional groups and their availability for further
reactions.

Considering those assumptions, the coupling of a paramagnetic label was studied. 4
amino-TEMPO was used because it is a well known paramagnetic molecule detectable

by EPR spectroscopgnd shalld be easily identifiable. EPR measurements have
resolution limit in the order of the nanomoal&vhich is compatible with the degree of

O2dzLdt Ay3a SELISOGSR Ay 2dzNJ al YL S ¢KS §GSOK
paramagnetic molecules that are seleelly introduced, so the presence of
contaminations affecting the signal of the TEMPO group should be avoided.
Furthermore amingt 9 at h Y2ASGASa OFyQE] AXDPSHRGKRYRS -
the CNSs like usually do chromophores and fluorophores sortheinteraction that

can occur between the EPR label and the nanomaterial is the amide bond formation

The coupling was carried on the most soluble fraction of MWENJOOH, in order to
minimize the presence of unfunctionalized MWCNTSs, that would lowersthtistical
probability of positive encounter between the amiraand the activated carboxylic acid.

The amidation reaction with NHS, DIRP&#d EDEHCI coupling agents was carried out
for 4 days at room temperature to obtain the EPR labeled MWCNTs (MYPGRDONH
TEMPO).

DMF rt 4 days

Figure2-33: Amide coupling of 44minoTEMPO.

The EPR measurements were performed in collaboration with Prof. Lorenzo Franco
from the Department of Chemicakti®nces. Figure-34 reports the EPR spectrum of
MWCNTPhCONHEMPO in solid phase deposited on a polytetrafluoroethylene (PTFE)
membrane filter. Prior to the acquisition of the spectra, it was checked that the
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membrane did not interfere with the measuremes. The typical EPR spectrum of
TEMPO molecules bound to CNSs can be recognized inlfijure.

EPR intensity [a.u.]

T T T T T T T T T
3280 3300 3320 3340 3360 3380 3400 3420 3440
Magnetic field [Gauss]

Figure2-34: EPR spectra of MWCNIhCONHEMPO.

The interaction between nitroxide radicals can bring to the broadening of the EPR
lines!™ Such a broadening, detected on MWCGRACONH EMPO, can be explained

by the presence of regions characterized by a high density of nitroxide radicals on the
CNTs. In fact, a local higher degree of functi@aion on MWCNPhCOOH can be

expected for the strained portions of the CNTs. Therefore such regions are susceptible
to a high density of amide bonds, hence a high density of nitride radicals.

Control measurements were performed on the wastewater of wWaeshing procedure
in order to verify the effectiveness of the protocol.

407,..y.,‘..,...r...,...w...,..rl.y.,‘i
—Wastewatem:
------ Wastewater 2 |

EPR intensity [a.u.]

T T T T T T T T T
3280 3300 3320 3340 3360 3380 3400 3420 3440
Magnetic field [Gauss]

Figure2-35: EPR spectrum of the wastewater of MWCIRRCONHIEMPO.
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In these spectrat is possible to see the typical spectral behawd TEMPO label
molecules free in solutigrthat decrease in intensity from the wastewater of the first
purification step to the second one disappearing completely in the third.

After the amidation with the small amirdEMPO moleculewe test the possiliity to

use the same amidation reaction to functionalize the MWCNTs with a bigger molecule,
a peptide synthetized by Prof. A. Moretto from the Department of Chemical Sciences.
The peptideagain present in the sidechain the TEMPO group for the EPR &nalys

NHS
EDC HCI
DIPEA
DMF rt 4 days

Figure2-36: Reaction scheme for the amidation with the TEMP&beled peptide.

After the amidation and the purification procedure we have been able to detect the
presenceof the TEMPO group also in this product. All the parameter for the reaction
and for the purification was the same used for the amidation of arTiB®&MPO. This
tells us that this reaction is extremely useful for the functionalization of Cswith
compex and big structure, and in particular could be used to functionalize the MWCNTSs
with biomimetic or bioactive molecules enhancing their biological properties.

