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ABSTRACT

Low molecular weight gelatord MWGSs) based on pseudmeptidesare here studied for the
preparation of supramolecular materials. These compocariselfassemble through nen
covalent interactions such as hydrogen fsoadd " - s t a forikningh fipres andgels

A wide variety of matrials @n be prepared starting from these building blocks, wtachbe
tuned andunctionalised depending on the application.

In this work, derivatives of the three aromatic amino acihkenylalanine, {Tyrosine and L
DOPA (3,4dihydroxiphenylalanine) were sthesised and tested as gelators for water or
organic solvents. First, the optimal gelating conditionsewstudied for each compound,
varying concentration, solvent and triggdihen thematerials wereharactesedin terms of
mechantal properties and morpholpgWater remediation from dye pollution was the first
focus of this workOrganogelsvere studied as absorbent of dyem contaminatedvater.
Hydrogelsfunctionalised withTiO2> nanoparticlesand graphene plateletgere proposed as
efficientmaterials fothe photedegradation of dye#\n efficiert method for the incorporation
of graphene inside hydrogels usittge gelator itself aslispersantwas proposedin these
materialsa high storage odulus coexists with good sdikaling and biocompatibility
The incorporation of a mineral phase insideghbematrix was then investigated, leading to the
preparation of composite organic/inorganic materials. In a first study, the growdtcnic
carbonate crystals was achieved inside the hydrogel, which preserved its structure after crystal
formation.Then theself-assembled fibres made of LMW@egre usedor thefirst timeinstead

of the polymeric onegs reinforcement insidealcium phosphate cemeniSPCs)for bone
regeneration Gekto-crystal transitionsoccurring with time in a mettable gelwere also
examined The formation of organic crystals in gels can lwhiaved in multicomponent
systems,in which a second gelator constitutes the independent gel networélly, some

compounds unable to gelate were tested as underwater adhesiv
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Chapter 1

1. Introduction

1.1 Low molecular weight gelators

Low molecularweight gelators (LMWGsare a fascinating class of compounds able te self
assemble into supramolecular structusesh adibres and gelsThey receied great attention

in the last two decades because of the possibility to tailordtracture, obtainingintriguing
supramolecular architectures amdaterials suitable for several applicationiacluding
environmental remediatiohmedicing? biomineralizatiod andelectronics?

LMWGs areorganic compoundsith molecular weights loweghan 1000 Daltonsable to sel
assemble thragh norcovaent interactions such as hydrogen bonding, stacking(Figure
1.1), metal coordination, dipolar and van der Waals interactions, solvophobic forces
(hydrophobic forces for hydrogels§.The dynamic nature of necpvalent interactionpaves
the wayto the preparation ofreversible materialsvhich distinguish these supramolecular gels
from polymeric gelsThis is an important propertyfor several applicationsmnainly in the

biomedical field

Molecules Fibre Fibrous network Gel >

Aromatic core

I
H-bonding, n-n stalg

Figure 1.1 Schematic representati of some of the interactions leading to the -asfembly of
LMWGs.



Despite the limited range of namovalent stabilising interactionsMWGs molecules have

access to diverseand elaborate range sfipramolecular structures which give rise to variable
morphologies, presumably due to the large degrees of freedom available iditheasional

packing motifs and subtle differerzén the energies of intermolecular interactidns.
Althoughthese interactions anmedividually weak, the sum drivego the assembly, leading to

the formationofnat er i al s t hat are permanent on-anal yt
l i keo i n t tbehaviour, rever whenongpie thanl 99% by weight of the material is

liquid (the solvent}

The formation of LMW gelgFigure 1.2) relies on a delicate balance betwesmlubility and
insolubility of the gelator in the solvent chosen. The gelation process usually starts when a
trigger is added to thgelator solutiorand driveghe gelator from a sollbto a partialsolude

state The trigger may be a physicaldremical input such as temperature variafiolrasound
sonicationt? solvent switch'! salt additiof? or a pHchange® The addition of therigger
causes the slow sedissembly of the gelator molecules in long structures, most commonly fibers
(Sel-Assembled Fibrillary Network,SAFiIN), which entangle together at a certain

concentration, forming a network able to trap the solvent.

MOLECULE FIBRE NETWORK

[ AssemsLy ProCEss 3

Figure 1.2 Schematic assembly process of a gel across length Beglenduced from ref

The strength of the network prevents the flowhafsolvent under gravity from the gel,evif

the vial containing the gel is turned upside down, which is a usual and simple test to check
whether a gel formed or not. Depending on the medium where the LMWG is dissolved, gels
can be divided into hydrogels, if the solvent is water, or organageis,organic solvent is

used.

The final properties of a gel are critically affectadthe structure of the gelator molecuds,

2



well astheprocess by whiclgelationoccurs Every method implies a certain time and involves
a specific kinetic for thedrmaton of the fibres, of the entanglements and finally of the network
(Figure 1.3). Even using the same trigger, gelatiatescanvary, leading tomaterials with
differert bulk properties® For this reason, it is very important to carefully control all the
parameters of the process in order to prepare gels with reproducible proplesties an

essential feature whersing gels irapplications

additives concentration

WHAT INFLUENCES surface
GEL PROPERTIES?
hlstory
?2 2 2 temperature
H* H* : - =
2 >
H*  pH method
He .~
H+

Figure 1.3 Formulation parameters that may influence gel formaf@produced from ref.

It is extremely difficult to predict whether a certain molecule will form a gel or not and
understanding the rules behind the gelation process is still challefigi@dormationof gels

has been described as an empirical science, and the vast majority of gelator stwerteires
discovered serendipitousty.Molecules with very similar structures can exhibit extremely
different propensity to form gelé 2°In theselast years, researchatsvoted aignificant effort

to identifying potential gelator molecules only by screening large numbers of conspamuhd
testing awide range ofsolvents. Nevertheless, the tireless research in this field led to a
remarkableimprovement in the understanding of the general principles behind LMW gels

formationand properties



1.2 Peptides and pseudepeptides as LMWGs

Peptides and peptidedvatives argoarticularly attractive building blocks for the construction

of supramolecular materialNatureitself is largely devoted to the expression of 20 amino acids.
The expressed polypeptides and proteins undertake an impressive array ofastarcdur
functional roles, including molecular recognition, catalysisienergy storagéVhile many of

these biological structures are too complex to provide scalable technological solutions,
simplified versions of these systems manpvide useful toolsvith properties ad functions
normally not associated with synthetic materfals.

Peptidomimetics are small protdike molecules desiggd to mimic natural peptides. It is
possible to design these moleculesrider to obtairthe same biological effects as their peptide
role models with enhanced propertiessuch ashigher proteolytic ®bility, increased
bioavailability and, in some casesnproved selectivity or potend

Both peptides and peptidomimetics tend to form secondary structures, such as helices or sheets,
which arestabilized by intramacular or intermolecular iNHE O=C hydrogen bondgFigure

1.4). Helices are stabilized by intramolecular hydrogen bonds, while slaeetsisually
stabilizedby intermolecular hydrogen bonds, depending on the molecular structure and chain
length. Self-organized oligomers thatend toform helices areusually bad candidatesis
LMWGs, in contrast, oligomers that haliesheetsas preferred secondary structure are good

candidates to form fibreandbehave as gelatofs.

I | . 5(1“ :

(b)

<t
o

Figure 1.4 (a) AnU-helix with the hydrogesibonding pattern parallel to the helix axis; fgtrand with

illustrative hydrogen bais orthogonal to the direction of the chain;Jehelices forming higher order



structures; (d)b-sheetassembly is stabilized by the formation of intermolecular hydrogen bonds.

Adapted from ref3

Peptidebased scaffolds are interesting candidates for hydrogelation and organogelation
because they can selfsemble using various noncovalent interactibltseover, theycan be
manufactued easly andin large quantitiesand modifiedboth chemically and biologically.
Somestructural featuresave been identified as responsilolethe formation of good gelator:

(i) it should contain a hydrophilic head, as a peptide bomy;it(ishould ©ntain some
hydrophobic moieties, usuallgromatic rings or occasionally long aliphatic chais) it

should be a chiral compoundn the following paragraphs these general features will be

analysed in more detalils.

1.2.1 Aromatic groups in LMWGs

During thelast two decades, a wide variety dipeptideandtripeptide conjugatebas been
synthesised and tested LMWGs. Efficient gelabrs appear to require the presence of an
aromatic protecting group suas fluorenylmethoxycarbonyl (Fmot)?* naphthalené®2®
pyrené® or giropyrart’ on theN-terminus of thalipeptide For exanple, it was reported that
Fmod Tyri OH (Tyr=tyrosine)is an efficient hydrogelator, wherea®ZL Tyri OH (where @z

is carboxybenzyl protecting gup) and Boé Tyri OH (where Boc is &ert-butyloxycarbonyl
protecting group) do not form fibrillar structureswiater?® As a further example, a totally
deprotected diphenylalaninei Pha Phad OH (Phe=Phenylalaning)can form vesicles
or nanotubesn aqueous solutiof?, while Fmod Phé Phé OH can form extended fibrillar
strucures that associate to give hydrog€IReportedstudies opeptidegels suggest that the
Fmoc groups &'ss®tmbd lkacesvaf KUdi>¥ dugporing theidea that the
preserdnceswdcking i s i maontant to hydrogel fo
Adamset al3® have carried out a comprehensitedy onthe gelatiorpropertiesof a library of
Fmoc protectedipeptides In general, the ability of dipeptideto form strong gels was found
to be correlated to its hydrophobiciipeptideswith calculated hydrophobicities below
logP =2.8 (P=patrtition coefficient formed weak and unstable gels, whereas wheR \oas

above 5.5 thdipeptidesappeared to be too hydrophobic to form homogeneous gels.
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At intermediate values of 169(3.41 5.5), all thedipeptidesassembled to give gels of similar
strengths.

Another importanttsidy reported how the presence ofraatic amino acids iseveradipeptide
gelators can positively affect the gelation abilities of the compétiidhe analysiswas
performed on34 dipeptidesand proved that hose containing phenylalanines one of the
constituentamino acidsvere much more likely to lead togelatorcompaed to those having
nonraromatic amino acids onlyn the study, wen neither amino acid in the dipeptides a
phenylalanine, therevas a 55% chance that the moleculewd form a gel.However, when
either of theamino acids is phenylalanine, thesea 9% chance that the molecule will form a
gel. The only dipeptides containing Phe which failed to form gels were thas&dnalised
with an anthracene ringvhich probablylacked flexibility for optimal packing forgelation

If thosestructuresare not t&en into accountthen 100% of the molecules formed gelsen
either of the amino acidsas phenylalaninerhis is one of the reasons why the gelators studied
in this Thesis are based on aromatic amino acids: pddanyne, tyrosineand DOPA (3,4
dihydroxyphenylalanine).

In general,many studies in the last two decadeavefocused orphenylalanine containing
dipeptides, functionalised with a range of protecting groups and leadingriets of different
materias 3% 4° Fewer examplelave examinetirosine based gelatots° butthese arstill a
huge amount compared studies fausing on DOPA gelator§he If-assemblingof some
DOPA-containing short peptiddmsbeenrecentlyreported*484°

L-DOPA is a chiral amino acidereratedvia biosynthesidfrom the amino acid ityrosine
available from plants anshammals, includingpumans L-DOPA is a psychoactive drug used
in the clinical treatment of Penson's diseasbéecausé can cross the bloddrain barrier and
act asprecur®r to the neurotransmitters dopamine, norepineph¢imaradrenaline), and
epinephrine (adrenalinéJ.DOPA isparticulary interesting due to the multifunctional nature
of the catechol moiety, which isapable of acting as an antioxidaatyadical trap, a metal
chelatorand an oxidizable reducinggent®®®! A deeper understanding of the satfsembly
process of DOPA basedompounls could lead to the preparation of reovel class of
biocompatible materials witawide range of useful propertie$his is one of the reasons why

derivatives and materials based on this anaitid arethe major focusof this Thesis.
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1.2.2 Peptide amphiphilesand bolaamphiphilic gelators

Another dass of gelators that has been widely exgld are ptide amphiphiles (PAs)
consising of a hydrophobic nonpeptidic tail covalently conjugated to a peptide sequence.
These molecules consist of three segm@ftgure 1.5): a hydrophobic sequence, commonly

an alkyl tail that drives aggregation through hydrophobic collapgesheetforming peptide

that promotes nanofibgformation;a peptide segment that ¢ams ionizable side chains and

often an amino acid sequence of interest for biological signalling.

T
A

alkyl tail R-sheet forming charged
segment headgroup

Figure 1.5 Molecular structure of a peptide amphiphile.

A particular kind of amphiphilic peptides are bataphiphiles(two-headed amphiphilgs
composedy a long hydrophobic alkyl chain acting as a spacer between two leddgroups
attached to its end§&igure 1.6). They are named after tfibolad which is a South American
weapon made of two ballsonnected by a string. As with conventional amphiphiles, the
chemical functionality of the headgnpes andlinking group can be varied to change the
aggregation propertieSomegroups have reported the design and synthesis of hydrogelators

and/or organogelators hag this skeletorfor several applicatiorn®-545°

Ho T‘“Hr

Figure 1.6 Example structure of a bolaamphiphilic gelator.



1.2.30xazolidin-2-one containing gelators

Tomasini et al. reportedthat 4methyt5-carboxyoxazolidin2-one moiety denoted a®xd
from now on) could be successfully utilized in the formationsopramolecular materials.
This molecule, that mimics proline group, may form @omers having stable sendary
structures in solution, due to its ability to lock the peplidad in the trans conformatigfi>®
This outcome does not take place in prolyl bowtigch also adopt the cis conformatieth®?
The imide bond of Macyl oxazolidin2-ones adopt rigid trans conformers due to the
combination of Coulomb repulsion between carbonygen in the cis isomemad n Y "~ *
interactions in the trans isomf&This property indces a local constraint in the pseudopeptide
chain that may cause the formation of supramolecndderialswhenit is combined with other
factors,such as -stacking interactions and intermolecuisH- --O=C bonds For examplethe
L-PheD-Oxd (L-Phe= L-phenylalanine) moiet{Figure 1.7) displays all these effects and may
be considered a privilegetaffold for the formation of sugmolecular materiaf¥

nt stacking

Figure 1.7 Chemicalstructure of the tPheD-Oxd moiety a privileged structure for the formation of

supramoleculamaterials Adapted from ref3



1.3 Triggers

As mentioned before, there are sedéypes of triggers to start the gelation process, leading to
gels with different final propertiethat can besuitable or not for a specificapplication.

For examplea gel obtained with theolvent change method (which implies organic solvents)
or with thepH change methofusuallyachieving dinal pH around 34), cannot bausedfor

cell culturing.

The gds presentedn this workwere obtained using four types of triggér:pH change?.
solvent switch3. sonication4. salt additiorand5. aminoacid addition

1. In addition to hydrophobic interactions, hydrogen bondipgears to bessentiato the
selfassembly process. Several publicatidf&®>confirmed thatipeptideform gels
when the carboxylic acid group is protonated
Gelation may be initiated by changes in pH that cause protonatiorpootai@ation of
gelator moleculeswhen molecules contairgncarboxylic acidsare usedthe gelator is
dissolved in alkaline environmeletading to a pHabove its pKaso thathe formation of a
carboxylate occursThen when thetrigger (an acid) is adddd the solution and the pH
drops below the pKa of the comynd, the carboxylate is protonated again, decreasing the
solubility of the LMWG and inducing the seisembly process.

At low pH, fibrils may form rapidly in afew seconds or even lesaaking theachievement

of a homogeneous pH before the start of the gelation process a real chatemties
reason, lte acid used to lower the pH has a pivotal effect on the kinetics of formation of
the network and thusn the final properties of the material.

A mineral acidsuch adHCl, can be added to a high pH solution of gelator, causing a fast
decrease in the pH. €muick drop in pH usually indusg¢he formation of the gedt the
surface with a consequent gradiudiffusion of the acid through the getarthe rest of the
solution. This processnay lead to irreproducibland evenvisibly inhomogeneougels
(Figure 1.8). A way to overcome this problem to uselactonesor anhydrides, whic
slowly hydrolysein water forming aracid GluconaU-lactone (GdL)is one of the most
widespreadprecursorfor such apH change method of LMWGdecause it is readily
dissolvedn water anchydrolysed slowlyto gluconic acid, providing a unifordistribution

in the solution(Figure 1.9).5 The hydrolysis process of the lactone is so slow (about 8

hours) thathe solutiorcan bemixed,to provide &anomogenously disperdesolutionbefore
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the pH changeThelactone hydrolysis generates the a@dd allows a uniform and slow
decrease in pH, which usualsads to the formation tlomogenous and reproducible gels.

Figure 1.8 Comparison between a gel prepavdth Fmoc-leucineglycine. (a) pH changed with
HCI, (b) pH changed witksdL.

OJOLN H\)CJ)‘OH NIk O\)OI\N ﬂ\jio-
EESEIECatEy

( d /( + NaOH — +GdL —
NS T
GELATOR

"'O\/'\/g\)'k
OH

oA = oyt

Figure 1.9 Representation of the mechanism of gelation when GdL is used. The gelator represented will
be discussed in Chapter 5.
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2. The ®lvent change method relies on dissolution of the gelator in an organic solvent and
subsequent addition of a miscib@ntisolvent which reduces the solubility of the
compound and induces the gelation prockss a useful tool for those LMWGs that do

not dissolve in waterbecausethey can be added to an organic solvent and water can be
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added later as argolvent. The formation dhe gel network is very fast with this method,
usually takingplace ina few minutes.The properties of the final material aminly
affected by the ratio between the two solvéhts.

