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1. Italian translation of the thesis work

1.1. Introduzione

Il corpo umano € un complesso organismo composto da diversi sistemi che ci permettono di
pensare, respirare, muovere, crescere e molto altro. Uno dei piu importanti e il sistema
scheletrico, il quale fornisce supporto all’intero corpo, protegge gli organi vitali e ci permettere
di muovere liberamente. L'elemento costitutivo del sistema scheletrico & I'osso, un tessuto
calcificato che si diversifica per fornire svariate funzionalita, dipendentemente dalla posizione
nel corpo umano. A livello microscopico, una rete di trabecole forma un tessuto compatto e
spugnoso, composto dal 30% di componenti organici e circa il 60% di idrossiapatite, un
minerale composto da calcio e fosforo [1]. Questa matrice garantisce la possibilita di resistere
a forze di compressioni grazie alla componente minerale, mentre le fibre organiche di
collagene mantengono eccellente resistenza alla trazione [2].

Durante il corso della vita, due principali gruppi di cellule mantengono I'osso in buone
condizioni, da una parte decomponendo le parti vecchie o danneggiate (osteoclasti), e
dall’altra sintetizzando nuovo tessuto osseo (osteoblasti). Ovviamente, non solo il naturale
corso della crescita fa sia che ci sia questo ricircolo: piccole fratture, o anche gravi incidenti
nel corso della vita, portano ad aumentare la necessita di rigenerare piu tessuto osseo,
stressando la funzione esplicata dagli osteoblasti. In merito, numerosi sistemi di supporto
sono stati sviluppati e applicati in campo medico per aiutare il recupero dei pazienti, come ad
esempio l'utilizzo di protesi. Queste ultime, sebbene efficaci, possono portare alla necessita
di interventi secondari che possono risultare molto invasivi sui pazienti, quali la rimozione
dopo la cura avvenuta, o addirittura la necessita di tenerle per il resto della vita. A causa di
guesto, sempre piu tecniche meno invasive sono state studiate e sviluppate, a partire dal
campo medico e fino a quello biomedico, dove nuovi materiali innovativi sono costantemente
ricercati ed analizzati per sviluppare campioni sempre piu avanzati e innovativi che vengano
usati come base per nuovi scaffold ed impianti [4, 5].

Un vasto numero di studi sono stati portati avanti e sono tutt’ora in atto, ma una idea comune
sembra fuoriuscire per quanto riguarda la produzione degli scaffold, ovvero I'utilizzo di stampa
3D [10] per stampare in maniera efficace strutture fedeli e con un buon grado di precisione.

Tra le diverse tipologie di stampa, che variano dalla classica stampa a filamento fino al



bioprinting [11—26], in questa tesi sono stati sviluppati degli scaffold usando una tecnica
basata sul metodo di deposizione per fusione, chiamata melt electro-writing (MEW,
elettroscrittura a  fusione), wusando una macchina autoassemblata guidata
elettroidrodinamicamente. Essa si basa sull’'uso di una siringa dentro la quale il campione
viene fuso; dopo la completa fusione una pressione viene esercitata per movimentare il
contenuto e portarlo verso la punta. Da qui, date le dimensioni ridotte di quest’ultima, il fuso
rimane attaccato ad essa formando una bolla, a causa della presenza delle tensioni superficiali.
L’attrazione delle molecole del fuso viene quindi modificata tramite la formazione di una
differenza di potenziale tra anodo (letto di deposizione) e catodo (punta della siringa). Al
crescere del potenziale, la tensione superficiale si riduce fino a raggiungere un equilibrio, in
cui il materiale forma una struttura a cono chiamata cono di Taylor. Aumentando
ulteriormente il campo elettrico la tensione superficiale viene meno ed un filamento di fuso
viene rilasciato verso il letto di deposizione. Muovendo il letto € quindi possibile utilizzare
questo principio per generare una struttura regolare che puo anche svilupparsi su piu strati,
stampati uno dopo l'altro.

Per quanto riguarda il materiale scelto, in letteratura sono stati trovati una grande quantita e
tipologie di applicazioni diverse, ma la categoria sulla quale ci si &€ concentrati & quella dei
polimeri, in particolare i polimeri biodegradabili (biopolimeri) [3]: questo perché sono
materiali molto promettenti se si guarda alla loro presenza a lungo termine nel paziente. La
biodegradabilita puo infatti ridurre I'invasivita dell’intervento, non richiedendo la rimozione
dell'impianto in quanto degradato naturalmente nel lungo periodo di tempo. Inoltre, in questo
modo, l'osso appena formato puo prenderne il posto dello scaffold e favorire cosi
ulteriormente il processo di rigenerazione.

Uno dei biopolimeri piu promettenti in campo biomedico ¢ I'acido poli-lattico (PLA), dotato di
eccellenti proprieta meccaniche per sostituire 'osso naturale, cosi come biocompatibilita e
biodegradabilita [27]. Esso pu0 essere ottenuto da canna da zucchero o mais, dove questi
ultimi sono fermentati per ottenere I'acido lattico. Il monomero viene quindi polimerizzato,
ottenendo cosi il polimero. L'utilizzo di questo materiale, pero, non e solo limitato al campo
biomedico: infatti vede utilizzi, per esempio, nel packaging, agricoltura o addirittura I'industria
automobilistica, in quanto presenta caratteristiche simile a polistirene, polipropilene e

polietilene [28].



Uno svantaggio di questo materiale € la sua instabilita termica [27], che fa si che il suo
processamento sia complicato, specialmente durante le fasi di stampa 3D, in cui viene
nuovamente riscaldato, portando a possibili effetti dannosi sullo scaffold finale. Un’altra
discrepanza di quest’ultimo quando confrontato con I'osso naturale, € la sua scarsa flessibilita
e ridotta attivita biologica [27].

Per andare a compensare queste lacune, si & deciso di unire le proprieta di biodegradabilita
del PLA con la polvere di idrossiapatite. Questa € un minerale con caratteristiche che
combaciano molto bene per lo scopo di rigenerazione ossea: addizionando questo materiale
al polimero & possibile migliorare la biocompatibilita favorendo I'adesione cellulare, ed
eventualmente agendo come sito di attacco per le cellule [32—35].

Per controllare meglio la struttura polimerica e mantenere per piu tempo le caratteristiche
meccaniche, si e deciso di utilizzare un particolare tipo di acido poli-lattico, ovvero I'acido poli-
(I)-lattico (PLLA), un derivato del PLA ove la reazione di polimerizzazione & stata controllata
per favorire la formazione di catene lineari. Il campione & stato quindi preparato come
materiale composito formato da una matrice di PLLA in cui nanopolvere di idrossiapatite &

dispersa sottoforma di piccole particelle.

1.2. Preparazione del campione

Studi precedenti sul PLLA hanno utilizzato materiali quali tensioattivi o altri additivi al fine di
semplificare il processo di omogenizzazione: sebbene questa sembra una buona alternativa,
rimane la necessita di rimuovere i componenti in eccesso nelle fasi di downstream. Per questo
motivo, in questa tesi e stato deciso di preparare il composito senza I'uso di componenti
aggiuntivi, al fine di semplificare e rendere piu pulito il processo.

La preparazione del campione € stata eseguita pesando circa 2.5g di pellet di PLLA (130000
MW, Musashino Chemical Laboratory Ltd.) e la quantita corrispondente di idrossiapatite come
percentuale in peso, in particolare 1%, 5% e 10%.

Il PLLA pesato e stato quindi trasferito in una fiala da 50mL e cloroformio (299.0%, Wako) e
stato aggiunto in eccesso al fine di dissolvere completamente il polimero. La soluzione é stata
miscelata a 280 rpm e 40°C per 4 ore usando un’ancora magnetica. La fiala & stata mantenuta
inizialmente chiusa al fine di evitare I'evaporazione di cloroformio e garantire la corretta

dissoluzione del PLLA.



In una fiala da 10mL la nanopolvere di idrossiapatite (Idrossifosfato di calcio, grandezza delle
particelle < 200 nm, 297%, Sigma-Aldricht) e stata dispersa in cloroformio riempiendola fino a
circa meta del volume con il solvente. Il campione e stato quindi immerso in un bagno di acqua
distillata (Wako) in un sonicatore a bagno (50/60 Hz, 80 W, Branson) e lasciato agire per 4 ore
al fine di permettere una dispersione omogenea della nanopolvere e ridurre la dimensione
degli agglomerati.

La dispersione di idrossiapatite & stata quindi trasferita nella soluzione di PLLA e mantenuta in
agitazione a 360 rpm e 70°C. Il tappo e stato rimosso per promuovere |'evaporazione del
cloroformio. Il campione & stato quindi miscelato per circa 1 ora, o fino a quando la quantita
di cloroformio e risultata dimezzata. La soluzione € stata poi colata in una capsula di Petri e
lasciata asciugare sotto cappa a temperatura e pressione ambiente durante la notte.