32I50 3300 3350 34700
Magnetic Field (Gauss)

Figure2-37: EPR spectra of the peptideinctionalized MWCNTSs.

Comparing the TGA analysis of the MWCNTSs before and after the amidation (MWCNT
PhCOOH and MWCHNPEptide) it is possible to see that there is an enhancement in the
weight loss due to the decomposition of the organic moieties. This isadeconfirm

that the amidation take place. Analyzing more quantitatively the thermograand
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comparing the weight loss it is possible to estimate that almost 10% of the carboxylic
moieties have been amidated.

—— MWCNTs
—— MWCNT-PhCOOH
1 —— MWCNT-Peptide
S
[%)]
[%2]
o |
380—
() i
=
60 +———r—————r————r———rr

100 200 300 400 500 600 700 800 90

Temperature [°C]

Figure2-38: Overlap of the TGA of pristine MWCNTSs (black curve), MWNTOOH (red curve) and MWGNT
Peptide (blue curve).
These results suggest us that the introduction of carboxylic acid through the Tour
reaction can be aruseful tool for the preparation of more complex material by
amidation reaction. In particular, of great interest for biological applicatibns
possible to perform the amidation with synthetic biomimetic peptide that can enhance
the biocompatibility ad the bioactivity of the CNSs.
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2.2.2 Functionalizationwith styrene moieties
One of the polymers often found as a matrix for nanocomposite materials is
polystyrene. It has great number of application due to its good mechaarmaithermal
properties. In tlis section, we want to test the possibility to use the Tour reaction in
order to prepare a functionalized CNS that couldcbgalentlygraftedto the matrix:
aiming at the development of a nanocomposite material with covalent bonds between
filler and polyner. With this aimit was consideredhe decoration of MWCNTS with
vinylphenyl (styrene) groups. A vinyl functionality should provide an anchor point for
the in-situ polymerization of polystyrene. It should also guarantee a better interface
between the finctionalized MWCNTs and the polymer matrix regardlessirtkstu
polymerization!.®!

28 A0F NI LISNF2NXAYy3I GKS Fdzy Ol A Zigyladiliel | GA2Y .
In particular, the reaction was performed in NG@&r 15 minutes at 80 °CG using
isopentylnitrte, and pvinylaniline in a stoichiometry of 1:1 between them.

NCP
15 min
80°C

Figure2-39: MWCNTstyrene functionalization scheme.

We tested the reaction using 2 equivalent of reactantdwéspect to the carbon atoms
inside the CNSs but we did not obtain any increase in the solubility of the functionalized
CNSs (MWCN&tyrene). Figure -20 shows clearly that the functionalization with
styrene results in an efficient coverage of the CN®. décomposition of the grafted
molecules ends at arourdb0°Cand contributes with d3%weight loss.
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Figure2-40: TGA of MWCNEtyrene in nitrogen atmosphere.

A weight loss abov&0%suggest a high degrexd functionalization, probably above the
saturation density of the surface.

The solubility in DMFRand chloroform was studied, as the two solvents were employed
in previous evaluations of the dispersion stability of MWCNTs derivatives.
Unfortunately as rantioned above, thep-vinylphenyl group does not provide an

improvement in the solubility, as it is null in chloroform, and comparable to pristine
MWCNTSs in DMF.

Therefore, it was necessary to look after a functionalization strategy that would
enhance thesolubility while maintaining th@-vinylphenyl functional groups.

A cofunctionalization withp-vinylpheny) and 4methoxyphenylgroups was studied to
counterbalance the low solubility of MWCHNiyrene with the well known contribute
of 4methoxyphenyfgroups to the enhancement of the CNTs dispersibility.

b

NH H.CO

H3CO\© 2 3 —
NH

NCP
15 min
80°C

Figure2-41: MWCNTstyrene-methoxyphenyl cefunctionalization scheme.
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The stoichiometry of the reaction was chosen on tlasib of the previous results. The
co-functionalizations were realized in two stoichiometric ratios: MW@NFA was
prepared usind..5 eq of4-vinylaniline plu®.5 eqof 4-methoxyaniling while MWCNT
CotB was prepare with.0 equivalents of both the reamts.2.0 eq of isopentylnitrite
were added matching the total equivalents of aniline derivatives in both cases. The
reactions were carried fdt5 minutes at 80°Cunder stirring and nitrogen flux following

the standard protocol.