The first example of the influence of ultrasowwhication on organogelatiovas reported

by Naota and caevorkers for peptidebased palladium comdexes.®® Soon after,
Reepmi sterds group reported t hefdifeutideslat i on
In these works,He mechanismuggestedvolved conformational changes of the gelator
induced by sonication, leading to the formation of -ssembled struates.
They proposed that ultrasound waves were responfibléhe cleavage othe intra
molecular interactions of the complexesstacking andhydrogen bondsgnablingrapid

and spontaneous aggregation through-imteltecular interactions n  a-lodk/mterllodko
switching In this procesghe formation of the gel and its final properties and morphology

are highly affected by sonication timrtemperature and solvent.

Anotherusefultriggeris represented bmetatlions. The addition of divalent ionsush as
calcium magnesiunandzinc enhancsthe ionic strengtlof theinteraction between fibres
indudng crosslinking.” This process can occur when gelator mdiespossess particular
groupssuch as carboxylatethat can be bonded together by the mitas$ (Figure 1.10).

It was reported that #se interactions take place at high ptthenthe gelator molecules
may organise in worrdike micelles with buried hydrophobic cores and exposed

carboxylate heaf?

€ =Ca%
Y =CO00-

Figure 1.10 Schematic represenia of gelation triggered by Caions.
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The threedimensional network is presumably formed throtlghpresence &falt bridges
between the iglalent cationsaand two negatively charged carboxylic grolgetonging to
neighbouing worm-like micelles. This pra&cessmay be similar to what happento
biopolymerssuch apectin and alginate in presence of calcitiffihe use of metal iorfsr
gelation trigger can have a pivotal rote trappingundesiredcations pollutantsand in
biomedical applicationdyecause gels can be formed over a watege of i including
neutral condition§®

Recently, Tomasini and eworkers reportedan effective and inexpensive method to
promote gelatioin waterusingamino acidsandbolaamphiphilic gelator$? Amino acids
trigger the hydrogel formatioby makingnoncovalentsaltbridge cross linls between
gelator molecules. The formation of strong networks was observed in particular with basic
amino acids, sucls Histidine (His) and Arginine (Argligure 1.11 shows tle cross
linking which ishypothesisedto occurbetween gelator molecules and Arg. The basicity of
Arg allows a better dissolution tfe gelator The electrostatic interactions between Arg
andthe gelator molecule helps to form a supramolecular chaat,ntimics a pdymer.
This method allows the formation of hydrog#iat can be used for biological application

at a neutral or slightly basfmal pH.

Figure 1.11 Hypothetical interactions formed laybolamphiphilic gelator and Arg.

12



1.4 Gel characterisation rheology

An essential tool for the characterisation of the mechanical properties of gels is rheology.
Quite often thefirst diagnostic test for gelatioms the sec al | e d Aitabl etopo
In one of theseess, thetube inversionthevial or testtube containing theampleis inverted
upsidedown and ifthe sampledoes not flow under its own weightig considered ael.

However this test is not sufficient to demonstrate the formation of gelsausesome visous

liquids can be stable toversion for a short timé

The second tabletop rheological technique faéifleng sphereor dropping balltest consists in

placing a small glass sphere on top of a sample which is heated irt@b&3the melting
temperature]ge, is detected when the sphere drops on the bottom of the gel, meaning that the
network is brokenThese two tests are very simple but may lead to inaccuraeiesusehey

rely on visual observatien To deeper investigate the mechanical properties o gels
necessary to use a rheometer, which provglemntitativeinformation on the gel netwkr
However, t should be noted that rheological properties of different gels can only be compared
if the gels have been prepared in the same ways and measingethe same measuring system.

This sometimes makes interpreting the literature quite difficult

Modern rheometers can be used to perform a complete analysis of the viscoelastic behaviour of
gels. The tweplates model is used to define the rheologicahpeters needed for a scientific
description of the flow behaviour of the material. Shear idieghppo a sample sandwiched
between the two plates. The lower stationary plate is mounted on a very rigid support, and the
upper plate can be moved parallethe lower platéFigure 1.12).

Figure 1.12 Left: a generic rheometeRight: representation of’hat happens when tis@aft (a)moves

down on the sample (b) anotaes, while the lower plate (@ stationary.
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1.4.1 Amplitude sweep

The two plates model is used to defihe shear strairo) using the parameters deflection path
(s) of the upper, movable plate, and dista(fgebetween the plates. Shear strais defined as
deflection patts divided by shear gap widtin(Figure 1.13). The unit br shear deformation is

thusdimensionlessusually stated as a percentage.

Figure 1.13 Two-plates model used to define the shear sttaft). Srear strairformula(right).

The first test usually performadlith a rheometeon a gelis the Amplitude sweepa strain
sweep experiment where the deflection of the measuring sisteaneased stepwise from one
measuring point to the next while keepingdingulaf r e g u e nacgnstéanvalugagure
1.14).

Figure 1.14 Preset of an amplitude sweep experiment, with controlled stfaoend fivesteps

increasing amplitude. Frequency ik constant.
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The outcome is generally presented as a diagram with shear stress or strain on the x axis and
G6 and GO ,withbdthaxesorya logatithrsic scaldVher eas GO6 (st or ag:¢
repesents the elastic behaviour of a material and boke-l | ke it i s, Go (I
represents the viscous portion and how ligikd it is. Some important outcomes of this test

are the val amthedetdrmination odhelideariscoelastic (LVE) regioof the

gd. In Figure 1.15the LVEIis represented bthe linear rangen the leftb e f a,rwhich 3s

the linearity limit LVE regionsindicate the range in which the test can be carried out without
breaking the network of the sampitence the strain needed to bragkthus providing

indications on the strength of the gel.

I n t he L VERnMdeoostant, stewing a plateau valédter the linearity limit,

G6 starts decreasing, untadl itshe earchesqVvevhep @
than GO0, meaning that the str ufigued®).Ts destr

A
G’

|

o G” }
o Bogp 090 @
1
| N 0% B’
1 . \‘ & 000 CQ)
| -t oB o

logy TL Yr

Figure 1.15 Left: representation of aamplitude sweep tesin a gel samplewi t h  GdioreGhe
crossover pointRight: after the yield point has been exceeded, the superstructure breaks down and the

material may start to flow.

A true gel shows an LVE region where GO6 is a
the value othe losdactorGo / G6 (tanitu) ¥ s | ower than 0. 1.
Amplitude sweep experiments ausually the first rheological characterisation, since all the

other osdlatory tests require that the measure is performed at a strain or stress within the LVE

region.
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1.4.2 Frequency sweep

Frequency sweeexperiments argenerdly the second important analysis perhed ongels,
describing thetime-dependent behaviour of the teaal in a nondestructive deformation
rangeTh e angul ar isfincreagad stepwigeom(ome) measuring point to the next
while keepingthe deflection of the measuring systefshearstrain) at a constant value
(Figure 1.16). Hence, the only precondition is that théested sheastrain amplitude is within

the LVE region, determined through the Amplitude sweep test.

4 ! 1 1 1

‘Y 1 [ 1 1

Figure 1.16 Preset of a frequency sweep with controlled shear strain and atipevariation in

frequncy. The s taisieptwonstamp | i t ude 0

High frequencies are used to simulate fast motion on short timescales, wherfzagu@ncies
simulate slow motion on long timescales or at rest. In practice, with a frequency sweep test it
IS possible to gher information on the behaviour and inner structure of the material, and to
determine how stiff t drethegtdfdrthe gel.as iThasea mbrasolgie r
like properties. The results of frequency sweeps are usually presentedagrardwith the
(angular) frequency plotted on theaxis and storage modulus G' and loss modulus G" plotted

on the yaxis, with loth axes on a logarithmic scaledure 1.17).

A typical gellike behaviour in these tests is obsed when both GO and
independent fronfrequency, since the relaxation time of the material is shorter than the

frequency chang®.
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Figure 1.17 Schematic representation offr@quencysweep tesbn a gel sampleyith G6 > Ghibth
independent from frequency changes

1.4.3 Thixotropy (step-strain) test

Thixotropy or step-strain experimentgan provide essential information on the thixotropic
behaviourwhich defines the material propensity to structural regeneratlentests usually

divided in intervals where different values of stra@re applied.

Thefirst interval, at gore-setlow shear rate (within the LVE regigrgimulates the material
behaviour at rest G6 2 GO0 ) . | n t hthee sasnple ie aubjeadi tandefermatian |
characterised by @halLV& pegoh, wikdh ussallyrcauses andnvessioro v e
bet ween G6 and Go (G6 Go), thi s Thathidintewvad t hat
is therecovery stepthe applied strairis againwithin the LVE regionand should allow the

reconstruction of the materiaétwork(Figure 1.18).

A

Figure 1.18 Typical result of ghixotropytest with three intervalfor a gel samplegepicted as a time
dependenGfunction G6 modul us di €0t I & e()dtithe keginnenghe sample
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isatres{(G 0G 9, (2) dructural breakdowis induced by high shed® 0 G § (3) gelstructural recovery

atresfGé x ¢ e e d i n g Th&axamplg shows & material with complete regeneration.

If a material can completely recover over time the mechanical propafrtiesintial state after
the deformation step, it can be considered thixotrdpterval 2 and 3 can be repeated several

times to test the material ability to reconstruct the network after multiple breaks.

1.4.4 Time sweep test

Time sweeptestscan bea usdul tool to determinayelation kineticsThese tests are generally

performed under constant shear conditions either at a constant shear rate or at a constant shear
stressand storage modulus and loss modulus are monitored over Tihee measuring
tempeature is kept constant, thus providing for isothermal conditiénsmall stress/straiis

usually applied asmall frequenies to minimise the disturbing effeof the experimental
conditionstowards the gelation proceSs.

In a typical gelation curve, the viscous behaviour dominates the initial part of the experiment
(G" >6Ghe elastic behaviour & enchiheirdetsecBonpoiit e f i n ¢
represerdthe starting of the gelation procggsgure 1.19).

GI

’—------- G"

t Time

Figure 1.19 Representation of a time sweep experiment of a&. intersection point here &

becomes higher than GO0 is marked as t.
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1.5 Aim of the thesis

The overall aim othis Thesiss the preparation of supramolecular materials based on LMWGs.
The first purposes the synthesis of the gelatoperformedthrough multistep procedures in
solution and standard reactionsf coupling protection and deprotectioriThe gelatos
synthesisedre based on pseudueptides and amino acids, sometimes coupled to long chain
fatty acids. The attentionis focused on derivatives ohree aromatic amino acids L-
phenylalaningL-tyrosine and.-DOPA, becausdhe presence of aromatic graumtroduces
interactions favourable for the formation of supramolecular architectures.

After the purification and characterisationtbé compounds, the conditions for the fornoat

of supramolecular materials wermvestigated varying the combination of gelator
concentration, solvent and triggd@ihe formation of gels was first checkaesingthe test tube
inversion method. Then a full rheological characterisation was carrigith outler to determine

the viscoelastic properties of each samplee morphological analysegereperformedo have

a better understanding timefibre network arrangment and dimensionStarting from this first
characterisatiomnd fromknowledge ofthe intrinsic features of the gel (functional groups on
the moleculefinal pH, solvent naturejhe selected materials weranctionalisedor different
applicatiors.

Chapter 2 will describe organogels and hydrogels for water remediation (dye absandtion a
photodegradation). Chapter 3 will present a library of gels functionalised with graphene to
improve the mechanical propertiés. Chapter 4composite materials wilbe preparedThe
focuswill be on the interactions betweéhe organicphase(gelg andthe inorganiomineral
phase(crystals).Chapter 5 also describes gels which evolve from the gel to the crystal phase
over time. These metastablematerials undergo géb-crystal transitionswith kinetics
depending on triggeconcentration These gels W be also studiedn combination with a
gelator forming stable gel&r the preparation of multicomponent systems

Finally, in Chapter 6some moleculebased on tDOPA, which areunable to form gelswill

bestudied as underwater adhesives.
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Chapter 2

2. LMW gels for water decontamination

2.1 Dye absorption into selfassembled gels

Water pollution is one of the most important unsohashtemporaryproblens affecing
society.Massive ndustralisationand world population growthave seriously affected water
quality because of the releas#o the environmenof several types opollutants, such as
pesticides, fertilizers, pharmaceuticals, dyes and heavy m&@ye pollution deriving from
several types of industry (textile, paint, food, printing, plastics, rubbers, paper, cosmetics) is a
concerning problem for aquatic environment. Most dayresnonbiodegradable and even at low
concentrations have potential toxeffects, affecting aquatic life and the food chain.
Many chemicals responsible for water contamination are organic pollutants, especially benzene
derivatives and polycyclic aromathydrocarbons, as reported in the Contaminant Candidate
List.

The adsgption of dissolved organic/inorganic pollutarftom water onto solid materials has
been widely investigated, due to simplicityyw-costand ease of operation of this methodology.
However, the limitations of this approachsuch as lack of selectivity,egeration of large
amounts of toxic sludgand regeneration costanderline the need to finchore efficient
materials and strategié®°

Supramotcular seHassembled gelbased on LMWGsare colloidal soft matter systes,
usually consisting of a nanostructured (or microstructured)-kéchetwork within a liquid

like medium. Being highly solvated yet having the rheological properties of-fHudgk
materials on analytical timescales, they barpotentially manipulad as solids, at the same
time bringing their struct@sinto intimate contact with environmental liquid phasesvhich

the dye is dissolved’ hese materials possdsgh surface aeand porosityand rapid internal
diffusion kinetics which potentially contribute to interactions with the solvated dye molecules.
Moreover, thee materials, relying on nearovalent interactions, are often reversjbém

essential feature for recyclinguse and evemally dye recovery. All these characteristics made

20



LMW gels a @eplyinvestigated class of materidts the purification of water contaminated
with dyes, but alsaith oil and solvent spills, heavy metals and toxic ani@igure 2.1).8*

Aar F VB Solid-Like But Solvent Compatible

POLLUTANTS Controllable Nanostructures
Oil Spills, Dyes Programmable Interactions
Heavy Metals, Anions Responsive Materials
Chemical Weapons High Surface Area

Figure 2.1 Self-assembled gel for environmental remediatidtaptedfrom ref 8!

A number of possiblenechanism$ias been proposed to be responsible for the absoigdtion
dyes inside these supramolecular systems, such as intercalatiome isttfassembled fibres

or acidbase interactionf&8hydrophobié*® or ionic interactionsbetween cationic dyes and
negatively charged ¢ggtors or viceversé

LMW gels have high potential in dye alpsbon and extractiorbecause their gelator structure
may be readily tadred by insertion of particular functional groups to increase interactions and
affinity with dye molecules and solvent to facilitate remediation of polluted water
Hydrogels, organogels and xerogals havebeen reportedor water remediation purposes
Hydrogels and xerogels are considered the most suitable for this appliteeansahey
prevent the introduction of potentially hazardous solv&nts

An optimised gel for water remediation shotlave(i) almost stoichiometric dye uptake, this
meaning that almost every gelator molecsi®uld participate in the intactions with the
pollutant (ii) fast absorption kinetics (in the scale of minytés) the possibility to beecycled

and regenerated in a way that ideally grants not only-iiseebut also the recovery of the dye

in a form that allows a more appraiedisposaf!

Taking into account all these features, it is easy to understand the complexity of these materials

and the further work that can be donenmprove the performances of such systems.
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2.1.1 Hydrogelswith graphene oxidefor dye absorption

In a previous workTomasiniet al. showed that supramolecular hydrogels prepared from the
dipeptide Fmod_-PheD-pGIu-OH (pGlu = pyroglutamic acid) and graphene oxide (GO) were
able to trapglyes from water solutionsith very high efficiency(Figure 2.2).8” The absorption

of aromatic dyes is favoured lsg/eral possible interetions between the pollutant and both
GO and the gelator molecules, especiallyinteractions between the aromatic rings, hydrogen
bonds and electrostatic interactions with the hydrophilic grdeyencationanion interactions
play a pivotal role in thebsorption of dyes, since cationic methylene blue uptake was proven
to be higher than the absorption of anicgosin Y.

P -

\\‘“

Figure 2.2. Left. Chemical structure of Fmdc-PheD-pGIu-OH. Right. Example of methylene blue
solution in water flowing through a disposable plastic syringes loaded withy@@gel: the recovered

water is colourlesAdapted from ref’

This gelator belongs to a group of foldamers containing tgkigamic acid unit or th©xd
unit®88 These two groups have beepegly investigatednd largely usetly Tomasiniet al.
and demonstratedo cause a local catraint in the pseudopeptide chH#if? favouiing the
formaion ofhigher ordestructures such as fig*93%and gel$>7%%Taking into account the
interesting results obtained with FmbePheD-pGIu-OH hydrogels,it was decided to

investigatehe absorption of dyes inside organogelators.

2.1.2 Lau-L-Dopa(Bn)-D-Oxd-OBn organogels

One of themain advantagp of organogelbtained through ultrasound sonication is the fast

formation of the network, whin few minutes,in contrast tchydrogels prepared with the pH
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change methodhich usually take several hours to gel.