Il campione cosi ottenuto e stato tagliato in piccoli pezzi rettangolari, che sono poi stati messi
ad asciugare ulteriormente in forno a vuoto a 110°C per 2 ore, e poi a 80°C per almeno 6 ore.

Ogni campione é stato conservato in una fiala da 50mL.

1.3. Stampaggio dello scaffold

Per ogni sessione di stampa sono stati pesati 0.5 grammi di materiale e mantenuti in forno a
80°C la notte precedente per garantire la completa asciugatura. La cartuccia per il campione
e stata precedentemente immersa in cloroformio per dissolvere completamente eventuali
residui di stampe precedenti.

La temperatura del letto di deposizione € stata impostata a 80°C per evitare lo shock termico
durante la stampa. L’elemento riscaldante e stato impostato a circa 190°C, una temperatura
maggiore della temperatura di fusione del materiale, ma non eccessivamente piu alta: questo
per fare in modo di ridurre il processo di degradazione, un fenomeno influenzato molto dalla
temperatura, il quale puo ridurre la qualita dello scaffold. Dopo aver inserito la siringa riempita
di campione nell’elemento riscaldante, il processo di fusione € iniziato. La punta della siringa
e stata posta ad una altezza di 1.5mm dal piano di raccolta. Dopo circa 40+60 minuti il
composito risulta completamente fuso ed il processo di stampa e stato quindi inizializzato.
Essendo sia 'umidita ambientale che la temperatura fattori importanti per la corretta riuscita
della stampa, due parametri sono stati aggiustati durante ogni sessione: (i) la pressione

all'interno della camera del campione, utilizzata per movimentare quest’ultimo; (ii) il campo



elettrico, che permette alla goccia del materiale di essere rilasciata e depositata dalla punta
della siringa al letto di raccolta. Nonostante questo, si & cercato di mantenere i parametri
sopra citati circa simili tra una sessione e |'altra.

Lo scaffold cosi stampato consiste in una griglia quadrata con un passaggio tra ogni filamento
di 200 um, 25 linee orizzontali e verticali, 25 strati e 1 cm? di area in totale. Per quanto riguarda
la geometria dello scaffold usato per i test meccanici, essa € una griglia rettangolare con un

passaggio tra ogni filamento di 200 um, 10 strati e 2.4 cm? di area in totale (4x0.6 mm).

Figure 1: A sinistra, il composito ottenuto dopo la fase di asciugatura e taglio; a destra, la stampante ad elettro-scrittura a
fusione

1.4. Caratterizzazione dei campioni

Per caratterizzare i campioni diverse tecniche sono state utilizzate, qui una lista per ogni
macrogruppo di tecniche:

e (Caratterizzazione morfologica

o Microscopio a Laser.
o Microscopio a Scansione Elettronica (SEM).

e Tecniche di caratterizzazione chimica non distruttive

o Angolo di contatto.



o Spettroscopia IR a trasformata di Fourier (FT-IR).

o Spettroscopia Raman.

o Spettroscopia a raggi X a Dispersione di Energia (EDS).
o Diffrattometria a raggi X (XRD).

e Tecniche di caratterizzazione chimica distruttive

o Calorimetria a Scansione Differenziale (DSC).
o Analisi Termo-Gravimetrica (TGA).
e Test meccanici

e Tecniche di caratterizzazione biologica

o Citotossicita.

o Test di acidita.

1.5. Risultati

In questo lavoro, campioni con concentrazioni diverse di idrossiapatite sono stati preparati, in
particolare 0%, 1%, 5% e 10% in peso rispetto alla componente di PLLA.
| due materiali sono stati combinati a formare i seguenti compositi:

e PLLA con 1% in peso di idrossiapatite (PLLA-1%).

e PLLA con 5% in peso di idrossiapatite (PLLA-5%).

e PLLA con 10% in peso di idrossiapatite (PLLA-10%).

Che sono stati utilizzati per produrre quattro scaffold differenti:
e Scaffold con 0% in peso di idrossiapatite (MEW-0%).
e Scaffold con 1% in peso di idrossiapatite (MEW-1%).
e Scaffold con 5% in peso di idrossiapatite (MEW-5%).
e Scaffold con 10% in peso di idrossiapatite (MEW-10%).

1.5.1. Caratterizzazione morfologica

Microscopio laser ed immagini SEM dei diversi scaffold sono state acquisite per valutare la
qualita dei campioni post stampaggio. Da Fig. 2 si pud notare come la morfologia cambia in
funzione della concentrazione di idrossiapatite. Le immagini mostrano che, all’'aumento del

contenuto di idrossiapatite, la morfologia dello scaffold diventa meno precisa. Questo e



probabilmente causato da due fattori: (i) essendo lidrossiapatite un materiale poco
conduttivo, essa va ad influenzare I'effetto del campo elettrico durante il processo di elettro-
scrittura, riducendo la qualita del cono di Taylor che si va a formare, e di conseguenza la
deposizione del fuso; (ii) aggiungendo idrossiapatite all'interno della matrice polimerica, la
risultante diventa una struttura piu irregolare e meno omogenea, dove le catene di PLLA sono
ostacolate dalla nanopolvere, cambiando la proprieta e la densita del composito cosi ottenuto.
Un altro fenomeno importante che si viene ad instaurare durante la stampa e I'effetto di
resistenza che lo scaffold stesso esercita sul campo magnetico all’laumentare del numero di
strati, che porta ad una minore qualita della struttura man mano che la stampa procede. Una
soluzione a questo fenomeno sarebbe quella di modificare la differenza di potenziale durante
la stampa per ogni scaffold ed all’aumentare degli strati. Questo pero non e stato applicabile

data I'assenza di una sorgente automatica di potenziale.

Figure 2: In alto, immagini a microscopio ottico, in basso, immagini SEM. Da sinistra a destra: MEW-1%, MEW-5%, MEW-10%

1.5.2. Caratterizzazione chimica non distruttiva

Angolo di contatto

Il test dell’angolo di contatto & stato performato per verificare cambiamenti sulla bagnabilita

degli scaffold al variare della concentrazione di idrossiapatite: questa proprieta € importante



per quanto riguarda l'interazione tra il materiale e 'ambiente circostante, oltre alle cellule
osteoblastiche stesse, quando collocato nel paziente.

Quando comparati allo scaffold puro, i risultati mostrano una leggera riduzione di idrofobicita
in MEW-1%, proprieta che sembra aumentare nuovamente passando a MEW-5% e poi MEW-

10%.
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Figure 3: Risultati dell’angolo di contatto al variare del contenuto di idrossiapatite.

FT-IR

Misurazioni FT-IR sono state prese per verificare la presenza di idrossiapatite nei diversi
materiali grezzi e scaffold. Come controllo, le componenti pure sono state anche analizzate
per visualizzare i picchi tipici di entrambi i materiali.

Purtroppo, i risultati mostrano una netta sovrapposizione delle bande di idrossiapatite con
quelle di PLLA, portando ad una difficolta nel discriminare le due componenti nello spettro del

composito, come confermato dall’analisi di MEW-1%.



Spettroscopia Raman

Analogamente a FT-IR, la spettroscopia Raman e stata utilizzata per verificare la presenza di
idrossiapatite nei compositi prodotti.

Dopo I'analisi dei campioni puri, un picco dell’idrossiapatite a 960 cm™ si & rivelato non
sovrapposto alle bande di PLLA. La conferma della lettura qualitativa del contenuto di

idrossiapatite e stata confermata con la mappatura dei campioni, come mostrato in Fig. 4.
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Figure 4: Confronto tra gli spettri Raman dei diversi materiali grezzi come funzione del contenuto di idrossiapatite (dal basso
verso I'alto). La retta tratteggiata evidenzia la banda Raman a 960cm™!

Quando si confronta I'intensita del picco di idrossiapatite a 960 cm™ con in contenuto nel
composito, un’ottima proporzionalita puo essere vista, che conferma le corrette proporzioni
dei materiali nei compositi.

Risultati analoghi sono stati ottenuti facendo la mappatura dei filamenti dopo elettro-
scrittura, mentre tramite imaging si puo vedere una buona dispersione delle particelle di
idrossiapatite, nonostante alcuni agglomerati rimangono presenti, in particolare per quanto

riguarda MEW-10%:



Figure 5: Risultati di imaging Raman dei diversi scaffold. a) MEW-1%, b) MEW-5%, c) MEW-10%. Il colore rosso é stato usato
per mostrare il PLLA, mentre quello verde per I'idrossiapatite

EDS

L'analisi EDS e stata utilizzata per verificare ulteriormente la presenza e dispersione di
idrossiapatite nei campioni. La presenza di Carbonio, Ossigeno, Calcio e Fosforo & stata
esaminata utilizzando il settaggio di scansione della superficie ad alta intensita del SEM, per
migliorare il rilevamento dei segnali degli elementi.

| risultati hanno mostrato una alta concentrazione di fosforo nell’intero scaffold e percio, per
verificare che non siano stati segnali di artefatti, una scansione del background e stata anche
eseguita per non commettere errori nella lettura finale. Come immaginato, le immagini EDS
mostrano una alta concentrazione di fosforo nel materiale di riferimento, mentre il calcio
rimane in basse quantita. Di conseguenza si € deciso di utilizzare le sole letture del calcio come
riferimento alla presenza di idrossiapatite. Fig. 6 mostra le immagini EDS dei tre compositi,

dove la nanopolvere risulta dispersa abbastanza uniformemente, mentre il segnale aumenta

sempre di piu all’aumentare del contenuto di idrossiapatite.