TGA measurements on -<fonctionalized does not provide relevant information
regarding the composition of the over layer, apart from the total amount of molecules
grafted. The two species added to the CNTs have a similar thermal degradattbn
their contributions overlapThe meaured weight loss a@00 °Cis 14.4%for MWCNT
CofA, and 11.9%for MWCNTCofB.
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Figure2-42: TGA of MWCNTOofA (left) and MWCNTCofB (right) in nitrogen.

The kinetic of the addition reaction is dependdrom the substituent on the aniline
derivativel’” Aryl radicals with electron donating substituents showed faster additions,
while derivatives with electron withdrawing groups required longer reaction times or
higher concentrations of the reagents achieve the same grafting degree. Therefore,
the cofunctionalization result could be related to a faster kinetic in the addition of the
p-vinylphenyl groupsas the overall decoration follows the amount of the reagent.
Nevertheless, is not availablecharacterization able to asses the local microstructure
of the over layer. Therefore, the chemical composition of the over layer was researched
by indirect evidence, such as the chemical reactivity ofdbé -MWCNTs and their
solubility.

As the interesis focused on the composite preparation, the figure of merit relative to
the outcome of the two cdunctionalizations is left to the composite analysis.
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2.2.2.1 oGraftingT NB Y ¢ fihglionélikeBCNSs
The polystyrene composites were tested with different MWCd88rsvatives: MWCNT
CotA and MWCNTofB were cefunctionalized, for a better compromise between
anchor points and solubility and as reference pristine MWCNTS.

The composites were prepared by -situ polymerization on dispersions of
functionalized MWCNTsin styrene monomers, initiated by benzoyl peroxide. The
nanotubes were dispersed by ultrasonicatj@amd the reactions were carried &0 °C

for four hours. The degree of polymerization is time dependent, so the reaction time
was set to obtain a solid mati@l with high molecular weight chains.

Therefore, the characterization of the mechanical properties of the composite was not
possible due to lack of a reproducible standard specimen. TEM measurements were
performed to assess the surface modification odfiet nanotubes after the
polymerization.

The TEM samples were prepared removing the polymer not attached to the CNTs, by
dissolving the composite in THF and centrifuging the mixture to precipitate the CNTSs;
the supernatant containing the polymer was extrattnd the CNTs were-dispersed

in fresh THF by ultrasonication. Repeating this procedure, it was possible to perform
TEM measurements on CNTSs clean frorguafted polymer.

x 3 il i

——500m

Figure2-43: TEM images of MWCNCOfA in situ polymerized.
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———— 500 nm ) ] I —

Figure2-44 TEM images of MWCNCOofB in situ polymerized.

As a control for the separation procedure polystyrene was polymerized on a dispersion
of un-modified MWCNTSs, and thédaementioned washing procedure was applied.

The insitu polymerizations MWCNCofA and MWCN-TofB resulted in CNTs coated
by a layer of polystyrene covalently bound to the nanotubes, as it can be seen in Figures
2-43 244, while the uamodified MWCNTsalnot show such a layer. (Figurel3).

Figure2-45: TEM images of pristine MWCNTSssditu polymerized.

So It is evident that the cofunctionalization process can provide nanostructure with a
much more commx combination of the desired properties. We have indeed, obtain
MWCNTs enough soluble and with the right functionalities to be use efficiently in a
grafring from polymerization reaction. The so obtain CNTs, covered by a polymeric layer
could be really irdgresting for the preparation of composite material inside a
polystyrene matrix. In this way the mechanical interaction between the CNSs and the
polymer will be greatly enhanced. Further studies will also analyze the introduction of
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