During the last decadeTomasiniet al synthesied a large family of LMWGs especially
dipeptidesfocusing their attentioon the role of the D-Oxd moietycompared to {&5lu or D-

Pro (D-proline moiety, on both the gelationprocessand the final properties of the
materials>®939

The first unit of these dipeptides is usually an aromatic amino seahas phenylalanine,
tyrosine or Dopa usually protected on thaekminus with a Fmoc group or long chain fatty
acids (such aazelaic aciqAz)).336:4597.98

After a deep investigation on phenylalanine derivatives, we decided to focus our atention
L-Dopafor forming materals, because the catechol aromatic ring allows functionalisation
possibilities Tomasiniet al. startecthe synthesis anal firstgelation study using this moiety in
2017% comparing the properties ofmocL-DopaD-Oxd-OH hydragels with the
correspondind.-Tyr and L-Phederivativeg(Figure 2.3).

RIS Y «:V&

Figure 2.3 Chemical structuresf FmocL-PheD-Oxd-OH, FmocL-Tyr-D-Oxd-OH and FmocL-
DopaD-Oxd-OH (from left to right)

In this preliminary studyL-Dopawas used with the free catechol graagacilitatedissolution

of the gelator in watéor comparison with the other two moietjésitthe resulting gels showed
thepoorest mechanical propertiesnong allsamples n t er ms of st or age moc
We decided to synthesise a new gelator basddllynprotectedL-Dopaand DOxd moieties

the introduction of benzyl (Bn) protecting groupscan provideadditional -’ stacking
interactions between different gelator molecul®se Fmoc group on the-términus 6 the

Dopawas replaced with lauriacid (Lau), a long chain fattyacid, which in general arsuitable

to form micelles,fibres and gel8¥1°! The final structure of the gelator for tests of organogels
formation is LadL-DopgBn)-D-Oxd-OBn (Figure 2.4).
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H3C(H2C)16 NH }/O
. N\>‘

OBn

OBn

Figure 2.4 Chemical structure of Lalu-DopgBn).-D-Oxd-OBn.

Gelator LadL-Dopa(Bn}-D-Oxd-OBn (1) was prepared by modification dhe aleady
reportedprocedure for the preparation of Frapdopa(Bn)-D-Oxd-OBn,% starting from
commercially available iDopa that was transformed into BbeDopa(Bn}-OH%1%in four
stepsn a multigram scale with excellent yields. After coupling with th@x moiety, the Boc

group was replaced with thauric acid (Scheme 2.1

NH, NHBoc NHBoc
< O < o < O
i, ii i, iv, v
OH —/—— o, — OH
98% N 99%
OH OH OBn
OH OH OBn
L-DOPA Boc-L-DOPA-OMe Boc-L-DOPA(Bn),-OH
o)
0 o)
BocHN B} ~ O NH Yo
T N - < N\)’
Vi, O A Vil o
5% 07" “OBn " ggy, 0% 0Bn
OBn OBn
OBn OBn

Boc-L-DOPA(BN),-D-Oxd-OBn Lau-L-DOPA(Bn),-D-Oxd-OBn 1

Scheme2.1 Reagents and conditiof@r the synthesis df: (i) SOCL (excess), MeOH, 0 °C, 24 h; (ii)
BocO (2 equiv.)NaHCQ; (2 equiv.), THF/HO, r.t., 18 h; (iii) BnBr (2.2 equiv.), COs (2.2 equiv.),
TBAB (0.2 equiv.), Nal (0.2 equiv.), acetone, reflux, 4 h; (iv) 1M NaOH, MeOH/THF, r.t., 18 h; (v) 1M
HCI; (vi) D-Oxd-OBn (1 equiv.), HBTU (1.1 equiv.), DIEA (2 equiv.)CN, r.t., 4 h; (vii) TFA (18
equiv.), CHCIy, r.t., 4 h; (viii) lauricacid (1 eq.), HBTU (1.1 eq.), DIEA (2.2 eq.), ACN, r.t. 3 h.
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Gelatorl was obtained pure as a white solid in 67% overall yield freDopa.

The ability of 1 to form organogels was test in several organic solvents and different
conditions and then comgel with FmocL-Dopa(Bn}-D-Oxd-OBn. Interestingly, the Fmoc
analogue never formed organogels, in any solvent or condition. This comparison confirms the
importance of lauric acid in thi@rmation of supramolecular structures, probably due to the
tendency © saturated long chain to stick together, producing micelles and #Hr.

The final general procedure for the preparation of gelsaunsisted in the dissolution of the
gelator into an organic solvent (1.0% or 2.0% w/w concentration) followed bytheaton

of the mixture for a time ranging between 15 and 30 mintdd8)d out the best conditions to

form the gels. With 1.0% w/w gelator concentration no gel was formed. After several attempts,
the best operating condition includes 20 mg of geldtargal in a test tube with 1 mL of organic
solvent(2.0% w/w concentrain) and dissolved through sonication for 20 minufgfer this

time the gels, already formed, are left to stand quiescently for 16 h. The formation of hydrogels
with gelatorl failed even after 30 minutes of sonication, because the molecule is noteswlubl

water.In Figure 2.5 it is possible to see the gels obtained from different organic sok#nts

Figure 2.5 Photographs of # organogels obtained using a 2% w/w concentration of gdlatothe

following solvents (from left to right): toluenethyl acetate, acetonitrile, ethanol, methanol.

The formation ofselfassembled LMWgels is the result of a wellalanced combination
between gelatesolvent and gelategelator interactionslt is not easy to understand why a
specific gelator can form {gonly with a solvenamong severabnd why the properties of the
same gelator in two similar solvents can be totally different. Asrted in Chapter 1, the
interactions involved in the formation of a saffsembled gemay be significant and have
effects on the properties of final materidtss well known that a polar gelator can only gel low
polarity liquidsbecausat will dissolve in polar liquids. Conversely, a ngolar gelator can

only gel polar liquids. Therefore, when the number of carbon atoms of the gelator is increased,
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as in this case with the introduction of the long alkyl chain of lauric acid, the gettomes

hydragphobicandless polayso itcan gel more polar liquid$® However, the polarity by itself

is not enough to explaithe reason Wy a gel forms or not into a particular solvent.

The solubility of the molecule ineachsolvent which may not be strictly correlated to polarity,

is probably anotheressential parametenfluencing the formation and properties of these

geIS 109,110

To select the best gelator concentratiwe performed aheological analyis on three gel each

containing the gelator ih.5%, 2.0% and 3.0% w/aoncentrationshecausavith 1.0% w/w no

gels were formed. The frequency sweep of ethanol organogels aredeg®iexample of this

study Figure 2.6). From the comparisoh h e G

6 modul us

deeply incre

to the 20% w/w concentration; in contrast, no changéhie frequency dependent behaviour is

detected if the organogel concentration is further increas&@% w/w. This is the reason why

the 20% w/w gelator concentratiomas selectetbr further characterisations.
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organogels: 1.5% concentration w/w (a), 2% concentration w/w (b) and 3% concentration w/w (c).

The properties of the gels obtained bsted inTable 2.1 as a function of increasing polarity,

from nonpolar ttuene to polar methanol, using a scale where water i$'480.measurements

wererepeatedt leasthree times
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Usually the first test performed on a gelthedropping balltest,to determire the melting
temperature of the gel network 46§ and have @ idea of the stiffness of the material
Interestingly, for these organogels thgeTvas not strictly correlated to solvent boiling
temperaturesneaning that the network type also hasrdluence.The melting points obtained

with toluene, ethyl acetate and acetonitrile range between 40 and 50 °C. In contrast, a thermally
stronger gel was obtained with the polar ethanol, while methanol produces a very weak

organogel, probably due to anlited sdubility of gelatorl in the solvent.

Table 2.1 Summary of the main characteristics of the organogels obtained using gelators 1 at 2%
concentration in different solvents: gel melting point (m.p.pimparism to solvent boiling point (b.p.),
GO6 and GO6O6 from the f-Ieguédne yWaedicl®p %t ests (¥ = 1

Solvent Solvent polarity!  Solvent b.p. (°C) Gelm.p.(°C) Go6 ( K G d(KPa)

Toluene 9.9 110.6 40-41 10 1.5
Ethyl acetate 23 77 40-43 19 2.9
Acetonitrile 46 81.6 42-45 56 12.2

Ethanol 65.4 78.5 60-65 82 19

Methanol 76.2 64.6 2528 2.3 0.3

After these preliminary test, a widerrheologicalanalysiswas performedamplitude sweep,

frequency sweep andstep-strain experiments) in order to characterisethe viscoelastic

behaviour of the five organogelrom the amplitude sweep analysegygre2.7) , o = 0. 04
(within the LVE rang for all these organogelajas choseifor the following frequency sweep

tests All analyses were performed at 23 °C.

Good rheological properties are usually associated with higlf>TFor these samples the

stiffness nicely correlates with the melting points temperatirablé 2.1), confirming that

et hanol provides the gel with the strongest
All the organogels teed are characterie d by -l a kieo Ibiechavi our, i . e.
Go S approxi mately an order of magni tude
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The complete rheological characterisation is reported in the following graphs: amplitude sweep
(Figure 2.7), frequency sweep Fgure 2.8), stepstrain experiments [igure 2.9).

The mechanical and rheological properties of the organogels demonstrateddepantent

prope rties.
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Figure 2.7 Amplitude Sweep experiments the organogelsmade with the 2% w/weoncentratiorof
gelatorl in the solvents listed by increasing polarity: (a) toluene (black); (b) ethyl acetate (blue); (c)

acebnitrile (green); (d) ethanol (red); (e) methanol (orangib® analyses were performed on the gels
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about 20 hours after the gelation begun. (Storage modsdiisl circles) and loss modulus (empty

circles)).
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Figure 2.8 Frequency sweep experimepierformed on the organogelsbfThe legend is the same of

Amplitude Sweep experiment$he measures have been all repeated at least three times (the mean

measurements and the stamtdeviationbarsare shownn the graphs).

As reported irChapter 1 1.4 Gel characterisation), thixotropy*'?11%is a gel property retad
to the sol/gel equilibrium and describes the system ability to recover the gel status after a strong
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stress that induces transformation iagolution. Moreover, sekhealing property?116119may

be defined as the ability to autonomously reconstruct the bonding interactions after damage.

(3 100000 () 100000 ]
10000 4 10000 | mm— a— \
M %%%
1000 4 Y J—t] 1000 - oS
T 0 E 100 e
o E [ 4
¢] > P T o & T
13 107 -~
P |
14 /. — 14
0,11+ . . . . 0,11+ , . ; :
0 500 1000 1500 2000 0 500 1000 1500 2000
Time (s) Time (s)
(c) 100000 - (d) 100000 4
]
10000 4 e [ —
1000 ] 1000 4 s
o 3 _/ s
£ 100 Q. 1004 W
(O] O] o
104 10 5 D
s [ Y
1] 14 nw e
01l ; ; ; ; 01 i - - y
T 500 1000 1500 2000 0 500 1000 1500 2000
Time (s) Time (s)
(e) 100000 4

—4— 3" Toluene
10000 - —o— 3" Toluene
—#— G' Ethyl acetate

1000 4
—o— G" Ethyl acetate

é[i 100 4 G" Acetonitrile
o G" Acetonitrile
10 —#— 53’ Ethanol
1] —&— G" Ethanaol
G" Methanol
01l i i i i G" Methanol
0 500 1000 1500 2000
Time (s)
Figure 29Val ues of storage modul i GO ( sirlés) rdcorded r c | e s )

during step strain experiments performed on organogels in the solvent listed by inque&sihg (a)

toluene; (b) ethyl acetate; (c) acetonitr{lg) ethanol; (e) methanol.

Three cycles of two steps were applied to the gels. During the first step, the sample was
subjected to a strain value withiauesgreater LVE

t han dikebehévpw) When the appliestrain was increased above the crossover point
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(second step), the sample behaviour switched frodikgetosoll | ke, wi th GO606 val

than GO6. When t he cy coftbe graghs) the qampletwasdeft at fixed r d
strain within he LVE range to check the recovery of thelded behaviourUnfortunately, the
ethanol organogelwhich is the stiffer between all sampleas the poorest thixotropic
properties, as it6 6 mo dasthighlyseduced when it recovers after the strain alibee
crossover point. The same inconvenient does not occur for the other organogels that promptly

recover their propertieslemonstratinghixotropic properties

To have a preliminary test of the organogels ability to absorb polliifdritd we used
Rhodamine ERhB) as model molecule. RhBigure 2.10) is a model refractory organic dye
pollutantcontaining four N-ethyl groups at either side of the xanthene ring, et@sen as the

target pollutant, being an important representative of xanthene dye, widely used as a colorant

in textiles and food stuffs, and also a wealown water tracer fluorescelté

Figure 2.10 Chemical structure of Rhodamine B.

Samples of the ethanol @qanogelwere treatedvith 1 mL of an aqueous solution of RhB (2
uM) for 24 hourg(ratio gelator/RhB = 12,9*). The water solution did not mix with the gel
and slowly lost its pinkolourthat moved to the geF{gure 2.11). To quantify the amount of
RhB absorbed inside the gel, thgueouRhB solutionon the top of the gel was transferred
after 24 h treatmenh disposablecuvettes with optical path length o1.0 cm. Fluorescence
spectra were collected with a Fluororwéspectrofliorometer Horiba Jobin Yvon (emission
S peciéc=a::b5b® enbBh:700 ®mM).The emission spectrum of the water solutvess
measureafterthetreatment with the ethanorganogelsand comparewith a fresh sample of
the aqueous solution of RhB. Undeese experimental conditions, fluorescence intensity is

proportional to the fluorophore concentratigh?*
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Figure 2.11 Left Graphical representation of RhB absorption process inside the ethanol organogel.
Right Photograph of a fresh sample of the aqueous solution of RhB, of theagasmusample aftr
treatment with the ethanol organogel, and of the organogel after 24(froardeft to right).

After 24 hours of absorption, the spectrum intensity (an&tsB concentration in water) is
reduced to the 23% of the original sample, thus confirmingltieanblecule is trapped into the

organogelsKigure 2.12).
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Figure 2.12 Emission spectra of an aqueamution of RhB (2.0 uM) (pink) and of the same solution

after the treatment with the ethanol organogel for 24 hours (blue).

The analysis waalsorepeatd after 48 hours and after 72 hotogheckthe absorption process

over time but no variation of th spectrum intensity of the sample vdg$ected, meaning that
the absorption ability reaches a plateau.
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A drawback of organogels f@nvironmental purposas represented by the possilitansfer

of the organic solverdonstitutingthe gelinsidethe wate to remediateEven though ethanol is
not a hazardous solventhe possible transfer @thanolfrom the organogelto the aqueous
solutionwas checked ahquantified After 24 h of contact between the agueous RhB solution
and the gel,te mols of water and ethanulere calculated usintH NMR (NuclearMagnetic
Resonanceas a function of the correspondipeak intensitiesWater/ethanol rativas found

to be9.5:0.5 this meaning that a very small mixing of the two solvents od€(o variations
were detectedfter 48 h and 72 h.

Thedecreasef theRhB amount from thaqueousolutionwas thenconfirmed to beonly due

to the absorption inside the gel and not to a hygtathladsorption on the walls of the test tube
during the 2ours Thestartingaqueous solutionf RhB (2 uM) wasplacedinside one of the
test tubes used for preparing thesgelfter 24 h, the solution was transferneside one othe
fluorimeter digposablecuvetteand the two spectr@tarting solution and transferred solution)
were compare@Figure 2.13). From the spectra it is possible to see that RhB is not lost during

the experimenftransfer fom test tube to cuvettadsorption orthewalls of the test tube
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Figure 2.13 Emission Spectra of the starting solution of RhB in water (parig of the solution

transferred in the cuvettdter 24 h inside the test tub&ine).

In conclusion,the new pseudopeptide Lau-Dopa(Bn}-D-Oxd-OBn is able to form
organogesdin 2% w/w concentratiart can gekolvents of increasing polarity, as toluene, ethyl
acetate, acetonitrile, ethanol and haatol In contrast with Fmot.-Dopa(Bn2-D-Oxd-OBn

never fornedorganogel under any condition. This result suggests that the saturated long chain
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of the lauric acid is crucial for the formation of the thde@mensional network.
As the ethanol organogelqwed to have the best rheological progsémong all samplest
was treatedvith an aqueous solution of Rhodaminet@have a preliminary test of its ability
to adsorb pollutant§rom water After 24 hours,the emission spectrum intensity of the
Rhodanme B solution is reduced to the 23% oétbriginal sample, thus confirming that the
molecule is trapped into tlerganogel

2.1.3 Materials and M ethods

Conditions for the Gel Formation - All organogels were prepared in a concentration of 2%
w/w under the following conditions. 20 mg of gelator (LadopaBn),-D-Oxd-OBn) were
placed in a test tube (8 mm of diameter) with 1 mL of organic sblVee solution was stirred

for 5 minutes andgonicated for 20 minutes in order to allow the complete dissolution of the
sample and the formation of the organogd samples were allowed to stand quiescently for

16 hours before further characterization.

Conditions for Tgel Determination - Tgewasdetermined by placing a small glass ball (diameter:

5 mm, weight: 165 mg) inside the test t{enm of diametergontaining the gel. When the gel

is correctly formed, the ball is suspended on the top of it. The test tube is then gradually heated
(2° C/min: Tqeiis the temperature in which the ball penetrates inside the gel, because the network
is dissolved. Some geamples melt, producing a clear solution (and this was¢haviourof

our organogels), while in other cases the gelator shrinks and Heaitsisl ejected, as syneresis

occurs.

Rheology- Rheology experiments were carried out on an Anton Paar Rheon@R4BPR using

a parallel plate configuration (25 mm diameter). Experiments were performed at constant
temperature of 23 °C controlled by theegrated Peltier system. All the analysis (amplitude

sweep, frequency sweep and thixotropy) were performed widd fgap value of 0.5 mm.