Figure 6: distribuzione del calcio negli scaffold compositi, misurata tramite EDS: a) MEW-1%, b) MEW-5%, c) MEW-10%

10



XRD

Diffrattometria a raggi X e stata utilizzata per valutare il grado di cristallinita dei materiali
grezzi e scaffold. In particolare, data la presenza del polimero, costituito da una struttura
parzialmente amorfa e parzialmente cristallina, si € voluto osservare come la proporzione tra
gueste due strutture cambi con I'aumento del contenuto di idrossiapatite.

| risultati mostrano una riduzione della cristallinita del composito quando si aumenta la

quantita di idrossiapatite, come puo essere visto in Fig. 7.
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Figure 7: Pattern di diffrazione a raggi X per i materiali grezzi, come funzione del contenuto di idrossiapatite
Questo indica quindi che la presenza di idrossiapatite va ad influenzare la formazione delle
zone cristalline, e quindi ostacola le fibre di PLLA. Inoltre, si € visto che il grado di cristallinita
scende rapidamente appena si aggiunge la componente minerale, per poi scendere

gradualmente all’aumentare di quest’ultimo.

DSC

L’analisi calorimetrica & stata performata per valutare il cambiamento nella temperatura di
fusione dei vari campioni dopo la preparazione. Tab. 1 mostra i risultati cosi ottenuti.
Considerando anche gli errori nella misura, non risulta esserci una sostanziale variazione nella

temperatura di fusione con I'aggiunta di idrossiapatite, suggerendo quindi che non ci sia una

11



vera e propria interazione chimica tra le due componenti, e la struttura del PLLA non & alterata

macroscopicamente dalla presenza delle particelle.

Table 1: Risultati del test calorimetrico relativi alla temperatura di fusione dei campioni

Campione Temperatura di fusione (°C) Deviazione standard
PLLA 174.81 0.87
PLLA-1% 175.66 1.28
PLLA-5% 176.04 0.38
PLLA-10% 175.22 0.31

TGA

L’analisi termo-gravimetrica e servita per valutare la decomposizione degli scaffold, oltre ad
avere una misura effettiva della quantita di materiale rimanente al termine della prova. Dato
che la temperatura massima raggiunta durante I'analisi e pari a 600°C, & lecito ritenere che
I'unica componente rimanente nei contenitori sia I'idrossiapatite, un minerale ceramico con
proprieta di resistenza termica molto piu elevate. Fig. 8 mostra chiaramente come il peso
residuo al termine della prova aumenti all’aumentare del contenuto di nanopolvere. Tramite
un fitting della quantita sopracitata in relazione al contenuto teorico delle diverse stampe, si
puo confermare che questi siano stati preparati correttamente, risultando in una buona

qualita in termini di composizione.
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Figure 8: Curve TGA dei diversi scaffold, come funzione del contenuto di idrossiapatite
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Test Meccanici

La prova di trazione e stata effettuata sugli scaffold ottenuti da elettro-scrittura di forma

rettangolare, come dettagliato in precedenza, di dimensioni 4x0.6 mm (10 strati in spessore).

Ogni campione é stato bloccato alle estremita a formare una sezione di test alta 2 mm.

Dalla curva sforzo-deformazione in Fig. 9 si puo subito notare come I’aggiunta di idrossiapatite

porta i campioni a cambiare da materiale elastico a materiale fragile. Sebbene I'aggiunta di

una bassa quantita di idrossiapatite (MEW-1%) porti alla riduzione anche delle altre proprieta

meccaniche, aumentando il contenuto fino al 5% si ottiene uno scaffold con maggiore

resistenza, e modulo elastico addirittura doppio rispetto al polimero puro. Le proprieta

meccaniche iniziano poi a declinare nuovamente all’aumento ulteriore di idrossiapatite.
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Figure 9: Risultati dei test meccanici. a) Tensione di rottura; b) curva sforzo-deformazione; c) modulo elastico, d) tenacita
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Citotossicita

Test di citotossicita WST-8 e stato utilizzato su fibroblasti dermici umani (Human Dermal
Fibroblast, HDF) in presenza degli scaffold elettro-scritti, in particolare MEW-0%, MEW-1%,
MEW-5% e MEW-10%. | campioni sono stati preparati, e due batch sono stati poi incubati per

24 e 72 ore, rispettivamente.
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Figure 10: Risultati della prova di citotossicita effettuati sui diversi scaffold. A sinistra, dopo 24 ore; a destra, dopo 72 ore

Fig. 10 mostra i risultati di entrambi i test: come si pud vedere, circa I’80% delle cellule rimane
vivo in ogni scaffold, confermando la non-citotossicita di questi ultimi. Inoltre, per quanto
riguarda la parte di cellule non presente, & possibile che non sia completamente morta, ma
che una parte sia rimasta attaccata ai diversi scaffold. Sebbene possa essere un risultato molto
promettente in previsione dei test di bioattivita, non & stato possibile confermare quanto
detto a causa della difficolta nella lettura, oltre alla trasparenza delle cellule, che risultano

quindi complicate da individuare nella struttura degli scaffold.
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Test di acidita

In letteratura sono state trovate alcune note relative alla degradazione del PLLA, che puo
portare ad una acidificazione dell’ambiente circostante. Per verificare ulteriormente questo
fenomeno, un semplice test di pH e stato effettuato su campioni composti da 6mL di culture
media (lo stesso usato per la citotossicita) e 6mg di materiale grezzo (PLLA-1%, 5% e 10%).
Sebbene i risultati facciano notare una leggera acidificazione della soluzione, la presenza di
idrossiapatite sembra rallentare questo processo, come visto in letteratura. Data la riduzione
complessiva di pH molto limitata, si & affermata la non pericolosita di questo fenomeno

durante il processo di rigenerazione nel paziente.

1.6. Discussione e conclusioni

In questa tesi, scaffold di idrossiapatite in PLLA (0%, 1%, 5% e 10% in peso) sono stati stampati
in 3D usando la tecnica di elettro-scrittura a fusione usando una macchina autoassemblata
guidata elettroidrodinamicamente.

Le tecniche di caratterizzazione morfologica eseguite con microscopio laser e SEM hanno
mostrato come la presenza di idrossiapatite nella matrice polimerica porti ad una riduzione
della qualita dello scaffold cosi stampato, in quanto il campo elettrico e influenzato dalla
sempre maggiore presenza della nanopolvere, che destabilizza la differenza di potenziale
esercitata durante la stampa.

Le caratterizzazioni chimiche fatte con FT-IR, EDS e spettrometria Raman hanno mostrato una
buona uniformita nella distribuzione di idrossiapatite nei materiali grezzi e scaffold, con un
aumento qualitativo del segnale all’aumentare della concentrazione. Risultati quantitativi
sono stati invece ottenuti tramite la tecnica termo-gravimetrica, che ha effettivamente
mostrato proporzionalita tra peso finale del campione a fine prova e contenuto teorico dei
campioni, confermando una buona qualita dei compositi in relazione alla preparazione di
questi ultimi. Analisi DSC e stata inoltre eseguita, ma nessun importante cambiamento nella
temperatura di fusione & stato ottenuto, indicando un legame non chimico tra le due
componenti. Il grado di cristallinita & stato inoltre comparato alla temperatura di
decomposizione dei materiali, evidenziando una relazione per cui all'laumento del grado di
cristallinita avviene un aumento della temperatura di decomposizione. L’analisi dell’angolo di
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contatto ha mostrato un aumento della idrofobicita, specialmente per MEW-5% e MEW-10%
guando comparato al controllo MEW-0%.

| test meccanici hanno evidenziato un netto cambiamento di proprieta del materiale, che e
diventato completamente fragile. Nonostante questo, MEW-5% ha mostrato ottimi
miglioramenti in termini di resistenza e resilienza, con un modulo elastico nettamente
aumentato.

L’acidificazione dell’ambiente circostante gli scaffold e stata verificata e nessun dato ha
evidenziato un grave cambiamento di pH che potrebbe compromettere la cura del paziente.
Infine, i test di citotossicita hanno confermato la compatibilita degli scaffold con la colonia
cellulare, dando ottimi risultati in previsione dei test biologici.

Sebbene ulteriore ricerca potra sicuramente migliorare le conoscenze sulla tecnica di
produzione usata, ed il comportamento ed il cambiamento delle proprieta al variare del
contenuto di idrossiapatite, questa tesi ha portato alla luce un materiale composito molto
promettente con proprieta interessanti per applicazioni nella rigenerazione ossea in campo

biomedico.
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2. Abstract

Due to the aging population, the need for new materials for bone regeneration that can
substitute natural bone is increasing. With the requirement of biodegradability and

biocompatibility, many possibilities have been developed in recent years.

In this thesis, a composite made with poly-(l)-lactic acid (PLLA) and hydroxyapatite has been
developed and characterized. The amount of hydroxyapatite was chosen as a weight
percentage of PLLA, in particular 1%, 5% and 10%. The composite was made by solubilizing
PLLA in chloroform by mixing, and dispersing hydroxyapatite in the same solvent in another
vial via bath sonication. The samples were combined, dried, ground and then dried in vacuum
oven again. A self-assembled electrohydrodynamics guided melt electro-writing 3D printer
was then used to make scaffolds of the composite materials. Laser microscope and SEM
analyses were used to show the structure of the scaffold after printing and its change with the

amount of hydroxyapatite.

FT-IR, EDS and Raman techniques were employed to verify the presence of hydroxyapatite
and its distribution in the raw material and after melt electro-writing. Contact angle was
performed to investigate the hydrophobicity or hydrophilicity of the scaffolds. XRD has been
applied to highlight any change in the crystallinity of the composites before and after printing.
DSC and TGA techniques were used to respectively examine the melting temperature and
degradation of both the raw materials and their scaffolds. Finally, cytotoxicity test was
performed to confirm the non-toxicity of the scaffolds, and acidity test was performed to
ensure a non-acidification of the scaffold’s surrounding environment due to PLLA degradation.
Optical characterization analyses have shown an overall good quality print of the scaffold, very
dependent on the amount of hydroxyapatite, which influences the printing itself. Chemical
characterizations showed a good quality dispersion of the nanopowder in the raw material, as
well as in the scaffold after printing, maintaining the percentage ratio of hydroxyapatite in
relation to PLLA. Mechanical testing showed brittle properties of the composites, while an
increase in strength and elastic module can be highlighted for some analytes, when compared

to the pure PLLA. The hydrophobicity of the scaffolds was confirmed by the contact angle, and
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non-toxicity has been observed with the WST-8 cytotoxicity test. Finally, PLLA degradation was
assessed to be non-critical. Although further research would only improve the knowledge of
this material and all of its properties, the research shows promising results for a biocompatible
and biodegradable composite that can positively impact the bone regeneration field in

biomedicine.

18



3. Aim of the thesis

Nowadays, the need for new and simple substitute materials for bone regeneration is
increasing, thus the need to study and test different methods and materials for scaffold

production.

One of the most interesting candidates for this application is poly-(I)-lactic acid (PLLA), thanks
to its chemical and biodegrading properties. Though it lacks in mechanical and bioactivity
properties, a way to compensate has been investigated: the production of a composite where
hydroxyapatite nanopowder is dispersed in a matrix of PLLA shall result in a material with both
PLLA biodegradability properties and the biocompatibility and bioactivity properties of
hydroxyapatite. The latter, in fact, is also a bone constituent and should very much be

compatible with the cells to favor their adhesion on the scaffold.

The subject of this thesis is the analysis of the PLLA/hydroxyapatite composite properties with
different percentages of the latter (as wt% of PLLA), to verify its applicability in the biomedical
field as a scaffold for bone regeneration in patients with bone injuries. The prepared sample
will act as a basis for future works in terms of composite and scaffold preparation for bone

regeneration.

The raw material was firstly prepared by dissolving PLLA pellets in chloroform and then mixing
this with different percentages (wt.% of PLLA) of hydroxyapatite (1%, 5% and 10%). The
resulting composite, after being dried and removed the chloroform component, has
undergone the melt electro-writing printing process, an advanced technique to produce high

definition and small-scale scaffolds.

The raw materials thus obtained were characterized with different techniques: for optical
characterization, SEM and laser microscope were used to evaluate the structure of the printed
scaffolds; FT-IR, EDS and Raman spectroscopy were adopted to evaluate the presence,
concentration, and dispersion of hydroxyapatite in the raw material and post-printing; contact
angle test checked the wettability of the scaffolds, while XRD analyzed the degree of

crystallinity. Tensile strength tests were also applied to evaluate the mechanical properties of
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the scaffolds. Finally, cytotoxicity and acidity test were performed to make sure the scaffolds
were not toxic to the cells and the polymer degradation would not critically affect the nearby

environment.

The results show that hydroxyapatite has been homogeneously dispersed in the PLLA matrix,
thus resulting in a homogeneous composite. Raman spectroscopy and EDS show a
gualitatively good dispersion of hydroxyapatite, and a signal coherent with the predicted
amount in the raw materials and scaffolds. TGA qualitatively confirmed this results by
evaluating the remaining weight after the test as a function of hydroxyapatite content. Tensile
tests have shown brittle behavior of the scaffolds, while mechanical properties have improved
with a 5% content of hydroxyapatite. WST-8 test confirmed non-cytotoxicity of the scaffolds,
while acidity test has shown that polymer degradation is a non-critical point and to be not

dangerous for the patient.

The results lead to the conclusion that a PLLA/hydroxyapatite composite for bone
regeneration is feasible and interesting properties have been highlighted after

characterization.
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4, Introduction

4.1. The bone and its properties

The human body is a marvelous complex machine consisting of many different systems that
makes us able to think, breathe, move, grow and much more. One of the most important parts
of our body is the human skeletal system, providing support to the whole body, protects vital
organs and with its articulations lets us move freely. The building block of all this is bone, a
calcified tissue that persists through all of our life and grows with us, especially during our first
two decades. Nevertheless, bone in general is not enough to describe this system: in fact,
there are many different types of bones, all with their own shape and structure; long bones,
short bones, flat bones and irregular bones are arranged to provide functionalities in different
regions of the body. Microscopically speaking, a network of trabeculae forms a compact and
spongy tissue that grants both strength and flexibility to the system. With approximately 30%
of organic components — mainly proteins such as collagen — and about 60% of hydroxyapatite,
a mineral composed of calcium and phosphate, and the remaining part of water, this matrix
grants the bone its rigidity and hardness, essential for its mechanical functions [1]. Bone, in
fact, has the ability to withstand compressive forces thanks to the mineral component, while

collagen fibers allow for an excellent tensile strength element [2].
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Figure 11: Bone hierarchic structure [3]
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As previously stated, the skeletal system undergoes numerous changes, regenerations, and
remodeling during life; these are owed to two important types of cells: the osteoblasts, bone-
forming cells responsible for the synthesis and deposition of new bone tissue; and the
osteoclasts, bone-resorbing cells that breakdown and remove old bones, or even damaged
sections of the tissue, helping the renewal and homeostasis of the bone tissue. Indeed, the
physiological and growth processes that occur during the life of an individual, are not the only
cause of bone reshaping and/or renewal. To this, external factors may also occur, such as light
blows, deep cuts that damage the bone surface, up to serious injuries like complete bone
breakage; human diseases are also to be kept in mind, as genes play an important role in this,
influencing the development and susceptibility to those complications. To all these aspects,
different external support systems have been used in the medical field, in order to help bone
regeneration and ease the patient’s aches during recovery, as well as treatment and measures
for individuals at risk. A simple and straightforward option is the use of prosthetics, mainly
metallic structures that are surgically implanted in the patient to substitute or support the
wounded bone; in the long term, the patient will either have to undergo a second surgery for
its removal or keep the whole prosthetics in the body for the rest of his or her life. Due to the
invasiveness of this procedure, more and more techniques have been studied and tested to
reduce this aspect, starting from the medical field in general, all the way to the biomedical
field, where materials and substances are studied to develop new and advanced solutions as

basis for scaffolds and implants[4, 5].

For that reason, in the biomedical field there is a growing demand for effective materials that
can be used for patient treatment. In the topic of bone regeneration, artificial substitutes are
more and more in need when trying to improve and accelerate bone healing and regrowth, as
only the natural metabolism results in a slow healing process, despite the great properties of
the natural bone, especially when speaking of some patient conditions like osteoporosis,
osteonecrosis, and osteomalacia [6]. Indeed, several materials have been studied and
combined to obtain a sustainable, cost efficient and simple-crafting result, with both in vitro
and in vivo experiments [7-9]. While the only material study is not enough, the structure of
the implant is also of fundamental study to simulate bone-like (or better) conditions during
the healing process in the patient. In particular, porosity and pore size are fundamental

parameters to make sure the cells are able to diffuse and proliferate in the implant [1, 4]. To
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do so, many scaffold production techniques have been studied and applied to the different

materials.