The samples were prepared the day before the analysis and left overnight at controlled
temperature of 20 °C to cqoiete the gelation process. Oscillatory amplitude sweep experiments

(o0: 0.0171100%) wer e cgdfitOrad8,oh ordeutd determineftie xXMEd f r e
range and the crossover point of the g@lels (G
frequency sweep t es-100 radvd ateongiaatrstfaion withia the LVE : 0. :
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region of each sample (2 = 0.04%). To verif
values within the crossover point region (for 400 s) and ovartssover point region (for 300

s) were consecutively applied to the organogels, for three cycles. The values of the applied strain
were selected on the basis of the crossover point value obtained from amplitude sweep experiment

(within the crossoverpoin: 2 = 0.0 4e&yew tHhO srossov®r poin

2.2 Light penetrating hydrogels for dyes photedegradation

An importantachievement in the realisation of novel materials for water remediatitwe is
possibility of trapping apollutantinside the matrixto remove it from the environment and
degrade it into benign species.

In the last years, researchers have been focused on the design of novehfaipsigPC)able

to exploit solar light to convert pollutants into Rtxic derivatves.The use of photcatalyst

for the degradation of water pollutams an ecefriendly approachtypically based on the use

of a nanostructured PC, which is activated by solar light and uses the absorbed energy to

produce reactive speciesrsiag fromwater and oxygerScheme2.2).12°

Scheme2.2 Reactive oxygen species generated in the photocatalytic reduction and oxidation steps of
oxygen and water. Absorption of light (1) causesttassition of electrons to the conduction band and

the formation of holes in thealence band. Part of the produced charges undergo recombination (2),
whereas others migrate to the surface where trapped electrons (3) participate in the reductiveesteps (blu

arrows) and trapped holes (4) in the oxidative procedses.
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Most effective PCs are metal oxide semicondsguch as ZnCreGs, WQs).227 In particular,
titanium dioxide nanoparticlg3i02-NPs), intheir anatase form, have been widely used for a
range of applications, inatling selfcleaning'?’ surfaces sterilizatiof?® air*?® and watef*°

pur i y c &ame of the main advantages of the us€iOb-NPsare theexcellent stability in
water, large scale availability and low cost production TiO>-NPs dso show low
toxicity,13%132 nevertheless recent concerns about the still partially unpredictable risks related
to theimpact of nanomaterials the environment and human health suggested, as a defensive
approach, to minimize their dispersion in the environmi&rit* Hence, the fundamental
challenge consists in the incorporation of FPs in highly biocompatible and macroscopic
matrixes that preserve the photocatalytic activity of the semiconductormiBse matrixes
should present sonfandamental featuresuchas: a highwater content, since water plays an
essential role in the photocatalytic process Seleeme2.2), a good permeability to small
moleculegpollutants) and a good transparency to solar light.

We already spoke about thest two features in LMW hydrogels: they can be made up to 99.5%
of water and we reported some examples of gels with high performances in dye ab&brption.
Regarding the transparey, Tomasiniet al. recently reported the preparation of a highly
transparent hydrogéFigure 2.14) made with 0.5% w/w of Fmekt-Tyr-D-Oxd-OH (2) using

the pH change methdd& Thetransparency was quantified measuring the transmittance of the
samples that will be better discussed in the next sectior2.2.2 Photodegradaion

experiments.

L, .
HO 041\

Figure 2.14 Structure of gelato? and picture of the hydrogels prepared with different concentration
(% wiw) of 2 in water(from left to right: 0.5, 1.0, 5.and 2.).

In that work the propertiesof this gel were comparedith hydrogels formed with other
dipeptide gelator§among them moc-PhePhd3¢3" and it resulted the mst transparent

amory all. For this reasorwe selectethydrogelsof 2, at 0.5% w/w concentratiamade through
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the pH change metho@ds scaffold for the incorporation tfie PC. As PC, we decided to
compare Ti@-NPswith a preparation oTiO2-NPs in combination with graphemsatelets

using once again asodel pollutant compound Rhodamine B

Upon UV irradiation.TiO,-NPsabsorbint he UV part of the ¥%I ar
which isthe band gap between the conductiamd (CB) and the valence band (V&)with

pPE & 3 Sché&mez2) Thé ntegration of graphene ihe photocatalytic Ti@platform

was investigatedpecausecarbon nanomaterial$® such as nanotubé® carbon dotg*
graphene oxid&*?reduced graphene oxid& have been reported to increase fitetocatalytic
performances of Ti©@NPs.

In contrast toother systemsin which TiO>-NPs“4+145can be activated bgxposure of the
surfaceto sunlight(e.g. TiQ photocatalyst embeddeddementitious materiafsy 14¢148in our
photocatalytic hydrogels lightustpenetratento the matrix.

To achievethis outcome, a new retime fluorescencéased methodas developedand used

to invedigate the photocatalytic activity inside the hydrogefm original feature of this
approach s that the photocatalyst irradiation and the target degradation detection can be

performed simultaneously in a standard fluorimeter, as showrigare 2.15.

Figure 2.15 Schematic representation of the FHRPs incorporated in the hydrogel fibers formed by
precursor2 and of the photocatalytic press. UV photons (340 nm) are used for &xgiboth the
photocatalysts NPs (1) and the target moledrte3(2). Photogenerated reactive oxygpecies (ROS)
diffuse in the water solutiofi3) containing RhB causing its degradation which can be detected by

fluorescence (4).
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2.2.1 Hydrogels preparation and characterisation

Compound? was synthesised using an already reported proceS8uhene2.3).1%

0 o HN o o

o/@ ’ %@—:jj}osn i Q:ﬁ fOH

Scheme2.3 Reagents andonditionsfor the synthesis of gelat@ (i) HATU (1.1 equiv.), DIEA (2.5
equiv.), dry CHCN, r.t.,2h; (ii) TFA (18 equiv.), dry DCM, r.t., 4h; (iii) H(1atm), Pd/C (10%w/w),
MeOH, r.t., 4h; (iv) HBTU (1.1 equiv.), DBU (2.2 equiv.), dry €N, r.t., 2h.

After the purification and characterisatiohcompound?, threedifferent samples of hydrogels
(H) were prepared using the gthange methad) hydrogel2H contains only the gelator Fmoc
L-Tyr-D-Oxd-OH in 0.5% (w/w) concentration and Gdthe trigger, ii) hydrogel 2H-T
contains the gelator in 0.5@oncentration, TIGNPs (0.2 mg/mL) and GdL; iiipH-TG is
preparedfollowing the same procedure used &ii-T, but replacing Ti@NPs with TiQ-
NPs/graphen’ Considering thathe solutions containing T&kh ave a pH &dthd ,
following procedure, to avoid the formation of Abomogeneous ldyogels: the gelator (0.5
%w/w) was placed in a test tepthenMilli -Q® water (1 mL) and aqueous 1 M NaOH (12 L)

were added and the mixture stirred and sonicated in turn for about 10 minutes, until sample

dissolution;2.4 mg of GdL were added to all tsamples under stirring; when the solution
r e a c h e dwemddleddhe $olution containing Tifor sample2H-T) and TiQ-graphene
(for samples2HT-G) under stirring, followed by a rapid transfer intmwvette(500 uL) for
photodegradation tests, vials (500)iftr the SEM (Scanning Electron Microscopahalysis

or plate (700 ub.for rheology analysis.

Before testing thg@hotocatalyticactivity of these matrices, the effect of B@Ps or TiQ-

NPs/graphene on the mechahi@nd morphological properties of the hydrogelss

investigatedRheological analysdsgave been performed to evaluate the viscoelastic properties
of hydrogels2H, 2H-T and2H-TG i n t er ms of storage and
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respectively). Although the dyr ogel s ar e cha+# adkteer ibzeehdavh youa ,
storage modulus is approximately an order of magnitude higher than the loss component
(Figure 216, t hese hydrogels do not show very hig
concentration of the gelator, required for obtaining good transparency. The results also pointed

out that although the introduction of TAMPs or TiQ-NPs/grapheneloes not ihibit the

formation of the gels, tartially affects thenechanicapropertief both hydrogelsfor which

i n bot h c asdeThis eiéct iddneore re\edart fer hydrog@-TG. Nevertheless,

frequency sweep analysisigure 217) poi nted out that for all t
and Gn were al most i ndependent from the fre
(al ways with GNj > -Ghk e lbgical behaviour forghe hytregeldiasndo | i d

hence the ability of the hydrogel structure required for the photocatalytic application.
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Figure 2.16 Strain dependence of storage moduhiadk square) and loss moduluzd circles) for
(A) hydrogel2H, (B) hydrogel 2H-T and(C) hydrogel2HT TG. The analyses were performed on the

gel about 20 hours after the gelation begun.
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Figure 2.17 Frequency dependence of storage modulus (square) and loss modulus (circldg) fo
hydrogel2H, (B) hydrogel2H-T and(C) hydrogel2H-TG. The analyses were performed on the gel

about 20 hours after the gelation begun.

o (1/s)

Table22St or age modul i ( Gd)
sweep ¥ = 0.5 1/s).
Hydrogel Go6 (Pa) Géoé (P
2H 1370 90
2H-T 1055 63
2H-TG 556 46

a n 8H, 2Her sarsd2HAT&s dran frequeéndey 0 )

Step strain experiments were performed to check the thixotropic behaviddr, 8H-T and

2H-TG at the molecular level. Strain values within and above the LVE region were
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congcutively applied to hydroge(&igure 2.18),
Go) when the
Go) if the
thixotropic behaviour, even thoudtydrogel 2H

strain i

obsekebebehasobbud
ad b okveed tshteaitre U

t hat I

s applied

within the LVE regsn ofihgdoobeils.eTtie three hydrogels show a

shows a | owevery Ge thmod ul u

network is boken (strain above theVE), this measthatit is able to reconstruct the network

but it is less stiff tharthe starting gel Also with

this analysis, we confirmed thgtaphene

doped hydrgels2H-TG show the lowest values@&@ nd . G6 6
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experiment performed on (A) hydrogd, (B) hydrogeRH-T and (C) hydroge?H-TG.

To havemore information about thenorphology of sampleH, 2H-T and 2H-TG we

performed theSEM analysis on the freezdried samples.These arogels show different

morphologies, but they are all characterized by complex patterns with a rough orientation
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(Figure 2.19). Moreover, in aerogePH-TG we can notice the presence of some small
aggregategsome of themeven aboutlO pm), responsible for the formation of a less
homogeneous hydrogethich can be one of the reason whg mechanical properties of the

sample were the lowest frotine rheological experiments.

ikl
EMT = 2000 WV Sigral A s VPSE
|_| 100 um WO B5mm Mag= S00X

EHT = 20,00 W Signnl A = WPSE

|_|100],lm WD = 85 mm Mag= 500X

Figure 2.19 (A) SEM image of a sample of aerogel obtained by freeze drying a sample of hyaiogel
(B) SEM image of a sample of aerogel obtained by freeze drying a sample of hyttege(C) SEM
image of a sample of aerogel obtaingdfreeze drying a samptef hydrogel2H-TG prepared with
FmocL-Tyr-D-Oxd-OH 0.5% concentration. In the inset magnification view of aerogdH-TG

fragment.

2.2.2 Photodegradaton experiments

The experimental approadbr the investigation of the photodegradatioraahodel pollutan
suchas RhBinsidethe gelis based on fluorescence detection. As a main difference with respect
to other methods based on fluoresceheegthe same excitation beam and the same excitation
wavelength areisal for both photoactivating the phetmtalyst(TiO2) and exciting the target
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fluorophore RhBFigure 2.15). As a main advantage this approach allows the contiramadis
reattime detection of the target dye concentration during the process using a conventional
fluorimeter equiped with a 150 W Xenon lamp as an excitation source.

The absorption spectra ofdirogel 2H, of TiO>-NPs (0.2 mg/mljand RhB(1.0 uM) were
analysed in a cuvette with 0.5 cm optical patkdlect a suitable irradiation wavelendtig(ire

2.20). The spectra demonstrate that it is possible to excite simultaneously thélH$Cand

RhB upon irradiation in the UV spectral region when they are incorporated in the hydrogel (as
sketchedn Figure 2.15).

In fact, & foreseen, the hydrogel presents an edge of absorption around 310 nm, due to the
characteristic absorption spectra of the Fraboomophor&® that is present in th gelator
structuré321491%0 55 protectingyroup of theTyrosineN-terminus The hydrogel transmittance

is T > 60% for wavel engt h & >MNPs3n2ofporatedjnthe e nc e
hydrogel can be efficiently excited at 340+10 nm using the fluorimeter excitation beam as an

irradiation source (spectral profile shownFigure 2.20).
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Figure 2.20 Absorption spectrum of the hydrogdi (blackline) of the TiQ NPs (0.2 mg/ml, red line)

andof RhB( x 2 0, 1 €M, green | i mRbB(filed iFellowpandesgectrem af the s pect
irradiation source (filled cyan). Inset: photographs of samples of hydrdgetdH-T, 2H-TG (from

left to right respectively) prepared with gelator Frlod@yr-D-Oxd-OH in 0.5% concentration.

Additionally, under theexcitation conditions, RhB absorbs a minor fraction of the excitation
light andthe photedegradation of this dye can be followed by its diagnositmréscence signal
during the photocatalytic experimeni® investigate the Ti@photcocatalytic activityin the

hydrogel, we prepared three sampaesilar to those previougldescribed2H, 2H-T and2H-
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TG), all containing a small concentration (1.0 uM)RNhB. For clarity, these sample will be
referred to a2HR, 2HR-T and2HR-TG. Hydrogel rheological propges were not affected
by the presence of small concentrations of RhB (1.0 uM).

A conventional fluoometer with a L configuration was uséo perform the simultaneous
excitationand perpendiculadetectionof the fluorescence emissioRluorescence signaif
RhBwas detected inreali me (5 s e c emi=B85 angin thet hydooge)s coataining
the dye 2HR, 2HR-T and 2HR-TG upon continuous irradiation at single wavelength light
2x=340£10 nm, and it was plotted as a function of irradiation time.

RhB undergoes strong decrease in emission during the first hour of irradiation in case of
hydrogel2HR-T and2HR-TG. In contrast, in the reference hydro@R, which does not
containany photecatalystthe fluorescence signal decreases only by aboutd20#tg the first

10 minutes (600 seconds), then it reaches a platé&tiHence, as the fluescence intensity
is proportional to the fluorophore concentration in these experimental condffidffsye can
gather thatafter 60 minutes of irradiatiofRhB concentration in the refeence sampl@HR is

still 80% of the initial one, whereas the dye is completely degradeariple2HR-T containing
TiO2 and a residual 25% survived2MR-TG (Figure 2.21).

1.0

0.8 -

0 1000 2000 3000

Figure 2.21 Left. Fluorescencéntensity at 585 nmdRhBas a functi on £%340rr adi a
nm) in sampl@HR, 2HR-T and2HR-TG. Right.Fluorescence photograph of the sanBd&R-T after

30 min irradiation.

These results cégly demonstrate that: i) TEENPs efficiently phat-decomposdrhB, but ii)
the introduction of graphene in hydro@R-TG leads to a photoactivity decrease of FIO

NPs, in contrasib obsenationsin other matrixes>3
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In conclusion;TiO2-NPs (also in combination with graphene platelets) can be incorpanaied
biocompatble hydrogels, with high water content and good transparency to solar light. The
degradation of anodelpollutant molecule can occur inside the matrix with good effigienc
upon irradiation.

Light penetrates inside the hydrod@hotodegradation occurs the bulk of the material. This
important result was achieved by optimizing the composition and the production methodology
of the hydrogel, especially avoiding sedimemtatiand segregation of the THQIPs.
Interestingly, the pollutant molecules are notaabed either on the hydrogel fibres or on the
TiO2-NPs, but rather solubilized in the hydrogel water channels. This result is very important
in view of the development ophotocatalytic watepermeable materials for continuous

decontamination of water ifuiking systems.

2.2.3 Materials and M ethods

Synthesis of TiQ-NPsi TiO2 nanoparticles were synthesized in water solution by means of

Pluroni® F127 (Plur) nofonic surfacants following an industrial patented proto&Hl.

Synthesis of TiQ-NPs/graphend A 15 mL aqueous disgrsion was prepared with 9.4 mL of
Plur-TiO2 15 mg/mL with 15 mg of natural graphite flakes was sonicated mtrasoundbath

for 6 hours, stirring for almost 1 minute each 30 minutes. Then, the dispersion was divided in
two aliquots of 7,5 mL and it wasentrifuged for 5 minutes at 9500 RPM. Théme 65% of

the syernatant was collected for the analysis. A 0.1% Graphene doping was expected to be
obtained following the procedure reported in Eef.

Hydrogel Preparation - A portion of FmocL-Tyr-D-Oxd-OH (5 mg) was placed in a test tube
(diameter: 8 mm), then MiHQ® water (0.97 mL) and a 1M aqueous NaOH (1.3 equiv.) were
added and the mixture was stirred until sample dissolution. Finallyadded 1.4 eq. of

gluconaU-lactone, and theixturewas leftto sitfor 16 hours at room temperature.