4.2, Scaffolding for bone regeneration

Currently, 3D printing techniques are the most popular way to produce a high-quality and

fidelity scaffold [10]: the fundamental printing process is the so-called Fused Deposition

Modelling (FDM), where the material gets melted, extruded and dropped on the print bed;

the melt gets released as a continuous thread, and multiple layers are made by laying the

filament above the previously print sections: this makes it possible to create a complete three-

dimensional structure. From this basis, several techniques have been developed over the

years, all with their features and strength points. Tab. 2 shows different materials that have

been studied, and the printing technique used:

Table 2: Applications of innovative materials and techniques for bone regeneration scaffolding

Material Techniques Applications Characteristics and Reference
Category Used Results
Haversian Digital Laser Bone-mimicking Good control over [11]
bone Processing 3D scaffold for compressive strength and

printing multicellular porosity of scaffolds

delivery

Polycaprolact | Fusion Biocompatible Facilitation in the [12]
one (PCL) — Deposition filaments fabrication of
Hydroxyapati | Modelling biocompatible structures
te (FDM)
Poly Stereolithograp | Curable scaffolds Accuracy on the xy-plane [13]
(propylene hy (SLA) with controlled and minimization of
fumarate) microstructure overcuring
PCL/multico | FDM Scaffold for Improvement of [14]
mponent potential compressive strength and
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bioactive

application in bone

increased hydrophilicity,

activity with

preosteoblasts, bone

glass tissue engineering apatite-forming ability and

cytocompatibility
Poly-(l)-lactic | FDM Personalized bone Decrease in crystallinity of | [15]
Acid tissue engineering PLLA with the increase in
(PLLA)/hydro scaffolds hydroxyapatite weight
xyapatite fraction. Femur and tibia-

like mechanical strength
Silica-based Robocasting Cylindrical grid-like | Apatite-forming ability, [16]
bioactive technology scaffolds osteogenic effect upon
glass implantation
Alginate/Gel | Pneumatic Pneumatic Increase in degradation [17]
atin Hydrogel | extrusion-based | extrusion-based rate and bioactivity
Ink bioprinter bioprinting of
containing scaffold, further
bioactive treated via cross-
glass 45S5 linking
and ZIF-8
nanoparticles
Collagen Bio X Bioprinter | Mesh-like scaffolds | High biocompatibility of [18]
Hybrid + Genpin via bioprinting, then | the hybrid system
Formulations | crosslinking treated with cross-

linking technique

Gelatin/B-Tri- | 3D Bioprinting | Scaffold bioprinting | Compressive strength [19]
Calcium + crosslinking with post-print similar to of cancellous
Phosphate cross-linking bone, good cellular
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formation with no

inflammation

rhBMP-2 Multihead Square shaped Enhanced cell bioactivity [20]
Loaded Deposition scaffolds and higher bone volume
PCL/B- Systems and area
TCP/bdECM | (MHDS)
PCL/fucoidan | Melt-plotting Layer-by-layer High increase in [21]
system| layer- | composite scaffold | hydrophilicity and
by-layer mechanical properties,
easy adhesion of cells and
enhanced mineral
deposition
Poly(lactide- | Cylindrical silica | Bone repair Large enhancing of [22]
co- gel mold mechanical properties,
glycole)/titan increased cell
ia composite proliferation, increased
ALP activity of osteoblasts
when cultured on
composite scaffolds
PMMA/ZnO | Electrospinning | Fibers and films Hydrophobic structure, [23]
good biocompatibility,
although bioactivity
inhibited with 15% ZnO
-Bioactive Selective Laser | -Direct treatment of | -Improved repair of bone | [24]
porous Ti Melting (SLM) bone defects defects on one sample,
alloy while improved formation 23]
-bone regeneration _
TiTaNb.Zr and of new bone tissue for
alloy osteointegration another one
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-enhanced osteogenic
differentiation, excellent
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te-based deposition dip | application within the average of
honeycomb | coating (EP2D) human cancellous bone

scaffold

As can be seen, there is a lot of variety in terms of both materials and techniques. Especially
polymers see a high range of applications and available printing processes they can go
through. This is not surprising, as another important property demand for the substitute
material is the biodegradability: biobased polymers, in fact, are promising materials to support
bone growth and regeneration due to their biocompatibility and biodegradability properties
[3]. The latter is a crucial point when talking about scaffolding for implants, as there is the
need for the non-human-derived material to not remain inside the patient for a prolonged
period of time. This also ensures that the polymeric scaffold is then replaced by the newly
formed bone.

In that regard, poly-lactic acid (PLA) is a very promising biopolymer for biomedical
applications, holding appropriate mechanical properties to replace natural bone, as well as
excellent biocompatibility and biodegradability [27]. PLA can simply be obtained by treatment
of corn or sugar cane, where the produce is fermented to obtain lactic acid. Finally, the
monomer is polymerized, and the polymer is obtained (Fig. 12). PLA is not only used in the
biomedical field though: this biodegradable polymer, in conjunction with its excellent
characteristics that similar polystyrene, polypropylene or polyethylene [28], can be used for
the production of packaging for food, single-use products, textiles or even in the automotive

industry as interior components or under-the-hood gears [29].
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Figure 12: Life-cycle of poly (lactic acid) and its molecular structure [29]

A disadvantage of PLA is its thermal instability [27], which makes its industrial processing a
challenging task, especially during the printing process: indeed, thermal degradation of PLA
occurs and reaches its maximum rate at temperatures higher than about 330 °C [27, 30, 31],
leading to detrimental effects on the final scaffold product, and a difficult step for the correct
scaffold preparation. Another discrepancy of the pure polymer scaffold with respect to the
bone is its poor flexibility and relatively low biological activity [27], thus requiring some
modifications in order to be an interesting candidate for this application.

To do so, we decided to join the biodegradability properties of PLA with hydroxyapatite
(Cai10(POa)s(0OH)2). The latter, is a mineral whose characteristics fit very well in this situation,
also considering the intrinsic presence in bone itself. With that, the addition of this component
in the scaffold structure is made to improve biocompatibility by favoring the cellular adhesion,
possibly acting as site for cells to attach to [32—35]. To control the structure of the produced
polymer, in particular its random occurring structure during the reaction, we decided to more
specifically utilize poly-(l)-lactic acid (PLLA), a derivate of the general PLA, where the
polymerization process is controlled in order to obtain a polymer chain which is mostly linear,
with very few ramifications. Furthermore, high-molecular weight PLLA can be produced in
order to improve the preservation of its mechanical properties over the long period of time.
The composite has been then prepared as a matrix of PLLA in which hydroxyapatite is

dispersed as small particles, due to their difficulty in solubilizing [36, 37]. In the long term,

27



then, PLLA would be able to degrade and leave only hydroxyapatite behind, which due to its
natural presence in the bone shall be unharmful to the human body.

As Tab. 2 shows, some tests have already been done with PLLA/hydroxyapatite composite, by
using for example FDM as printing technique. The category of printing we focused on this
thesis revolves around the so-called Electrostatic Fiber Drawing Techniques (EFDT). Our aim
in this regard has been to increase the quality and reduce the filament thickness by utilizing
this kind of special printing. Conceptually, a polymer or similar material is melted in a syringe-
like container and gets extruded on a plane using electrostatic forces. One of the most
common techniques is the Melt Electrospinning printing: here, the electric field induces the
filament to, indeed, ‘spin’ and produce randomly oriented filament structures. As porosity and
pore size properties play an important factor in the scaffold, this parameter cannot be
regulated with this technique. To specify the above-mentioned property and still exploit the
advantages of EFDTs, Melt Electro-Writing (MEW) technique has been used instead [6, 38, 39].
This is an electro-hydrodynamics-guided additive manufacturing technology to create high-
fidelity constructs [27]. Specifically, this work revolved around the use of a self-assembled
electrohydrodynamic guided melt electro-writing machine. The printing process is based on
melting the material in a similar way of the Fusion Deposition Modelling (FDM), where the
material is then pushed through the needle via pressure. MEW, though, is able to surpass the
traditional methods by reducing the scale at which the work is done by increasing the precision
of the printed structure, emphasizing the role of the scaffold geometry; as a downside,
though, is the limitation in size (in particular thickness) of the printable projects.

As operating principle of MEW is concerned, at the tip of the needle the fused material
accumulates and, due to surface tension, a bubble-shape fuse (now slowly cooling) remains
attached to the tip. In order to overcome this physical effect and properly start printing, an
electric field is used to generate a potential difference between the anode (print bed) and the
cathode (syringe nozzle). As the force exerted by the electric field increases, the shape of the
bubble gets deformed and eventually the two tensions will get to an equilibrium state, forming
a cone-like shape, called Taylor cone. By further increasing the voltage, a threshold can then
be reached, where a jet of liquid is emitted from the cone (cone-jet). From this moment, more
and more of the melted polymer is able to flow down to the bed in a controlled way, which

makes possible, in combination with the printing speed, to tweak the thickness of the printed
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thread. Furthermore, the speed at which the plane moves can influence the shape with which

the structure is printed, ranging from a line to a sinusoidal curve [40, 41].
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Figure 13: Melt electrospinning and melt electro-writing printing techniques [42]: while the first is able to print electrospun
filaments, MEW improves scaffold precision by moving the collector accordingly during printing, thus making a regular and

modulable structure

To improve the printing quality of the MEW scaffold, different parameters can be modified:

e Voltage: adjusting the electric field accordingly helps the printing process to maintain
a good quality during time: indeed, the dropped amount of material on the scaffold is
heavily dependent on a proper tweaking of the voltage, to ensure a similar amount of
fused material being dropped, as well as constantly leave behind the desired structure
during the whole process.

e Temperature: depending on the material used for printing, the temperature of the
heating chamber must be properly set. Reaching a temperature slightly higher than the
melting temperature of the material is a requirement to be satisfied. The temperature
has to be maintained uniformly in the syringe, all the way to the nozzle and its tip, and
must not be much higher than the melting temperature of the material: if the
temperature is too high, degradation would occur too quickly, thus making the melt
not suitable for printing in a longer period of time and resulting in a bad quality

structure and filament.
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e Distance between the nozzle and the bed: this is a straightforward procedure that helps

us find a fitting position in terms of height. This is to ensure the effective influence of
the electric field on the molten material, promoting its adhesion to the bed. If the
distance was too short, excessive intensity of the field might cause the melt to escape
too rapidly from the nozzle, which can cause empty spots in the print due to the lack
of material. On the other hand, if the tip of the needle were to be too far from the
plane, the voltage required would not be enough to pull the filament towards the
anode.

e Pressure inside the heating chamber: as for every 3D printing technique, there is the

need to push or movement the material (in this case completely melted) towards and
through the tip of the needle: by increasing the pressure, the melt is able to escape the
cartridge and start printing. One important factor is the amount of material inserted
into the: if the quantity is too low, increasing the pressure would allow the gas itself to
move across the needle, instead of the melt, resulting in an inability to proceed with
the printing.

e Needle size: this is a very important tool to succeed in the printing process, that also
determines the filament size. Depending on the material that has to be printed, a too
small needle diameter would not allow the escape of the melt from the tip, thus being
unable to print. To overcome this problem, even a slight increase of diameter can allow

the release of the melt from the needle.
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Figure 14: Operation principle of melt electro-writing [40]: with the usage of pressure to movement the melted material, an
electric field allows a filament to be released from the nozzle via a Taylor cone. Due to the movement of the collector, the

position where the material is deposited will not be exactly perpendicular to the syringe but slightly delayed
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4.3. Acidity of PLLA

An important point that must be addressed for this composite is the acidic origin of PLLA and
the possible implications when talking about degradation. Different studies have shown that
during the degradation process PLLA influences the acidity of the environment near to it, thus
reducing the pH of the system [30, 31, 43—46]. These kinds of applications that locally affect
the natural environment of the body, may result more harmful than beneficial: a reduction in
pH in the bone may result in the loss of activity of osteoblasts or even damage to the surface
of the bone itself.

Studies of pure PLLA scaffold have shown different results, that vary between a small
reduction of pH of some tenths of units and a few entire units. Scaffolds composed of both
PLLA and hydroxyapatite, instead, have had a different behavior from the pure polymer: the
release of acid degradation byproducts from the PLLA remain present, but the addition of
hydroxyapatite allows the acidification process to be slowed down. In fact, the release of
alkaline ions by the mineral component interacts with the acidic fraction, resulting in a neutral
pH, if the amounts were stoichiometrically correct. Nonetheless, this property allows the net
amount of acid release to be mostly controlled, thus having a smaller acidification effect and
extensively reducing the possible issues around the implant area in the long term; even so,
decreases of pH after several times from implant insertion can also be related to bone tissue

ingrowth, which indeed achieves a good therapeutic effect [45].

4.4. Pore size effect

To improve cell proliferation, another important aspect is the development of a scaffold with
appropriate characteristics that favor the diffusion, proliferation, and attachment of cells. In
this regard, porosity and pore size play an important role. With the latter being easier to tweak
when talking about MEW, studies show that a pore size between 100 and 500 um is best [4,
47, 48]. With print quality and technical factors in mind, 200 um pore size has been chosen

for this research.
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5. Material and methods

5.1. Materials

Chloroform (TCM, 299.0%, Wako), Hydroxyapatite nanopowder (Calcium hydroxy phosphate,
< 200 nm particle size, 297%, Sigma-Aldricht), Poly-(l)-lactic acid (130000 MW, Musashino
Chemical Laboratory Ltd.), Distilled water (Wako), Acetone (299.5%, Wako), Ethanol (EtOH,
99.5%, Wako).

5.2. Raw material preparation

Previous studies on PLLA/hydroxyapatite composite have used surfactants or other additives
during the preparation of the material in order to simplify the homogenization and
preparation process [15, 49]. Although this looks like a good alternative, the need to remove
the above-mentioned additions from the composite before its application remain, which
implies secondary steps downstream. Our choice on the preparation phase has been to avoid

the use of additional components to simplify and make the process cleaner.

The raw material preparation was performed by weighing around 2.5 g of pure PLLA pellets,
then weighing the corresponding amount of hydroxyapatite based on the composite that was
being prepared (0.025 g for 1% wt., 0.125 g for 5% wt. and 0.25 g for 10% wt.).

The so weighted PLLA was transferred in a 50 mL vial where chloroform was added in excess
amount, in order to completely dissolve the PLLA. The solution was mixed at 280 rpm and 40
°Cfor 4 hours using a magnetic anchor. The container was initially closed to ensure the correct
dissolution of PLLA in chloroform without the latter able to evaporate and escape.

In a different 10 mL vial, hydroxyapatite nanopowder was dispersed in chloroform, filling it up
to around 50% with the solvent. The sample was then put in a distilled water bath inside a
bath sonicator (50/60 Hz, 80 W, Branson) and let it run for 4 hours, to allow a homogenous
dispersion of the nanopowder.

The hydroxyapatite dispersion was transferred inside the PLLA solution vial under stirring,
letting now the vial open to allow evaporation of the chloroform. To speed up the evaporation

process and ensure the correct homogenization of the nanoparticles in the solution before
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casting, the mixture was heated at 70 °C, and the stirring speed increased to 360 rpm. The

latter was then mixed for 1 hour or until about half the chloroform was evaporated.

Figure 15: Images of the cast composite solution before and after drying at room temperature and pressure

The resulting mixture was then cast in a Petri dish and let dry under ventilation chamber
overnight at room temperature and pressure.

The dried composite thus obtained was cut into small rectangular-like pieces and then set
drying in oven under vacuum conditions at 110 °C for 2 hours then at 80 °C for at least 6 hours.

Each raw composite material was stored in a 50 mL vial.
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Figure 16: Images of the dried raw material during and after the cutting step

5.3. Melt electro-written scaffold preparation

All the raw composite materials were then printed with MEW using a self-assembled
electrohydrodynamic guided melt electro-writing machine described in the previous section
and shown in Fig. 17. For every print, about 0.5 g of the raw material were weighed. The metal
cartridge was previously soaked in chloroform solution to completely dissolve any residual
from previous operations. After drying in oven at 80°C overnight, the raw material was
inserted inside the cartridge, where a needle with a diameter of 0.12+0.03 mm was attached.
The heating element was set to about 190°C, a temperature higher than the melting point of
the composite, but not very far from it: this is done to reduce the degradation process, a
phenomenon very much influenced by the temperature, that can reduce the quality of the
scaffold; limiting this effect allows us to continue printing several scaffolds in one single
printing session and maintain a good quality overall. After placing the syringe inside the
heating element, the composite began to melt. The tip of the needle was set at a height of 1.5
mm from the collector bed, whose surface temperature was set at 80°C to avoid thermal shock
of the filament once in contact with the plane, and guarantee its attachment to it. After 40+60

minutes the composite was completely melt and the printing process was initiated. As both
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the room humidity and temperature influence the result of the printing process, two
parameters were manually adjusted for every printing session: (i) the pressure inside the
chamber, used to move the melt along the cartridge syringe; (ii) the electric field, which allows
the drop of material to be released from the tip of the syringe towards the plate. Each process
was completed after printing between 5 and 20 scaffolds. The above-mentioned parameters
were kept approximately constant during the different printing sessions of the same raw
material.

The scaffold structure was programmed via a .csv file, that defined the movement of the plane
during the print, and so the geometry of the scaffold. Here, different settings are possible to
be modified; the most important ones are the following: (i) printing speed, affects the
deposition of the melted material and the thickness of the fiber; (ii) scaffold geometry, both
the number of horizontal and vertical passages, the number of layers and length of each line
can be changed to generate different shapes; (iii) number of scaffolds print in the session, as
depending on the composite being printed, concurrently with the degradation properties of
the latter, more or less scaffolds are able to be printed by maintaining a good quality.