Aerogel Preparation - Hydrogelswere freeze dried using a BENCHTOP Freeze Dry System
LABCONCO 7740030 with the following procedure: the hydrogel was pegpato an
Eppendorf test tube at room temperature. After 16 hours, the sampleplageckin liquid
nitrogen for 10 minutes, therekezedried for 24 houren vacuo(0.2 mBar) at50 °C.
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Morphological Analysis - Scanning electron micrographs of the slspvere recorded using
a Zeiss EP EVO 50 field emission gun scanning electron microscope. Conditions: EHT=20
KeV - Variable Pressur@/P): 100 Pa Images in secondary electrons (SE)

UV- Vis absorption spectra- UV-Vis absorption spectra (range 2800 nm) were collected
by using an optical path of 0.&m cuvette at 25 with a Cary300 UXis double beam
spectrophotometer, having an esnptivette as a reference.

Rheology- Rheology experiments were carried out on an Anton Paar Rheometer MCR 102
using gpardlel plate configuration (25 mm diameter). Experiments were performed at constant
temperature of 23 °C controlled by the integratetid?esystem and a Julabo AWC100 cooling
system. To keep the sample hydratedolvent trap was used {fFIrD200). Amplitueé and
frequency sweep analysis were performed waitfixed gap value of 0.5 mm on hydrogel
samplesprepared directly on the upper @aif the rheometer once the gelation reaction was
completed.The samples were prepared the day before the analysitefinovernight at
controlledtemperature of 20 °C to complete the gelation process. Oscillatory amplitude sweep
experimentg o : 0 . Dwleiie tabriedPout to determine the LVE range at fixed frequency
of 1 rad-s. Once established the LVE of each hydrogel, frequency sweep tests were performed
( ¥0.1-100 rads) at constant strain within the LVE region of each samplaxotropic
experimentswere conducted ohydrogels2H, 2H-T and 2H-TG by applying consecutive
deformation andecovery steps. The deformation step was performed by applying to the gels a
constant straimbove the LVE region of each sample for a period ofinutes. The recovery

step was performetly keeping the sample at constant strain within the LVE region for 7
minutes. The cycles weperformed multiple times at fixed frequency of 1 rad/s.

Emission and excitation - Spectra were collected with an Edimgh FLS20 fluorimeter

equipped with a photomultiplier Hamamatsu R928P, and the samplesawalged in

di sposable cuvettes with opéd=c &I30pzmdtOY00lre ngt h
nm. Exci t ateic©3BG6008 M ,em=20 nm.
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Chapter 3

3. Graphene doped LMW gels for 3D cell growth

Hydrogels have been extensively explored as promising biomaterials for tissue engineering and
drug delivery*®91%9 with tuneable mechanicaind bioactiveproperties,hydrogels offer
potential for biocompatibility andnvironmental responsiveness to mimic natexadacellular
matricest69 163

Low molealar weight supramolecularhydrogels (LMWSHSs)'641%¢ have somespecial
properties that differentiate them from the tradiéilopolymeric hydrogelsffering advantages

for certain applications, such as thixotrogglthealing propensityand thermoreversibility.
Peptidebased hydrogets3°:40.167.168re appealing for biomedical applications, beeathey

have high biocompatibility and good biodegradabilitfo overcomedrawbaclk of many
peptidebasedsupramolecular hydrogelsuch adow mechanical stability and high erosion
ratesin vivo'®®theclass of pseudopeptide gelatdescribedn this work providepotentialfor
intrinsic proteolytic stability.

A recent strategy for improving the functionality of supramolecular hydrogels is the
incorporation of nanofiller$’917® The specific properties of the fillersnay modify the
performance of the hydrogel or add functionality (i.e. hydrogel reinforcemerft, sel
healing)'?¢176178 Nanocarbons are ideal nanofillaise to their peculiar chemicphysical
properties, that have demonstrated great potential in nanomedicine and nanotectif&idgy.
Electrical condutivity, mechanical strength, and high surface asdhmake graphenan
interesting filler for tissue engineering and regenerative medigit€® The generally poor
mechanical stability of hydrogels limits their use as functional materials for many biomedical
applications. On the contrary, graphene is the strongest material known (more than 200 times
stronger than steel). Thegsence of graphene even at very low loadings inside a hydrogel can

provide significant reinforcement to the final material.

In Chapter 2inorganic fillerin the form oftitanium nanoparticlesin the presence or absence

of graphene plateletsvasadded ® a hydrogel matrix for the photodegradation of a model
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pollutant. However, the addition of these fillers, especially the mix of titanium and graphene,
caused a decrease of the mechanical properties of the final material, due to the formation of
aggregates
Recently, the incorporation of graphen@sed nanofillers in hydrogels has been reported to
tailor the properties of these versatile materfi&ls®? A crucial step for the inclusion of
graphene in supramolecular hgdels is the achievement of a stable dispersion before the
addition of the trigger. Variai polymers surfactantsand biomolecules have been used to
facilitate the dispersion of carbon nanomatetfd¥®in solution For examplePluronic® F127
was added to the gelator to stabilise the NPs solitfddowever,these dispersants usually
alter the gedtion processr hamper the molecular se§sembly
A promising strategy usesthe supramolecular gel medium tlispese the graphene.The
aromatic moieties conta@d in the gelator molecules can interact with the graphene delocalized
s ur f 4 casking interactionso disperse thgraphene in the supramolecular matrix
and incorporategraphene sheets into the gel systémus generating a hybrid systeriithe
supramolecular gelin turn, provides fibrillar network structures that may accommodate the

dispersed graphene sheb¥s.

Supramolecular hydrogelsere prepared usinthe pseudopeptidéo act as both gelatand
graphene dispersant. For tisitidy, tie already reportéet’? bolaamphiphilic pseudopeptide
H2C[(CH2)3sCO-L-PheD-Oxd-OH]. (3) was chosen.

This robustgelatorpossessstwo L-PheD-Oxd dipeptide unitinked byan azelaic acid unit
The aromatic moieties dhe L-Pheresiduecan interact with grapherfavouringdisperson.
(Figure 3.1).%

o)
Ho\/ o) 0 OH

I \ H\)LN

Figure 3.1 Chemical structure of gelat8r H.C[(CH2)sCO-L-PheD-Oxd-OH]..

A small library of graphene doped supramolecular hydrogels was prepared using two different

triggers (pH variation and arginine addition) and the hydrogel mechanical properties were tested
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and comparedCell viability was studid to examine thesafety andbiocompatibility of
graphene fillet®®

3.1 Mechanical properties of graphene doped LMWSHSs

A setof 16 hydrogels was prepared using solutions of getand increasing amouwnbf
graphene in MiliQ® water (sed able 3.1 for details)by adding eithe.2 equinalents ofGdL
(samples denoted &G) or 1 equivalent ofarginine (samples denoted &A) to promote
hydrogel formationSamples prepared with GdL and 1% gelator comagoh were named
3G1-3G4 and with 2% w/w concentratioBG5-3G8; the same for Arg3A1-3A4 (1% w/w)
and3A5-3A8 (2% wiw).

Table 3.1 Hydrogels properties as a function of gelator concentration (w/w), grapbanentration
(mg/mL) and trigger.

. Graphene a
Entry Trigger Gelator3 (mg/mL) pH Tgel Photo
3G1 GdL 1% 0 4 7077
3G2 GdL 1% 0.5 4 7981
3G3 GdL 1% 1 4 77-79
3G4 GdL 1% 5 4 80-89
3G5 GdL 2% 0 4 98-100
3G6 GdL 2% 0.5 4 94-99
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3G7 GdL 2% 1 35 98-100 .

3G8 GdL 2% 5 3.5 80-87 ‘
3A1 Arg 1% 0 7 7379

I [ I

3A2 Arg 1% 0.5 7 78-96 .

X

3A3 Arg 1% 1 7.5 8591 y

3A4 Arg 1% 5 7.5 91-100 ‘

3A5 Arg 2% 0 7 90-100 | I

2

3A6 Arg 2% 0.5 8 86-100

3A7 Arg 2% 1 8 92-100

3A8 Arg 2% 5 8 95-100

aHydrogels ae thermoreversible.

The use of GdL has been extensively reported to promote gel fortfatfdA°°The choice of
arginine as triggewasinspiredby a previous workof Tomasiniand coworkers’? asdiscussed

in Chapter 1 Several amino acid®ad beentested as triggers for the gelation process of
LMWGs, and arginie proved the bestgiving strong, selhealing and thermoreversible

hydrogels
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Figure 3.2 The selthealing ability of gelatoB reported ina previous work offomasiniet al. when
arginine is used as adger for the gelation proces$wo gels were preparetbne marked with
Rhodamine Band cut into three blocks. When different gel blocks were placed in direct contact along
the cut surfacaithout any external stimyltheyrecombined within 20 minut€es.

The 16 mixtures were stirred forl® minutes, then left stand in the test tube overnight until

gel formation All samples areself-supporting and thermoreversible on heatingth Tgel
increasing for hydrogels doped witincreasing amounts ofgraphene Table 3.1).
Hydrogels3G1-3G8 have a pH ranging between 3.5 and 4, due to the use of GdL as trigger,
while hydrogel3A1-3A8 reach a pH ranging between 7 and 8, due to the addition of arginine.
The viscoelastic behaviour of theamples wasanalysedthrough rheologicalanalyses.

All hydrogels are characterized by a sdke& behaviour, with storage modulus approximately

an order of magnitude higher than the | oss

concentration increas¢sigure 3.3).

The reinforcement efta of graphenés impressive especially for arginine containing hydrogels

at 2% concentratiorBA5-3A8). Comparinghe properties of hydrogels obtained at 1% and 2%
w/w concentrationjt can begatheed that hydrogels strength increases with the graphene
concentration, in agreement with the results obtained frorghanalysis.

Taking into consideration the mechanical properties and the final pH of the 16 samples, the
most promising hydrogels for apgations as biocompatible materials are hydrogals-3A8

that couple an exceptional mechanical strength with a final pH ranging between 7 and 8, that is

compatible with cellular environment.

51



140000
120000
100000
T
&% 80000 -
[0y
a
© 600004
3G1-3G4
40000 —e— 3G5-3G8
—a— 3A1-3A4
—w— 3A5-3A8
20000
T 1 I ' I v I ' I
0 1 2 3 4 5

Figure 33Di agram of 't he

Graphene (%)

G6 v al ueweepahatyses af kydroglB$1-0 m

3G8 and 3A1-3A8, as a function of trigger, gelator concentration and graphene concenteain.

point represents one sample with graphene doping indicated on the x ais.

All the hydrogelsvere further analysetuta partialar attention was paid tthe properties of

hydrogels3A5-3A8. These four samples are characterized by a great capability to recover the

gelliike behaviouras t hey al

+tekoevestahe Wwhehi dhe

within the LVE region Figure 3.4 andFigure 3.5). Thus, theyconfirm at the molecular level

their thixotropic propertieslthoughaslight decrease in the storage maduwvas observed.
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Figure 3.4 Values of storage moduli (solid circles) and loss moduli (empty circles) during a step strain

experiment performed on hydrog&a5-3A6.
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Figure 3.5 Values of storage moduli (solid circjesnd loss moduligmpty circles) during a step strain

experiment performed on hydrog8Aa7-3A8.

Hydrogels made with GdL 3G1-3G8) also show the capability to recover the géike
behaviour after the application of a strain above their LVE refgfon.

The morphological analysisf the corresponding aerogetsbtained by freezdrying of the
sampleswas performed wit SEM igure 3.6). In any case, the comparisofthe morphology
between aerogels ctaining graphene and the corresponding aerogels without graphene do not

suggest significant differences due to graphene

Trigger % Graphene
0 0.5 1 5
3G2
GdL
1%
3G5 3G6 3G8
GdL
2%
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1%

Arg
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Figure 3.6 SEM images of aerogels obtained by freeze drying hydrogels saB@le3G8 and3A1-
3A8. Scale bar (in white) represents |2%.

Aerogels3G1-3G8 and3A5-3A8 show a morphology characterized by the formation of locally
oriented long strips that cross on the large scale forming a network, while agA&84

are characterizely dense fibrous networks. The differences in morphology are likedieckl

to the gelator concentration and the trigger nature.

This outcome is further confirmed by the analysis ofabeogels ATRR (Attenuated total
reflection - Infrared) spectra, ich provide information on the supramoleculateractions
involved in the formation of the hydrogelBhe spectra were compared of hydrogels prepared
with different graphene concentrations and the same concentrations of gelatieggerdin

all of the spectrasimilar bands wereobserved,indicating that graphenedid not alter

significantlythe supramolecular interactioimsthe network

Aerogels 3G1-3G8 (trigger = GdL) exhibited reproducible IR spectrgFigure 3.7).
All contaned a band at 3330 cicharacteristiof hydrogen bonded NH bondii HE O=C
hydrogen bonds), together with another strong stretching band atL¥200cm' , typical of
hydrogen bnded CO bonds, and a weaker band between 1550 and 160thatmay be
attributed tothe amide band IAerogels3A1-3A8 (trigger = arginine) show a different pattern
(Figure 3.8), in whicha strong bandprevailsat about 1631650 cm' but noband Il isvisible,
and the typicabandof hydrogen bonded NH bonds is quite wedle to the presence of
arginine,and centred at 3368330 cm'.
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Figure 3.7 Selected regions of AR spectra for aerogeB:1-3G8.
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Figure 3.8 Selected regions of AR spectra for aerogeBA1-3A8.

NIH-3T3 (mouse embryonic fibroblast) cells were used to evaluate the cell response to the
presence of hydrogel3A5-3A8. The four hydrogels were prepared using cellular medium
instead of MillrQ® water, to assess the hydrogels biocompatibility. The usdlolazenedium
slowed down the gelation time from 16 hours to 2 diigure 3.9 illustrates cell proliferation

on hydrogeBA5-3A8 in cellular medium after a culture period2#h and 48h.

Cell adhesion is strongly influenced byaghene doping. Hydrog8A6 (graphene content =
0.5%)shows a good biocompatibility, while at higher graphene concentrations (hydsagels

and 3A8) a significant toxic effect on fibroblasts is observeldwever, after 48 hours, cells
continue to prolifeste both in hydrogeBA5 (without graphene) and in hyalyel 3A6-3A8,



insensitive to the graphene doping concentration, this me#mnghe scaffold supports cell
growth.
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Figure 3.9 Cell viability of NIH-3T3 on hydrogel8A5-3A8 in celular medium. Data represent the

mean + standard deviah.

Supramolecular hydrogetioped with graphene may represent a promising building block for
the development of smart materials for biomolecules and tissue engineering purposes. The
degradation of th gel does not modifthe toxicity of grapheneCell viability was measured
evenafter the destruction of the matrix and the res#igure 3.10, showed that cell viability

is similar tothatobtained by the graphene embeddedhegel.
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Figure 3.10 Cell viability of NIH-3T3 in cellular medium solutienFrom let to right 3A5sol(cellular
medium added witt2% gelato), 3A6sol (cellular medium added with graphene (0.5 m@A7sol
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(cellular medium added withrgphene (1 mg) 3A8sol(cellular medium added with graphene (5 jng)

Data represent the mearstandard deviation.

In conclusion, song supramolecular hydrogels were prepared using two triggers (GdL and
Arg) and introducing increasing amounts of graphiartbe gelling mixture. Th6& 6 modul us
of thesematerialsincreases with the graphene amouhgytare stable, thermoreversible and
elastic. The concentration of gelator, the degree of graphene doping and the nature of the trigger
are crucial to get hydgels with the desired propertiesicha high storage modulundgood
selthealing propertiesThe hydrogels prepared are ablerezover their modulus during
thixotropy experimentsThe biocompatibility of the most promising hydrogai5-3A8 was
testedby assesnent ofthe bioawailahlity of mouse embryonic fibroblast (NHT3) cells in

the hydroglsin which pure water was replaced with complete sernedium Cell adhesion

on the hydrogel is strongly influenced by graphene doping. The hydrogel scaffgdrt cell

growth at all the concentration of graphene doping.

The rheological properties and the biocompatibility of these graphgired hydrogels may be

easily tuned selecting i) the degree of the graphene doping and ii) the nature of the gelator in

the gelling mixture.

3.2 Materials and M ethods

Preparation of the Graphene Dispersion$ Three dispersion of MiliQ® water (20 mL each)
containing edgdunctionalized graphene, MG24, (10 mg, 20 mg and 100 mg respectively) were
prepared and vigorously st for about 20 minutes with a magnetic stir@aphene sample

MG 24, produced by 24 hours ball milling in the presence of &0ording to ref®, was
kindly provided by the University of FribourgCharacterization of the graphene sheets

(elemental analysis, surface area and sizeeo$teets) are reportedrigf.2°*

Hydrogel Preparation using the pH Variation Method - A portion of gelator3 (5 mg for
hydrogels3G1-3G4; 10 mg for hydrogel8G5-3G8) was placed in a test tube (diameter: 8
mm), then MillrFQ® water (0.5 mL) or a graphene solutieeTable 3.1 for detailg was
added, followed by a 1M aqueous NaOH (2.1 equiv.) and the mixture was stirred until sample

dissolution.Finally, we added 2.2 eq. of glucefidactone After a rapid mixing to allow the
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GdL completedissolution, the sampleaid quiescently until complete gel formation which
usually occurred after 16 hours.

Hydrogel Preparation by Addition of Arginine - A portion of gelato (5 mg for hydrogks
3A1-3A4; 10 mg for hydrogel8A5-3A8) was placed in aest tube (diameter: 8 mm), then
arginine (1 equiv.) was added. 0.5 mL of M{i® water or a graphene solutieeTable 3.1

for detaily was added to the test tubeden girring. After 1 minute the magnetic stirrer was
removed and the tubeostd quiescently until complete gel formation which usually occurred

after 16 hours.