The scaffolds printed for all the tests (excluding the mechanical ones), consist in a square grid
with a passage between each filament of 200 um (pore size), 25 horizontal and vertical lines,
25 layers, and 1cm? in total. The mechanical test scaffold geometry, instead, consists of a
rectangular grid with a passage between each filament of 200 um, 10 layers, and 2.4cm? in

total.
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Figure 17: On the left, the melt electro-writing machine utilized in this thesis research; on the right, the melt electro-written

scaffolds produced with this technique

5.4.Composite characterization

5.4.1. Morphology characterization techniques

Laser microscope

3D laser-scanning microscope (VKX200K series, Keyence, Osaka, Japan) was used with the melt
electro-written scaffolds to verify the result of the printing process and its quality, in terms of
both regularity of the structure and diameter of the thread along the scaffold. For all
composites a 10x magnification image was taken. For some of them, other magnification

images were also taken to further visualize the filaments and the geometry (20x, 50x, 100x).
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Scanning Electron Microscopy

Scanning Electron Microscope (SEM) (SM-7001F, JEOL, Tokyo, Japan) was used to obtain high
magnification images of both the hydroxyapatite nanopowder and the melt electro-written
scaffolds. The latter were sputter-coated with a layer of platinum before being measured with
SEM at an accelerating voltage of 15 kV. Every time, at least three images per magnification
were taken. Scaffolds with different hydroxyapatite concentration (0%, 1%, 5% and 10% by
weight) were run through SEM machine, and images at different magnifications were taken,
specifically at 100x, 250x, 500x and 1000x magnification. For each scaffold, at least 3 different

locations were explored.

5.4.2. Non-destructive chemical techniques

Contact Angle

Contact angle machine was used to evaluate the wettability of the scaffold surface. The
samples were put on a lab slide for testing. By using a mechanically operated syringe, a drop
of distilled water was deposited on the surface of the scaffolds. With the use of a camera, the
contact angle of the drop was measured, and multiple readings have been recorded every
time: each scaffold was tested for contact angle 4 times, and each test resulted in 15 different
data sets. For each test, an average of the different contact angles was obtained, and a
standard deviation calculation was performed. All the results were then gathered to analyze
the behavior of the composite scaffolds in regard to water affinity, with the change of

hydroxyapatite content. The pure PLLA scaffold was also analyzed with this technique.

FT-IR

FT-IR analysis (IRAffinity-1S, Shimadzu Corporation, Kyoto, Japan) was used to analyze the

composition of pure components and scaffolds in a spectral region between 300 and 4000
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nm. Before every analysis, the sample holder and the complementary ATR were cleaned with
acetone. Hydroxyapatite nanopowder was analyzed by putting a small amount of powder in
the holder and slowly screwing down the pin. A single PLLA pellet was crushed and put in the
holder for analysis. The scaffold was put above the container and firmly pinned down with the
top pin, to ensure the intimate contact with the parts and the correct signal response. For
each sample, a background spectrum was captured beforehand. This way, the subsequent
readings were already clean of the disturbing signal. Every sample was measured at the FT-IR
at least three times. LabSpec software was used to make the baseline correction and the

Origin program for plotting.

Raman

Raman microspectroscope (RAMANtouch, Nanophoton Co., Minoo, Osaka, Japan) was used
in the 300 + 4000 cm™ spectral region with a 10x, 50x and 100x magnification lens, with
nominal aperture of 0.30 (10x), 0.80 (50x) or 0.90 (100x). Imaging method was performed
using a green (532 nm) laser with a power of about 92 mW, using an exposure time of 5 s and
averaging 2 measurements; grating of 300 gr/mm. Mapping method was also performed,
using a green (532 nm) laser with a power of about 13 mW, using an exposure time of 1 s and
averaging 10 measurements; grating of 300 gr/mm.

LabSpec software was used process the data. Processing has been performed through baseline
correction and smoothing (whenever necessary), while Origin program was implemented for
peaks normalization. If unintended glass bands from the lab slide were captured by the
Nanophoton, CaF; disks (OptoSigma, SigmaKoki) were used instead. All the scaffolds were
analyzed using at least 10x and 100x magnification. In particular, 10x magnification was used
to obtain an image of the raw materials, the scaffolds, and for the mapping analysis; 100x
magnification was used to analyze a single thread section of the scaffolds and evaluate the

distribution of hydroxyapatite along the print.
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EDS

Energy-Dispersive X-ray Spectroscopy was performed in conjunction with SEM to evaluate
presence and distribution of elements on the scaffolds (0%wt., 1% wt., 5% wt., 10% wt.). In
the EDS analysis, Carbon, Oxygen, Phosphorus and Calcium elements have been chosen to be
detected in the scaffolds. Specifically, phosphorus and calcium are supposed to be only due
to the presence of hydroxyapatite (Ca10(POa)s(OH)2). The samples were treated for the SEM
analysis as described before, and put inside the scanning microscope, where a high intensity
surface scanning setting was used to enhance the detection of the different elements inside

the scaffolds. Each print was analyzed with EDS at least three times in different locations.

XRD

Ultima IV X-Ray Diffractometer (Rigaku Co., Ltd.) was used to evaluate the degree of
crystallinity of the raw materials and scaffolds. Each hydroxyapatite percentage specimen, as
well as pure PLLA, was put on a sample holder and fixed with a double-sided tape. After
inserting each analyte in the instrument, the analysis was initiated via the instrument
software, and run in a range of 20 between 3° and 70°. Graphs were obtained for both the
raw materials and the scaffolds to determine if there was any change in crystallinity post-
printing due to the re-heating and extrusion process, as well as with the change in
hydroxyapatite concentration. Data fitting was done with LabSpec program, while the graphs

were elaborated using Origin.

5.4.3. Destructive chemical techniques

Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) analysis was performed once for each raw material
before printing (0%wt., 1%wt., 5%wt., 10%wt.) to evaluate the melting point and its possible
change with the change of hydroxyapatite content. For every test, about 0.002 grams of the
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raw material were weighted and put in an aluminum sampler. The latter was then covered
with a thin aluminum disk, after which the borders were bent on itself to ensure the specimen
would not escape during the test. During the whole process, a constant flow of 25 mL/min of
N2 was sent in the machine chamber. The temperature was set to rise by 10 °C/min until a
maximum value of 300 °C. An empty aluminum sampler was used as reference. The data was
recorded, and the melting point was defined as the temperature corresponding to the

minimum value of DSC (mcal/s) of the melting curve. Plotting was done using Origin program.

TGA

Thermo-Gravimetric Analysis was performed on all scaffolds. Each square sample was cut, and
only a quarter was inserted inside the sample holders due to their size and weight. The holding
plates were firstly cleansed by heating them with a torch and, after cooling, each scaffold was
put inside a holder. The test was set to a temperature increase of 10 °C/min with a maximum
temperature of 600 °C. Equilibration was set to 40°C. The weight of each scaffold at the
beginning and at the end of the test was used to evaluate the real amount of hydroxyapatite
that was present in each composite, as by reaching 600 °C all the polymer has been assumed
removed, and the only remaining component was the nanopowder. The temperature at which
the reduction in weight reached 10% (90% of the initial weight value) has been defined as the

onset degradation temperature. Origin program was used for plotting.

5.4.4. Mechanical tests

Tensile testing machine was utilized to obtain the mechanical properties of the different
scaffolds (0%wt., 1%wt., 5%wt., 10%wt.). For this test, a 4x0.6 mm scaffold was attached to a
paper holder with a window of 2 cm. The prints were immobilized on the holder using a
double-sided tape, and sandpaper was attached on the other side of the tape to further avoid
the movement of the scaffolds during the test. The mechanical test was done with a
movement of the upper clamp of 10 mm/min, and for every sample the weight value of each
scaffold was adjusted in accordance with the previously taken weighings. The test was

stopped after the snapping of the sample. For each different concentration scaffold, multiple
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tests were conducted, and an average of the maximum strength was obtained. Other
parameters like strain, elastic module and toughness were calculated using Origin and Excel

programs. In particular, strain was defined as follows:
AL L-Lg
a LO a LO

&

Where AL is the difference between the initial length (Lo) and current length (L). Elastic module
was calculated as the tangent of the tensile test diagram between 0.18% and 0.20% strain, a
region where the stress-strain curve resulted constant for all the different samples. Toughness
value, instead, was calculated as the integral of the curve up to the snapping point, which

corresponds to the maximum strength value.