Conditions for TgeiDetermination - Tgewas determined by heating some test tubes (diameter:
8 mm)containing a glass ball (diameter: 5 mm, weight: 165 mg) on the thp gkl After the

gel is formed, the balas suspended atop. Theeilis the temperatures in which the ball starts
to penetrate inside the gel. Some hydrogel samples melt, produciegr solution, while in

other cases the gelator shrinks and water is ejected, as syneresis occurs.

Aerogels Preparation- Samples ofthe hydrogels were freeze dried using a BENCHTOP
Freeze Dry System LABCONCO 7740030 with the following procedure: thdeobgl was
prepared in an Eppendorf test tube at room temperature. After 16 hours, the samples were
placedin liquid nitrogen for 10 minuteshén freezalried for 24 hours in vacuo (0.2 mBar) at

-50 °C.

AEROGELS CHARACTERIZATION

Morphological Analysis - Scanning electron micrographs of the samples were recorded using
a Hitachi 6400 field emission gun scanning electron microscope operating at 15 kV.

Rheology- Rheology experiments were carried out on an Anton Paar Rheometer MCR 102
using a parallel plateonfiguration (25 mm diameter). Experiments were performed at constant
temperature of 23 °C controlled by the integrated Peltier system and a Julabo AWC2100 cooling
systemOsci |l Il atory ampl it udid00%)wwere qarrieddoydte deiermi@ent s (
the LVE range at a fixed frequency of 1 ratl ©nce the LVE of each hydrogel was established,
frequency sweep t e sil08radsh ata copseam $traim witlindthe (\AE: 0.1
region of each sample (92 = 6rforhed%n) hydro§dlsegp st r
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analyse the thixotropic behaviour of the material. The sample was subjected to consecutive
deformation and recovery steps. The recovery step was performed by keeping the sample at a
constant strain o9 = dbn, Aaeriod of 400 s. We deformationt h e 1L
step was performed by applying to the gel a
of the sample for a period of 300 s. The <cyc
=10 rad &

IR - High quality infrared spectra (64 scans) were obtained with anRIHR Bruker Alpha

System spectrometer (64 scans).

Cell culture - Mouse embryonic fibroblast (NH3T3) cells were cultured under standard
conditions in Dul beccods (4bgdligludose)sugplergehted me d i
with 10% (v/v) Fetal Bovinum Serum, 2 mMdlutamine, 0.1 mM MEM NotEssential Amino

Acids (NEAA),100Umlipeni ci Il I'in and 100 U mLT1 strepto
set at 37 °C with 5% COFor cell culture, tb samplesvere sterilized with ultraviolet (UV)

radiation for 20 min before use. The gels were incubated for 30 min at 37° with 5%itBO

complete medium. Cells were seeded on gel iweH plates at a density of 10ells per mL.

Cell viability - Cell viability was determined by resazurin reduction assay; the reagent is an
oxidized form of the redox indicator that is blue in colour andfharescent. When incubated

with viable cells, the reagent is reduced and it changes its cotourldiue to red becoming
fluorescent. Briefly, cells were seeded on gels with complete medium. After incubation times,

the resazurin reagent was added directly to the culture medium with 10% volume of medium
contained in each sample and incubated for 437 &C with 5% CQ. Subsgquently, aliquots

from each sample were transferred to & 96 mu
560 n mm3®0Gnn (TRhermo Scientific Varioskan Flash Multimode Readernegative

control of only medium withoutellswas includedo deermine the background signak well

asa positive control of 100% reduced resazurin reagent without cells.
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Chapter 4

4. LMWGs and mineral phase formation of composite materials

4.1 Biomineralization: crystal growth in hydrogel matrices

Biomineralizations the process by which organisms deposit in a controlled way mineral phases
producing biominerals such as bones, teetblluscshells?°22%4 One exgrimentally prova
dogma of biomineralization is that the deposition of the mineral phase ocaurighly viscous

or gel environment?2:29°

Biominerals have propees optimized for their specific functiohut difficult to reproduce in
laboratoriesRecently, the possibilityotexploitgelsfor the growth of crystaleas been used as

a model folbiomineralization A number & naturalgetlike matricessuch as collagen, fibroin,
amelogenin andchitin)?°® have beendenified in association with mineralisatiggrocesses

in biological organisms.

Crystal growth in gels is a modification of crystal growth in solution andddoeila useful tool

for controlling purity, morphology and other properties of single crystals.

Gel matricescomposef synthetic and natural molecular gelat@usually wellhydrated,
porous and fibrous networkshich provide structural frameworkfor the mineral phaseo

grow, as well axhemical funtionalitiesfor nucleationof crystalgrowth2°7:208

One of the unigel aspects of gels is the high porosifythethreedimensionahetwork Each
cavity represents eompartmenof solutionin whichthe solute is confinednfluenang crystal
nucleation growth and morphologyPhysically, gehetworks determine diffusiorates local
concentrations and supersaturatarsolutes

A wide variety of materials can be dissolved, suspended or trapped into the gel structure at the
end d the gel formatior(as already reported in Chapter 2 ang@®h as grapherié?171.209.20
cells211213 catalystg*21 and ions for crystal growthAfter hydrogel formation, several
processes may Ka place in the confined space of the gel, producing results that are
significatively different from what is usually observed in solution.

Gel networks der other advantages to support crystal growth including prevention of

sedimentation and eliminatioof Brownian motion, laminar flow and convective currents,
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making diffusion the dominant mass transport mechanism available to sSlutbparameters
leadgenerallyto large and higlguality crystalsThe organic matrix constitueby gel fibres
can be itimately associated witthe inorganic mineral phasend evenncorporated inside of
it, producing composite inorganic/organienaterials with unique properties and

morphologieg!6 218

ST o
magnification G|o\ |\ selective By ‘ confined
WAY nucleation & : crystal growth

Vs ~— alginate chain
\

Figure 4.1 Schematicillustration of the growth of caite aggregatesbtained from alginate gels.

AN/ G Blocks ordered into “zigzag” structure
calcium ion

initial crystal nucleus

4
. . calcium carbonate aggregates

(G blocks are thétL-guluronic acidresidues of alginajeAdapted fronref 219

Examples of hydrogels in biological, as wellas synthec , bi o i nspired syst.
Asenat h S%irneyhshow the physical and chemical effects of a broad range of
hydrogel matrices and their role in directing polymorph selectivity and morphological control

in the calcium carbonate systeln these studies, the function of the gel has bephysicaly

control the diffusion process pfecipitating iondy chemical interactionbetween functional

groups of gelator molecules and the growing crystals of the mineral.

Calcium carbonate has dre one of the most studied mineyalone and in combination with

gels Figure 4.2), because it is widespread among living organisms and represents a relatively
simple chemical system to investigate in vitf®d2! It exists as one of three polymorphs
(calcite, aragonite and vaterite), as well as amorphous farragecent work, a gel that formed

in the presence of calcium ions was used as a source of calcium ions for calcification.
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Figure 4.2 Optical images of calcium carbonate crystallization in uniaxially deformed (200%
elongation) gelatin filmsa) Rhombohedral calcite crystals formed on film without entrappedLlpoly

Aspartate b) Aragoniteaggregates formed inside the film with entrapped-heAspartate??!

However, the gel structure was lost during the calcification prééégsamples of hydrogels
that i) form a framework in the @sence of calcium ions, ii) provide the calcium ions for
crystallization and iii) preserve the framework structure are abs#rd literatureas far as we
know. Sucha system can have great relevance in biomineralizdtemausén many organisms
the mineralization procestakes place i@ gelling environment rich of calcium ions, in which

the diffusion of carbonate ions occid?$2%3

4.1.1 Supramolecular hydrogels for growth ofCaCOs crystals

Supramolecular gelsss alreadydiscussedmay be constituted ad liquid phasgwater or
organic solverd) in whicha wide variety of materialsre disslved suspendedr trapped into

the gel structure at the end of the gel formatidfter hydrogel formation, several processes
may take place in the confined space of the gel, producing results that are significatively
different fromthoseobserved in saition.

A recent sudy reportedhe growth of calcium carbonate crystaisidea supramoleculagel

based on a biarea gelator system wittarboxylicacid functionaties.??* Gels of this type,
having C&* binding domains on thédibres (carboxyhtegroups) can potentiallynucleate the
growth of a mineral ostronglyand specificallynteract with growing crystal faces, thus altering

the morphology of the crystals in a controllegiy 2>> Gelator moleculeparticipate in the
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crystallization of calcite, alterg the physicaproperties nucleation andyrowth processesf
the crystals

In this contextwe decided to investigate the formationaaficium carbonate crystals inside
gel matrix madewith one of our gelatos containing carboxylic acid functionalities
In our contiuous effort to find new gelators able to form stable hydrogels, usefdifferent
applicationswe found & MWG based on a single amino acidDOPA, that wasable to gelate
under several condition&elator4 Boc-L-DOPA(BN).-OH (Figure 4.3) maybenefitfrom the
additional presence of two benzyl estemstihe chemical structure, thahprove gelation

efficiency throwutgdc kaidrdg tii mtnearlacti ons.

Figure 4.3 Chemical structure of gelatdy BocL-DOPA(BN)-OH.

Unprotected and commercially awaile L-DOPA was transformed to gelator4 with four
synthetic stepsas previouslyreported(see Chapter 2)The effective preparation of this
compoundbears well for itsapplicatiors in the formation of supramolecular materials.
The preparation of theydrogels followed a general procedure based on the dissobit/bim
an alkaline aqueous solution (NaOH or20@x), by stirring and sonication for about 15
minutes, followed by the addition of the trigger (GdL or Ghéf 228

SamplestA and4B bothwerepreparedusing Na®H as baséor the dissolutionand different
triggers (GdL and Cagtespectively). For the preparation of sampl€sand4D, NaOH was
replaced by N#&Os as asource of carbonate isnThe addition ofcaCbas triggemayinduce
the formation of CaCe&xcrystals.In this proceduregelationtakes place with the formation of
CaCQ crystals.

Gelator4 can form gelsunderthese conditions with a concentrati@ngingbetween 0.5 and

2% wiw. After several attempts, we found thize optimal gelator concentratitor this specific
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studywas 1% w/w Gels wergoo weakusing0.5% Gels formation was irreproducible and
very fast using2%, creatingmechanicaproblemsin the hydrogel networkandthe crystals
Moreover, leforechoosing the optimal N€Os and CaClconcentrations used for sampis;
4C and4D (Table 4.1), severalconcentrationsvere testedwhich weretoo low to detect the

calcite formationpr too high to athw the formation of a strong hydrogel.

Table 4.1 Reagents, conditions and final pH for hydrogels formation using gedaiorl% w/w

concentration.
Gelator Eq.NaOH EQq.Na.COs g, Eqg.CaClz
Sample Final pH
(mg) (1 M) (0.1m)  Gdl (0.1 M)
4A 10 13 - 14 - 55
4B 10 13 - - 1 8
4C 10 - 1 - 1 6
4D 10 - 2.5 - 5 6.5

In all the casegel formation wa fastafter the addition of the triggeeven in the case of the
GdL, which usually requires prolonged times taniothe network* All gels appeazd
homogeneous and opaquegure 4.4).

The final pH of theegels (seeTable 4.1) was affected by the checal processes occurring
inside ofthem When the environment was alkalinecause ahe additon of NaOH an€CaCb
solution adrigger, the final pH was 8Since thestarting concentration of [OHwas 1 M, this
final value suggestithat a relevant paof the OH groups were involved in thedification of
the gelator. When N&Os was used instead of NaQtte drop of pH was higher (sampks
and4D of Table 4.1), probablybecause N&Os; was consumed by tredification processof
the gelator moleculesd by the formation of CaCg
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Figure 4.4 Photographs of the hydrogels prepared using gelatan 1% w/w concentration
From the leftsampledA, 4B, 4C and4D. Scale bar: 5 mm.
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analysed through standard rheological experiments. The first angldermedwas an

Amplitude Sweep to evaluate the LVE range, with a con$tante q u e n ¢ y ! (Figure 1

4.5).
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Figure 4.5 Amplitude sweep experiments of the hydrogéss (blue), 4B (red), 4C (pink) and 4D
(green) made with 1% w/w concentration gélator4. The analysewere performed on the geddout

20 hours after the gelation begun. Storage modugligd circles loss modulusempty circles.The

analyses were repeated three times for each sample.
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All the hydrogels prepar ed ar erofenhgaitudebigherr i z e d

than GO 0 ( e x c e Ot which aanep Higalyg calcified), indicating their solite

behaviourt®?2° Frequency sweep experimentFigure 4.6) were performed applying a

constant shear strain within the LVE region of each samfde = 0.04%.
For all hydrogelsb ot h t he GNj and Gn were al most
from0.1to100rad's, wi th GNj al ways greater than
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Figure 4.6 Frequency sweep experimelftc o n st a n t performed 08 1%OwwWidjydrogels. The

analyses were performed in triplicate on the hydrogels about 20 hours afiegiheing ofgelation.

i ndep
Gnj

A comparison of the rheological properties of the four samtaken from the frequency sweep

experiment, is summasl inTable 4.2
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Table 42 Val ues of G6 and G666 (mean modul i and sta
experiments (o2 = 0.04%, ¥ = 1 rad/s).
Sample G6 (KPa) Go (KPa
4A 64.181+2.76 9.648+0.884
4B 25.800+9.051 2.790+0.042
4C 20.650+6.435 3.140+0.990
4D 56.738+0.735 12.507+0.111
Finally,t he systembs ability to recover t he gel

All samples were subjected to a strain value withinthe l&Vgi on ( char acteri zec

gr eat er), fdldwedrby &Gsiragss that induces transformation into ismiuthixotropy).
These two steps were applied to the respective hydrogetsufdple cycles Figure 4.7).
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Figure47Val ues of storage modul i G6 (solid circles;

during step strain experiments performed on the hydrogel sadwl@due), 4B (red), 4C (pink) and
4D (green.
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When the applied strain was increased above the crossover point, the sample behaviour
switched from geliketosoll i ke, with G006 values greater th
fixed strain within the LVE range and the recovery of theligelstauswas checked. Samples

4A, 4C and4D showed good thixotropic behaviour, as they promptly recovered their properties

after each cycle. In contrast, hydrogd® recovered a gdlke status after the first cycle,
although the GO6 v acted(Fom&2EGO Pa to 400 P4d). Aftelatmetsécond r e d u

cycle, the hydrogel recovered again a-lggl k e behaviour with a Go6 v

4.1.2 Reversibility of calcium uptake

The role of C4 ions in hydrogel formation antthe reversibility of calciunteleasgfrom the
gel to the environment) andptake (inside the gel from the environmeniere then
investigated. To perform this studsamples of hydrogel4B were immersed after gelation in a
0.05 M disodium ethylenediaminetetraacetdideoEDTA) dihydrate soluion under gentle
stirring for 5 hourg4B-E). The aim was to replac@e’* with H* inside the gel network and to
check possible changes in the gel properfieen, sampldB-E was resuspended in a Call
solution for 5 hours4B-Ca) to check the revsibility of calcium uptakeThis study is
represented ifrigure 4.8.

4B

Figure 4.8 Representation of calcium uptake from the gel network usingERAA and subsequent

calcium addition to ta network using Cagl

The first treatment successfully removed?Cliom the hydrogel, as verifieby the Energy
dispersive Xray spectroscopyEDX) spectrum of a fragment of the dsgample(xerogel)of

4B-E (later named ad4B-EX) in which no signal focalcium wasobservedKigure 4.9). The
following addition of calcium showed the presence of about 1 atom% content of calcium in the
corresponding dry samples (later namedBaX).
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Figure 4.9 EDX spectrunof the xerogel of4B-E (top) and4B-Ca (bottom).The area of collection of
the EDX spectrum is the one inside the purple wald quadrilateral. Only the xerogel sampleiBt

Cashows the peaks due to the presence of Ca.

The mechanical propeges of samfe 4B-E were analged with the rheometer and compared

with those of sampléB (Figure 4.10, Figure4.11andFigure 4.12).
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Interestingly, hydrogeldB-E after the EDTA treatment are stiffer than samfiie showing
properties similar to those of samgi&, which does not include calcium in the netlz When
sample4B-E was resuspended in a Ca3$olution, no variation on itsspect neither on its
mechanical properties were observEdj(re 4.13.

A possible reason for this behaviour can be found in the pH change during the treafteent.
the renoval of calcium with EDTA from hydrogelB to form 4B-E, the pH decreased from 8

to 4 and remained unchanged when sampkE was resuspended in the calcium solution to

form 4B-Ca.
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Figure 4.13Amplitudes weep experi ments (left) and frequency
right) performed on the 1%/w hydrogels. The results obtained #B-Ca (light blue)were compared
with 4B-E (orange)

These outcomes suggesdt only that it is possible to remve calcium from theéhydrogel
network, improving the mechanical properties of the material, but also that a modification in
the organization of the supramolecular fibres occurs upéhr@aoval andhis modification

IS not reversible by radding calciumons.

4.1.3 Xerogel characterization

The drying process is usually a critical pdmta ge| since the morphology of the network can
change compared to the hydrated spatelucingartefactsespecitly for aggregation processes

that may take placg€®?3! To investigate hydrogslstill containing theliquid phase some
powerful techniquessuch as cryd EM (Transmission Electron Microscopy), small angle X

ray scatteringSAXS) and small angle neutron scattering (SANS), are necdssgamyt always
accessibleNonetelessit is often necessary to produce dried samples to have at least an idea
of the morphology of thgel. Two types of dry gels can be produced dependinthermrying
method: »erogels are obtained whéme gel isallowed todry in air, while to produce aerogels

the samples first frozenand therfreeze dried.

Xerogelswerehereproduced to perform SEM and synchrotron X&ialysesThese tools were
exploited to investigate the mineral phase formed and the interactionsebefibees and

crystals more than the morphology of the hydrogel it3alking into account thiacus of these
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analyses on the crystalline phasevasalsodecided tovashthe samplegusing two methods)

to remove part of the fibres and produce cleanestals

With procedure 1 xerogels of sample4A, 4B, 4C, 4D, 4B-E and4B-Ca were obtained by
solvent removal in oven. The dried samples weashed with ethandb renovepart of the
fibrous network of the gel and have cleaner crystals for thenmltpanalysesthen they were
dried again and namedAX, 4BX, 4CX, 4DX, 4B-EX and 4B-CaX (X for xerogels)
SEM images were collectéor sampledCX and4DX before andfter ethanol washing to make
a comparisonThe ethanol wash produces cleaner crystalseported irFigure 4.14 (right)
for sample4CX.

Figure 4.14 SEM images of xerogdlCX before(left) and afterright) washing with ethanol.

For sme samples of hydroge®C and 4D the xerogelswere prepared with a modified
procedurgprocedure 2 based on washingith water and ethandieforesolvent removal in
oven, thus forming the modified xerogdl€X# and4DX#. This procedure was envisaged
remove unreacted ions andl®cules and change the hydrogel chemical environment before
drying. The SEM images of the sampleaX, 4BX, 4CX and4DX are reported ifrigure 4.15.

Compared to sampldAX, in sample4BX the presence of calcium determines evident
differences in the morphology and fibres organisation. In sadipie the fibrous structure is
well visible: the fibres are separated one from the other and form a network in which they are

strongly entangled, adshanks tahe branching that appearssome fibres.
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Figure 4.15 SEM images of the xerogel sampisX (A), 4BX (B), 4CX (C and magnification ()
and4DX (D and magnification B). The insets in (A) and (B) illustrate a high magnification image fo
xero-1l and xere2. The images (CM) and (DM) illustrate the composite nature of the calcite crystals
from 4CX and4DX that entrap gelator fibres. Each image is representative of the saiple.

In sampledAX, on the contrarythe fibres, around 25 nmmidiameter, are partially embedded
in acompactmatrix, that prevents an accurate determination of the average diameter.
In the two samplescontaining both calcium and carbonate io#€X and 4DX, a fibrous
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structureis presentwith entrapped calcium daonate crystalgiside Both composites show a
high embedding of the crystals inside the fibrous netwiink. fibresentrap the crystals almost
completelyand evenpenetrate inside thenthus forming an organimorganic composite
material Figure 4.15Cv and Dy andFigure 4.16 C and D.

H5.0KV x10000 “1pm ——

Figure 4.16 SEM images of the xerogel samptgsX (C) and4DX (D).

The amount of crystals observed in sanfdIX is lowerthan that in sampléDX, as expected
since the concentrations of calcium and carbonate ions were lower in iveg staemical

system ohydrogel4C.

For what concerns the study on the reversibility of calcium uptakeSEM images of the
xerogelsafter the EDTA treatmentB-EX) andafter the readdition of calciunm(4B-CaX) are
reported inFigure 4.17. It is possible to noticghat sample4B-EX has the same fibr
organization observed in samplBX, an entanglement of separatett weltdefined fibres,
with almost constant diamete&ample4B-CaX is heterogeneous, composedfiiyes, similar
to those observed in sampfBX, and less defined segmensanilar to those observed in
sample4CX and4DX.
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Figure 4.17 SEM images of the xerogel samp#&-EX (E) and4B-CaX (Ca).

The fibres diameter distribution was analysed through a box plot, taking the diameters from the
SEM images of sample$BX, 4B-EX and4B-CaX ( n  (&%2Bh6 hox plots are shown in
Figure 4.18 and reveal a different diametdistribution forthe fibres obtained irdifferent
conditions.lt is possible to noticthat when calcium ions are involvedthe formation of the
hydrogels, fibes arethin. Unlike,whenthe calcium ions are removéwm the hydrogel fibes

by the interaction with EDTAgnaggregation process occurs, which is preserved in the xerogel.

The structure of the xerogels was thenestigated by synchrotron-bay diffraction. The
corresponding Xay powder diffraction patterns, obtained by integration of the intensities

along the @ angle, are reported Figure 4.19.
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Figure 4.18 Box plot showinghe distribution of the fibres diameters measured in the xerogel obtained
from the sampledBX, 4B-EX and4B-CaX.

These data show that all xerogel samples were crystalline and with different structures,
according to their synthesis, oethpostsynthesidreatment. The xerogels of the four starting
samplestAX, 4BX, 4CX and4DX, show intense low angle diffraction peaks at 2.99 nm and
1.74 nm; in addition, intense diffraction peaks at 0.51 nm, 0.46 nm and 0.34 nm are also
observed Kigure 4.19). The relative intensity of these peaks is different among the samples
and this observation can be due to the preferential orientation éfibetr diffradion peaks

were also observed at 1.46 nm, 0.99 nm, 0.92 nm, 0.67 and 0.61 nm thebrvaren among

the samplegontaining calcium4BX, 4CX and4DX). Sample4AX, the only one formed in
presence of GdL without calciurshows diffraction peaks at 1.34 nmda®83 nmwhich are
absent in the other samples, suggesting that in the presence tigg8ocL-Dopa@Bn).-OH
assembly occurs with a diverse packihige calcified xeroge}CX and4DX, show additional
diffraction peaks at about 0.38 nm, 0.301 nm @228 that correspond to diffraction peaks of
calcite?®® No diffraction peaks that could be associate to other anbgarohydrated calcium
carbonate polymorghwere observedThe diffraction patterns did moshow any intense
background signal that could suggest the presence of relevant amounts of amorphous calcium
carbonate. The relative intensity of the diffractionkzeaf calcite with respect to those of the
fibres was higher in sampld®X than in sample4CX, indicating a higher concentration {no
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quantified) of calcite in agreement with the higher concentration &f &a CQ? in the

starting hydrogel chemical stem, as already observed from the SEM images.
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Figure 4.19 (left and right sidg Synchrotron Xray fibre diffraction image of the sampléaX (A),
4BX (B), 4CX (C) and4DX (D). (centr@ Corresponding powder diffraction profiles obtained by
integration of the intensities along th@ angle. The rain diffraction peaks from the xerogel structure

are indicated with their associated periodicities. The diffraction peaks of calcite are mgrkad b

asterisk

Different structures were observed in samgiB<EX and4B-CaX (Figure 4.20), obtained by

EDTA decalcification of the sampkB and subsequent incubation in a Ca@éspectively.

Their diffraction patterns showed several diffraction peaks having the same perigdinitie
different relative intensities. Most of these ditftian peaks were at different periodicities from
those observed in the sampiaX, obtained in the absence of &aand4BX, formed in
presence of G4, with the exception for diffraction peaks@b1 nm, 0.46 nm. I4B-EX and
4B-CaX low angle diffractimn peaks were at 2.51 nm and a 1.26 nm. In the same samples other
intense peaks were observed at 0.94 nm, 0.87 nm and 0.37 nm, while in the4&Xnplest

of these peaks were very weak.
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Figure 4.20 (left) Synchrotron Xray fibre diffraction image of the sampléB-EX (Bg) and4B-CaX
(Bcg). (right) Corresponding Xay powder diffraction profiles obtained by integration of the intensities
alorg the Z) angle. The main diffraction peaks from the xerogel strecare indicated with their
associated periodicities. Therdy powder diffraction profiles from the samp#sX (A) and4BX (B)

are reported for comparison.

Xerogels4CX# and4DX#, prepared withprocedure 2show a different organizatioof the
fibresandthe presence of fies bundlesKigure 4.21).

Figure 4.21 SEM images of the xerogel samptE&X# (A) and4DX# (B).
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Even in these samples the amount of crystals of calcium carlfonated in samplédDX# is
clearly higher than that of sampl€X# and related to the ion concentraisoof the starting

solutions.

In conclusion SAFIN hydrogelghatcan be exploited as a biespired matrix for calcification

were prepared usingampleand robust process.hey f or med through el e
stacking interactions of Belc-DOPA(BnN)2-OH molecules in aqueosslutions The four kinds

of hydrogels were prepared by varying the trigger (GdL or ga@id the base. They were
solid-like with mechanical, compdsnal and structural properties dependarchoice of the

trigger. When NgCOs was used to alkalinize and CaGis trigger, calcite crystals formed

within the conserved solilike hydrogel, generating a composite material. Whefi” Gas

replaced with H the SAFIN hydrogel assumed the same properties of the one formed using
GdL as triggerThis suggested that once assembled the hydrogel molecular chzthsmete

on t'hest'acking interactions than on the sour

The calcifiel hydrogels produced xerogels that gave differemayfiber diffraction pattern
and morphology ifharshly washed before drying. It has been supposed the-fibtil
interactiors were affected by the washingrhich by removng unreacted molecules and dre
ions changd the chemical environment. Of courshese considerations are derived by
observations on xerogels and could be not representative of thstfictures and interactions
insidethe hydrogels.

In all xeroges$ from calcified hydrogelscalcite crystals were observed to be entrapped in the
fibre network and entrapping fies within their structure, generating a composite material. This
scenario issupposed to be a realistic prediction of the hydrogel, since calcite formed into the
hydrogel. Inaddition, the amount of calcite crystals formed, which was qualitatively evaluated,
increasedwith the concentrations of calcium and carbonate ions in théngtehydrogel
chemical system. These final observations confirm the starting hypothesis ttdrdbs
structure of the hydrogel can be considered airspired matrix that has the capability to
confine the space of mineralization, to act as a sour@ed and to preserve its structural
organization once the mineral formation has occurred, asjudndy occurs in

biomineralization.
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4.1.4 Materials and methods

Conditions for Gel Formation - The control sampledA) was prepared by adding MiQ®

water (0.97mL) and aqueous 1 M NaOH (1.3 equiv.) to a test tube (8 mm of diameter)
containing 10 mg of thgelator in order to produce a final concentration of the gelator of the
1% wi/w. The mixture was stirred and sonicated in turn for about 30 esinutil the omplete
dissolution of the sample. Then gluceixactone (1.4 equiv.) was added to the mixture. After

a rapid mixing and complete dissolution of GdL, the sample was allowed to stand quiescently

until gel formation, which occuedoverseverdhours.

Sampe 4B was prepared by adding MHR® water (0.76 mL) and aqueous 1 M NaOH (1.3
equiv.) to a test tube (8 mm of diameter) containing 10 mg of¢fegorto produce a final
concentration of the gelator of the 1% w/w. The mixture was stirrddanicated irurn for

about 30 minutes, until the complete dissolution of the sample. Then a 0.1 M aqueous CacCl
solution(1 equiv.) was added to the mixture. After a rapid and complete dissolution of CaCl
the sample was allowed to stand quiescentigriedurther sudies, even if the formation of gel

occurs immediately.

Sample4C and4D were prepared following the same procedure as for satBpleut, instead
of NaOH, NaCQOs was usedIn sample4C and4D 1 and 2.5equiv. of NaCOz and land 5

equiv. d CaCbhk were espectivelyemployed(see Table 1).

Rheology- Rheological measurements were performed on an Anton Paar Rheometer MCR 102
using a parallel plate configuration (25 mm diameter). The experiments were performed at a
constant temperature of 23 ,°€ntrolled ly the integrated Peltier system. All analyses were
performed with a fixed gap value of 0.5 mm on the respective gel samples, prepared the day
before the analysis and left overnight at a controlled temperature of 20 °C to complete the
gelationprocess (araud 20 howur s) . Oscill atory 1400%) i t ude
were carried out to determine the linear viscoelastic range at a fixed frequency of 1 rad s

Once the LVE of each hydrogel was established, frequency sweep tests waref or med ( ¥
0.1i100rad8) at a constant strain within the LVE
strain experiments were performed on hydrogels to analyse the thixotropic behaviour of the
material. The sample was subjected to consecutive deformahd recoveryteps. The

recovery step was performed by keeping the s
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the LVE region, for a period of 400 s. The deformation step was performed by applying to the
gel a constant s tthalVh region Bthe $anplédor a perioel of 3GDIs.o v

The cycles were performed 3 ™imes at a fixed

Samples Preparation for XRay Diffraction and Scanning Electron Microscopy analysis

Two procedures were used for the preparatich®ferogels.

Procedure 1. Each hydrogel (1 mL) was ovatried 3 hours at 100 °C until it became
completely dry. Then the sample was washed twice with ethanol (2 x 2 mL). After the solvent
addition, the test tube containing the sample was stirred vaitteX (1 min) andgpin-dried (5
minutes- 5000 rpm), then the supernatant was removed. The solid residue wadriedeat

100 °C for two hours.

Procedure 2 Each hydrogel (1 mL) was washed twice, with MQ® water (2 mL) followed

by ethanol (2 mL). In &th cases, afteofsent addition, the test tube containing the sample was
stirred with Vortex (1 min) and spidried (5 minutes 5000 rpm), then the supernatant was
removed. The solid residue was owdned at 100 °C for two hours.

These samples weremad with ant.

EDTA treatment - After gelation, hydroge#B (1 mL) was placed in a vial with 6 mL of a
0.05 M NaEDTA solution and gently stirred for 5 h. Then, the solution was removed and the
sample was used for rheological analygdsE). Before SEM ad XRD analysis, ta samples

were washed according to the procedure reported above

EDTA-CaCl: treatment - After gelation, hydrogedB (1 mL) was placed in a vial with 6 mL

of a 0.05 M NaEDTA solution and gently stirred for 5 h. Then, the solution rgptaced with

6 mL ofa 0.1 M CaCl solution. The solution was removed after 5 h and the sample was used
for rheological analysegiB-Ca). Before SEM and XRD analysis, the samples were washed

according to the procedure reported above.

Scanning Electron Microscopy- For the SEMmaging the uncoated samples were observed
with a Phenom G2 Pure using an energy of 3 kV. Gold coated (2 nm) samples were observed
using a Hitachi SEM 6400 operating at 15 kV.

X-ray fiber diffraction - X-ray diffraction images wereotlected at XRD1 bearnmle, Elettra,

Trieste, Italy and at the beamline ID23ESRF, Grenoble, France. Each frame was collected
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at the peak wavelength (0.9765 A) using an exposure of 60 s. The XRD diagrams wesglanaly
using Fit2D softwaré3*

Number of expegments- All the expeiments for the preparation of the hydrogél, 4B, 4C,

4D, 4B-E and4B-Ca were repeated at least three time. The preparation of the xerogels was
performed using two experimental procedures that were also repeated at least thrie times
each sampleThe rheological analyses were repeated three tifié& scanning electron
microscopy observations were performed on at the least three independent samples for each

preparation. The diffractometric measurements were performed saome.
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4.2 Fibre-reinforced Calcium PhosphateCements(FRCPCs)

4.2.1 Calcium Phosphate Cementss bone scaffolds

Many synthetibiomaterials (e.gnetallic2*® polymeric?3® cerami¢?®" 22 and cement&*©-24)
have been developed as bone substitute matekialsng them, an extensive research has been
dedicated towardsalcium phosphate cements (CPCB)jscovered in 1980sCPCs are
frequently used to pair bonedefectsbecause ofheir excellent bicompatibility, bioactivity,
osteoconductivity, injectability and moldabili#??*3CPCs are defined as a combination of
one or more calcium phosphate powders which, upon mixing with a liquid phate or a
sdution containing calcium or phosphatéorm a paste able to sedét and hardeim situin the

bone defect site to form a scafféit.

Bone is a complexnaterid with a welklstructured architecturelo obtain optimal bone
integration and regeneration, the components and structure of bone repair materdien
functionalized using biomimicry. Inspired by the components of natural bones, in numerous
studies oganic and inorganic compounds have been used to obtain scaffolds amdeiriag
cement€* Bone cements are used as filer the treément d metastatic bone disease, and as
stabilizers in surgical procedures for the treatment of pain resulting from vertebral compression
fractures,such asvertebroplasty (VP), balloon kyphoplasty, and vertebral body stetffing
Cements are, by definition, materials made up of one or more solid phases (poviiehs)
when mixed with a liquid phase vgi a mas of anodellableconsistencythathardens at room

temperature.

Many cements are based on calcium phosphates (CPC4° Tricalcium phosphatéTCP)

also known agribasic calcium phosphates a calcium salt with phosphoric acid. It has two

di fferent c r yTsCtPa | a-TiCiP, dobthfused rios the pteptiom of calcium
phosphate cement8-TCP is the allotropic phasetable below 1180 °Gindhas exactly the

same chemical compositiora s -TAP, but a different crystallographic structure.

The b form can be stabilized dsiymignelmsea i oni ¢
bioabsorbable materidlut isnot present in biological tissues. The different crystallographic
structurenakesJT CP | es s b i o dT€ER*P Mamhyeobthe enost récannforrbulations

are based 6oInC Pt-GagB0dp)smhichpirf agébus solution and at physiological
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pH, undergoes hydrolysis through a mechanism that involves the dissolution and subsequent

precipitation of a more stabjpase similar to hydroxyapatite:
5U0Ca(PQu)z + 3HO Y U-Gs(PQy)3(OH) + HsPOy

In this reaction scheme the main prodwsts hydroxyapatite (HA) and phosphoric acid tinet
formation of other productsuch as CaHP{£2H>O (dicalcium phosphate dihydrat®CPD)

or CaH2x(PQy)e-5H20 (octacalcium phosphateOCP),is also possibleUnder physiological
conditions of pH and temperaturbgse two products are transformetb HA, which is the
mostthermodynamicallgtable®! Actually, calcium deficient hydroxyapatiie mainly formed

in a physiological enviranent The nonstoichiometric phase of hydroxyapatitee calcium
deficient form, has chemical and structural properties similar to biological apatite.
The hardening of cemenbccurs through the entanglemeoit the crystals formed by the
reactionb e t w eCas(PQu)dand water.

The use of CPCs iarthopaedisurgery is limitecddue to their mechanical properties: calcium
phosphates have relatively poor tensile and shear prop@hemechanical resistance of CPCs
is lower than that of bone, teetitind bioceramics of sintered calcium orthophosphate
These propertiebmit the useof CPCsto areas not subjesd to load or to areas subjeckto

pure compression load.ypical applicationsncludethe treatment of maxillofacial defects or
deformities ad cranial facial repair or augmentation of the spinal and tibial plZtéatt

An improvement in mechanical properties would significantly extend the applicability of
calcium phosphateemens. This may be achievedoy preparationof composite materials.
The additives used to reinforce calcium phospbateed cements are either polymers that
penetrate the porous matrix or fibrous reinforcements. The mechanical strength of calcium
phosphate compites with polymers can be improveéglodegradable polymers ladiowever

for the most parthe stiffness, ductility and mechanical properties requioedoad bearing
applications. Furthermorghe sterilization processes typically useddalave, ethylae oxide)

can influence the properties of the polym&mong all the approaches fdhe preparation of
composite cementsthe use offibre reinforcemerg is one of the most succeskfu
Cements exhibitypically brittle cracksand fracture whout any prio plastic deformation

The mechanicabehaviourof fibre-reinforced cements, on the other hand, is the result of the
complex interaction between all the constituent componentsetigviourat macroscopic level
depends on both the mechatiproperties bthe matrix and those of the reinforcement and on
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the mechanical interaction betweghbres and cement as well as complementary effects of
additives or polymeric aggregatés.contrast to the brittle behaviour and fracturing which are
charcteristic of ®@C cements alone, larger amounts of stress energy are absorbed before
breakage of the fibreeinforced counterpart§Figure 4.22). By subjectingquastbrittle
composites to critical loads, the matrix fractures bufibite bridgesdissipate energyesulting

in a delay of cementsfracture?>® In ductile composites, afteglastic expansigna loss of
stiffness is observed but the composite can still absonte load. Mro-cracks are formed

and theirnumber and density increase with increadimgsile/bending load until reaching a
saturation levet®® Such multiple cracking can eacroscopially observed and is the key to

composite ductility.

o

e
ductile composite
(strain hardening)

quasi-brittle composite
wuad (tension softening)

2
l J(Ci:igle)

Figure 4.22 Comparison between CPCs and FRCRCHressstran curves.

Other factors related to the fibreuch as length, volume fractiasrjentation and adhesion to

the matrix all may influence thénal properties of the composite. The fusion offibeeswith

the cement paste or precursor powder can be ahiby using different structures of the
fibrous materials. Thébrescan be itroduced into the cements as sHimesor yarns Figure

4.23 a) or as londibresforming a random bundld). The random bundles can also be cu int
small pieces and dispersed in the concrete mab)ixIf the fibres are intertwined to form a
yarn, the latter can also be randomly cut and introduced into the caaneptqriented €), or

it can be worked to form laminated textile structus (

It is possible to classify the CPC fibre composites reported in the literature into two groups:

CPC composites with neabsorbable fibresn which the fibresmechanicdl reinforce the
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cement, and CPC composites with absorbable/biodegradable fibres,iah thie fibres
reinforceand creat macreporosity in the cement matrix after the degradation of the fibres,

which allows tissue colonization by ceffe.

Figure 4.23 Disposition of the fibres insideERCPC<>’

A highly porous structure characterized by interconnected pores genfanadiyrs bone
regeneratior®’ Mechanicaproperties of a materialeaken as porosity increasesakingthe
development of porous CPCs for bone tissue engirgeehnallenging The degradable polymers
mainly usedfor this purposeare polyglycolic acid, polylactic acidalso as aopolymerwith

the previous one)and polycaprolacton@’ In recent years, a fibrpreparation technique
(electrospinninyhas allowel the preparation of ultrine polymeric fibes, from 100 nm to 5

e m, which have excell ent adhedrixduetothe larde t he
fraction ofavailablesurface. A composite reinforced with chitosan nanofime&asproduced

using the electrospinning techniqd® Mechanical tests revealed that the tensile properties
were significantly increasedue to the introduction of nanofibers. It has therefore been
hypotesized that the incorporation of ultrafine &brinto CPCs results in interconnected
macropores and improves the toughness of the CPC.

The possibility of reinforcing bone cements based on calcium phosphates has already been
explored in severakorks in he literature. However, the various #6€PC composites were
obtained by inserting pf®rmed fibres inside the cement matrix.

So far,no studieshave been reportad the literature on the development BRCPCs using

fibres directlyselfassenbled inside bone cementdNevertheless, thpossibility to achievea
composite material reinforced witibbres growing directly inside the cemenvould represent

a uniqueopportunity to obtain a better cohesion between fibres and cement paste, thus
improving the nechanical performances of the final materielhe major challengan the

development of sucinnovative materia is the search for the right formulation of these
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composits and the determination of the relationships between naaterials, process
parametes and final propertiesiot to mentiorthe effectivefeasibility of supramoleculafibres

growthdirectly within the cementand during their setting

If the selfassembled fibres are madELMWGs, anotheimportantaspecto consider is the
amount ofiquid usuallyrequired for the formation of the networkEhe general gelator/solvent
ratio usedto prepard MWGs is below50 mg/mL (5% w/w), and ofterevenbelow20 mg/mL

(2% w/w). Suchmaterials are mainlgomposed of a liquid phaséPCs arenainly compsed

of the inorganic powder mix necessary for the formation of the cemeniquiltépowder(L/P)

ratio, expressed imL/g, can hugely vary depending on the starting cement powder, but is often
comprised beveen 0.2 and 0.3his meaning that for 1 g ahorganic powder mix the liquid
(water) is only @ or 05 mL. Until now, no studies have been reported in literature on the
growth of selfassembling-MW fibresinsidesuch a dense and compact inorganic xais

that of bone cements

4.2.2 Selfassembled.MW G for FRCPCs

In order toprepare boneements containing sedfsseml®d fibres, gelator4 was chose once
again as LMWG sinceit forms fibres in presence of calcium, whichc@mpatiblewith bone

scaffolds, and has a final pH closehe physiologicabne

The general preparation @PCsrelies on i) mixing the starting materi@organicpowders

using & electric morta(3M ESPE RotoMix)2x20 s ii) adding Milli -Q® water, iii) mixing the
cement paste using the electric mortar (2x2(0Fgure 4.24). The cement paste obtained is
then compresxd for 1 minute using an INSTRON 4465. After cutting the bottom edge of the
cylindric vial, the paste is extruded from it using a piston, and immersed for 7 days at 37°C in
0.1 M phosphate bugfed salie (PBS)solution (pH 7.4) to simulate the physiologlic
environment.

For the dissolution of gelatdrin water, it is necessary to use alkaline water with a pH around
9-10, usually reached through the additiorNalOH 1M (seet.1.4Materials and Methods).

For this reason, in the general preparation of the cement pasteQBlillvater was replaced

with an aqueous solution of NaOH 1M (1.3 eq. calculated with respect to gelator amount) in
Milli -Q® water.
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Figure 4.24 General procedure for the preparation of CPCs.

The formation of fibres usually starts soon after the addition of the trigger ACacCl
To obtain a homogeneous dispersion of the fibreglentle cement pastseveralpreparation
methods were investigate@he inorganic powder mix for CPCs was kept constarthe
different methods and prepared using a literature proceddte25 mg of DCPD
(CaHPQ-2H;0) wereaddedio 475mgofg e | a tTCR(kE% Wt of gelatinewith respecto

the total amount) also preparedas previously reportec?®® This amount will be indicated as

Gstarting nateriabfrom now.

1.Met hod U

In this first methodthe trigger of the gelation, CaClas powderjs mixed to thestarting

material (which is also a powder mix) and the gelator dissolved in alkaline water is added later
(Figure 4.25). For the preliminary testahi gh amount of gel ator (2
introducel inside thestarting materiatogether with 1 equivalent of CaClio facilitate the

formation of fibres in the compact powd®iatrix. The gels obtained with this method were
nameCddGHR B0 t o i ndicat €) washpepared witle meth@jmsing gel (

(G) at 5% concentratiorb] with 1 equivalent) of calcium trigger and 266 Lof gelator

agueous solutior2g0).
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STARTING MATERIAL

& Cadl, A
- =
2 | — | PBSpH7.4
( @ — | 7DArs
10 37 °C
L w ot ——

Figure 4.25 Schenatic representation dfethod U.

The morphology of the cements obtainehs analysed usingSEM (Figure 4.26).
Theanalysesighlighted the lack of files in all the cementsreparedind the presence of small

fragments ofyel.

100 pm

Figure 4.26 SEM imageof a)C U G 5_26D

Thus the preparation with 1 equivalent of Ca@is replaced with two more preparaspone
with 1.35equivalents of CaG(C U G 5.351260 andthe other withl.6 equvalentsof CaCb

(C U G 8.6 260, following the same procedugmeviously described to obtain the cement
paste The SEM imageéFigure 4.27) reveal gain acompact structureith somefragments of
gel. However, no fibes were obseed evenwith higher equivalents of Cagand despitehe

use ofhighly concentrated gelator.
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100 pm 100 pm

Figure 4.27 SEM images ob) CU G5 _ 126QxBC UG5 _ 460 6

It was hypothesized that the gelator, even in suchddions, is unable to come into contact
with the trigger dispersed in tigelatinephosphate starting mixturéhus making the formation
of the fibres difficult. For this reason, a further test was perforfoedhe composition
containing 1.35 equivalenof CaC#: the gelatinephosphate starting mixturéhe trigger and
the gelator were carefully mixed in a mortar with pestlé&at@ur both a better dispersion of
CaCb inside the powdersand the interaction &tween calcium and the gelator.
From the SEMimages shown irFigure 4.28, collected on the cements obtained with this
procedure(C U G5 _ 126@, & és possible to noticein various points of the cemerthe
presence of filss agglomerated in bundles, provittgat fibre formation does not depend
exclusively on the concentration of the gelator solution and the amount of thggatsoon

the way they are mixed.

20 pm 6 um

Figure 4.28 SEMimagesof sampleC U G5 _ 126Bpfedared in a mortar.
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Me t h owebscthsidered unsuccessfiar the reasons listed aboaad no further analyses
were performed on the samples prepatdéowever it was essential to understand that the
formation of fibres highly depends dhe mixing pra@edure, opening the way for the next

preparation method.

2.Method b O

In this second methd) the calcium trigger is added directly inside the gelator solutidred
with the RotoMix, and soon aftarith the inorganic starting materigdigure 429 at t0d. me A
1.35 equivalents of Caglvere first joined to the gelator solution and then the compound

obtained was mixed with the starting material.

T — PBS pH 7.4
——— ( 7 DAYS

1O%* : 37°C
gg‘?’“ox“ b " a4 ——>
= JTARTING MATERIY

Figure 4.29 Schematic represeatton of cements preparation withethodb 0

For this method, the 2% gelator solution was investig&ida 0 G1235 26Qin addition to the

5% (C b 0 G1535_260. Furthermore, since with a L/P ratio of 0.52 mL/gd¢keent paste was

rat her fluid, a smaller vol unnh@&/PeD40gme/jat or
(Cbh 0 GI235 20(andC b 05G1.35_ 20D

After 7 dayasmmersed in PBS solutiomll samples were cohesive and there was no dispersion

of the powders in dotion (Figure 4.30). The samples were theszompared with reference
samples, prepared using the same amount of starting material, water and calgemhug
without gelator. The reference samples for the preparation with 5% and 2% gelator were named
C5_1.35260andC2_1.35 26Gor the L/P raticof 0.52 andC5_1.35 20GandC2_1.35 200

for the L/P of 0.40.
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Figure 4.30 Cements containing gel at 2%) @nd 5% ) after 7days immersed iRBS.

The mechanical properties of the composite cements walgsad through compression tests
performed on cylindrical samples, using an INSTRON dynaetermequipped with a 5 KN

load cell. Stresstrain curves were recorded using SERIES IX software for Windows.

The compression tests on the cements were carriegfteuZ days of immersion in PBS at 37

°C. Each test was repeated on four samples.

Frombhestresst rain curves the values of elastic m
in compression were calculate@iable 4.3 shows the comparisons between the reference
cements and the cements containing fipnath 5% gelato concentration

Table 4.3 Values of maximunst r ess (G) and el astic modulus (E)
cements and fibre reinforced cements with 5% gelator.

Sample a (MPa) E (MPa)

Ch®5 1.35 260 15.4+2.5 484+82
C b 05GL.35_200 9.7+0.6 422+73
C5 1.35 260 10.#0.1 468t67
C5_1.35 200 11.6:0.3 47840
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The addition of 5% gel significantly affects the mechanical properties of the cerfemnts.

Table 4.3 it is possible to noticehat samples with 20@ L o fhaveylewer mechanical
properties not only compared to samples \260¢ L but also compared to reference cements.

In addition, duringhe compression tests of the samples with2Q0 o fthe gffect of axial
compressiomesults in a total crumbling of the materigiqure 4.31 a) while sampleswith a

higher L/P ratio (0.52), after completing the compression test can be recovered as a single piece,
even showing fractures in the forof cracks Figure 4.31 b). This is the reason whthe

preparatiorcontaining200¢ Lwere excluded from furtheharacterisations.

Figure 4.31 Compression test on cemé&hb 0 G5 _ 1 . (8 &8nd@mOOGS5 _ 1. I®5_260

The morphological analysis of sampleb 0 GI535 260highlighted the presercof highly
porous matrices. The gelator fibres entirely cover the inner walls of the pores and, in some
places, are grouped to form small bustagure 4.32).

200 pum

Figure 4.32SEM images of sampeb 0 G5 _ 1 .35 260
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With regard to ements containing 2%elatorconcentration,rbm the compression tes&aple
4.4) they have very similar characteristics to the reference cem@2sl(35 260), showing
lower 0 bhigherE. It seems that the addition of 2% gel does not significantly affect the

mechanical properties, in contrast to what happens for samples loaded with the 5%.

Table44Val ues of maxi mlastic mnoduluse(B)sn cgmpressi@esisdior eference

cements and fibre reinforced cements with 2% gelator.

Sample G (MPa) E (MPa)
Ch0G2 1. ¢ 5.6£0.8 385:111
C2 1.35 260 6.2£0.8 18442

The morphological analysis of the samfleb 0 G2 _ 1 . t3gbliglte@ the presence of
numerous fibres, homogeneously distributed in various areas of the ceoafulds

It is also possible to notice a perfect compatibidityd integratiorbetween theyelatorfibres

and the apatite phaséigure 4.33 a, in particular, shows a good interface adhesion between

the fibres andhe apatite stripsf the cement

10 pm 10 pm
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30 pm 30 um

8 um 30 pm

Figure 4.33SEM images ofsamp@éb 0 G2 _1..35_260

The preparation of FRCPCs uside t h o tead$ td cements containing fibres in all the
samples. Depending on themposition, it is possible to obtain different morphologies.

For samples loaded with 2% gelator, the SEM images reveanhota better distribution of

the fibres within the cements compared to samples with 5% gelator, but also a better
interconnectiorof the fibres with the apatite phastowever, the addition of 5% gelator in the
cements leads to an increase in the stralsgesfor all the samples analysed, while for cements
loaded with the 2% themechanical propertiemre comparable with the reémce cements.

3.Method b 3 0

In order to obtain a greater number of fibres and improve their distribution within the cements
after mixing the gelator with the trigger, a waiting time of 30 minutes was introduced before

the addition of the starting materid@his waiting time could &w the interaction of the trigger
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with the gelator and a first fibre assembling process ieraigsof the starting material, thus
leading to higher mechanical properties of the final cenMit.t h o dwashtt®@fore tested
for the sameompositions testedithMe t h o.d b 0

The gelator solution was treated witlB5 equivalents of Cag] then,after 30 minutes, the
mixture obtained was mixed with the starting materi@ab(re 4.34). Gelator concentration of
2% and 5% and L/P rasmf 0.52 mL/g(260¢L) wererespectivelyusedto obtainthe samples
namedC b 3 0 G5 260an8iGh 3 @ 6.35 260,

Figure 4.34 Scrematic representation®Met hod b 30

The mechanical properties fothe samples were analysedsing compression tests

Samples made with% gelator concentratiogaveE valueswhich werehigherthan those of

the reference cemen(Eable 4.5), butloweri v al ues than tboOseaebbhbdin
probablydue to precipitation of thieighly concentrated 5%elduringthe 30 minutesf setting

period

Table 4.5 Comparison of the conngssion tests for reference ceméntandb 3 With 5% gelator.

Sample a (MPa) E (MPa)
CbhbOG5 1. 3 15.4+2.5 484+82
Ch30G5 1. °: 9.3t1.1 570+£132

C5 1.35 260 10.1:0.1 468t67
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