5.4.5. Biological techniques

Cytotoxicity

All instruments used in this technique used were sterilized with a 70% ethanol solution. The
culture media was prepared with the following concentrations: 10% FBS (Fetal Bovine Serum)
(Sigma), 1% MEM (Minimum Essential Medium) nonessential amino-acid solution (Naquai
Tesque), 1% L-sodium pyruvate (Naquai Tesque), 1% Antibiotic (Penicillin-Streptomycin)
(Naquai Tesque), 87% DMEM (Dulbecco’s Modified Eagle Medium) (High Glucose). The culture
media and the Phosphate-Buffered Saline (PBS) solution were heated up in a water bath up
to 37 °C. The immobilized cell culture (HDF22, Human Dermal Fibroblast) was kept in incubator
at 37 °Cin a 5% CO; atmosphere. Two Immobilized Cell Culture (ICC) Petri dishes were used
for the Cytotoxicity test. The ICCs were washed two times with PBS, and every time the culture
media and PBS solution were removed via vacuum pump. 6 mL of Trypsin were then added to
each Petri dish to detach the cells. The cultures were put in incubator for 5+7 minutes or until
the detachment was confirmed by observation with optical microscope. In this phase, the
detached cells form agglomerates. In each dish, 6 mL of pure culture media were then added
to block the Trypsin detaching effect. Both mediums were then collected in two different
Falcon vials and put in centrifuge for 5 minutes at 1000 rpm: this way the cells deposit at the
bottom of the vial, while the solution of Trypsin and culture media stay on the top. The latter
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was then removed from the Falcon, leaving only the cells. 5 mL of fresh culture media were
then added to both samples and mixed with the cell agglomerate. 10 uL of solution were
mixed with 10 puL of Trypan Blue solution and put in a cell counter container, which was then
used in a cell counter machine to obtain the concentration of cells in the solution (cell/mL).
From the results of the instrument, calculations were done in order to obtain 10 mL of a
200000 cells/mL solution. To do so, fresh pure culture media solution was used for dilution.
A 24-well plate was used for the incubation process, and each of the following samples were
tested in 4 copies:

e Pure culture media: 1000 pL.

e Only cells culture: 100 pL of 200000 cells/mL solution (20000 cells) with 900 pL of

culture media.

e Pure PLLA scaffold: sample immerged in 100 pL of 200000 cells/mL solution (20000

cells) with 900 pL of culture media.

e 1%wt. hydroxyapatite scaffold: sample immerged in 100 uL of 200000 cells/mL solution

(20000 cells) with 900 pL of culture media.

e 5%wt. hydroxyapatite scaffold: sample immerged in 100 uL of 200000 cells/mL solution

(20000 cells) with 900 uL of culture media.

e 10%wt. hydroxyapatite scaffold: sample immerged in 100 pL of 200000 cells/mL

solution (20000 cells) with 900 pL of culture media.

Two sets of the above-mentioned plate were made and incubated for 24 h and 72 h
respectively. Bright field images after incubation were taken with an optical microscope. Fiji
program was used for image contrast adjustments. After incubation, all the wells were treated
with WST solution and then undergone the WST-8 cytotoxicity test: this is a colorimetric
technique that allows to determine the number of viable cells by changing the color of the
medium: if the cells are alive, the medium would result orange, while if the cells are dead, the
medium would remain as a purple colored solution. For each well, two 100 uL of the resulting
solution were then taken and put in a 98-well plate, where absorbance readings were taken
with the infiniteF50 instrumentation. The data obtained was then analyzed using the Origin
program, where all the results were done by defining the absorbance of the pure culture
media sample as maximum value. Standard deviation and error% calculations were also

performed.
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Acidity Test

To better understand how composite degradation affects the pH of the nearby environment,
an ‘acidity test’ has been performed to assess this issue. In a 10 mL Falcon vial, 6 mg of raw
composite material (1%wt., 5%wt., 10%wt.) were added to 6 mL of culture media solution
(same preparation as the cytotoxicity test). The pH of the solutions has been monitored for a
total of 365 hours. Each sample was stored, and three copies have been done for each
different raw material, as well as the control solution (pure culture media). pH evaluation has
been done with a standard pH meter, where calibration was performed every time before
reading. Intervals between each reading varied over time. Origin program was used for

plotting.
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6. Results

In our work, we prepared four different raw materials and scaffolds with different
concentration of hydroxyapatite (0%wt., 1% wt., 5% wt., 10% wt.). To do so, we dispersed
PLLA and hydroxyapatite in chloroform in two different vials, this process has been done to
allow a better homogenization and dispersion of the 2 components in the solvent. The
dissolution of PLLA in chloroform has been done simply by stirring with a magnetic anchor,
since the chlorinated solvent is ideal for dissolving the biopolymer [6, 15, 29, 50]. On the
contrary, the nanopowder has been dispersed in chloroform via the use of a bath sonicator:
this was done since the latter is not optimal for its dispersion via simple agitation. For this
reason, a higher power is necessary to de-aggregate the nanoparticles of hydroxyapatite in
the medium and obtain a homogeneous dispersion without big aggregates. When the two
vials are mixed to obtain the composite mixture, the stirring speed has been increased to
ensure a better mixing, and the temperature raised to 70°C to ensure a lower viscosity of the
resulting solution. This was done since a too high viscosity would have caused formation of
stagnant areas inside the vessel, as well as making the casting process more difficult.
The two materials were then combined into three composites:

e PLLA with 1%wt. of Hydroxyapatite (PLLA-1%).

e PLLA with 5%wt. of Hydroxyapatite (PLLA-5%).

e PLLA with 10%wt. of Hydroxyapatite (PLLA-10%).

That were used to produce four different scaffolds:
e  PLLA with 0%wt. of Hydroxyapatite (MEW-0%).
e PLLA with 1%wt. of Hydroxyapatite (MEW-1%).
o  PLLA with 5%wt. of Hydroxyapatite (MEW-5%).
e PLLA with 10%wt. of Hydroxyapatite (MEW-10%).

6.1. Morphological characterization

Optical laser microscopy and SEM images of the four different scaffolds were acquired to
evaluate the quality of the printing. From Fig. 18 it is possible to see how the morphology
changes as a function of hydroxyapatite concentration. The images show that the higher the
amount of hydroxyapatite, the less precise the morphology of the scaffold. This might be

caused by mainly two factors: (i) as hydroxyapatite is a poor conductor material, its presence
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inside the composite influences the electric field used during the melt-electro writing process,
reducing the effect of it in making a good quality Taylor cone and cone-jet, thus directly
affecting the quality of the print; (ii) by adding this nanopowder inside the polymeric matrix,
the resulting material becomes more irregular and less homogeneous, as the PLLA chains are
hindered by the hydroxyapatite, furthermore changing the viscosity and density of the so
crafted composite. Another important phenomenon that generally occurs during this print is
the resistance effect of the scaffold on the applied voltage, where the further in the print of
each scaffold (and so the higher the layer that is being printed), the less the effect of the
electric field, that results in a reduction in quality of the cone-jet if not controlled. By
increasing the amount of hydroxyapatite, its presence further affects the electric field,
resulting in a more dragged filament, with a decrease in regularity of the print, that can
degenerate in an electrospun structure.

SEM images also reflect this behavior (Fig. 18) where a thicker and disorganized patternis
formed with the increase in hydroxyapatite concentration. A possible solution to both
phenomena could be to automatically adjust the intensity of the Electric field during the print
of each scaffold (as for each printing session more than one scaffold was printed in
succession): this way we could have optimal printing conditions among the print, which should
directly result in a better quality of the scaffold overall. Although interesting, this solution
resulted to be very complicated, as the instrumentation that was used to generate the electric

field did not have an automated voltage source.
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Figure 18: Laser microscope images (upper row) and SEM images (bottom row) of the three composite scaffolds. From left
to right: MEW-1%, MEW-5%, MEW-10%
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6.2. Non-destructive chemical characterization

Contact Angle

Contact angle analysis was performed to assess the wettability of the scaffolds. This property
is fundamental when talking about the interaction between the material and the surrounding
biological environment, where the property of hydrophilicity or hydrophobicity regulates
cellular adhesion and colonization. The hydroxyapatite-containing scaffolds were compared

in terms of wettability to the pure PLLA scaffold to analyze any behavior with the change in
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Figure 19: Contact angle analysis of 1) MEW-0%, 2) MEW-1%, 3) MEW-5% and 4) MEW-10%

Fig. 19 shows contact angle images of the different samples: although an initial reduction in
hydrophobicity can be seen with MEW-1% (Tab. 3, Fig. 20), the contact angle value seems to

steadily increase with the increase of hydroxyapatite in the scaffolds.
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Table 3: Contact angle results of the different scaffolds

Sample Average (°) Standard Deviation
MEW-0% 117.64 4.56
MEW-1% 115.03 491
MEW-5% 123.77 2.16
MEW-10% 128.61 9.77
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Figure 20: Results of contact angle analysis on the different scaffolds

FT-IR

FT-IR measurements were performed to evaluate the chemical composition of the scaffolds.
For comparison, FTIR analyses were also performed with hydroxyapatite nanopowder and
pure PLLA pellet to have the spectra of the pure components. After obtaining the base spectra,
the analysis was performed on the scaffold samples to confirm the presence of hydroxyapatite
and monitor its peaks with the change in concentration. Fig. 21 reports the spectra of the pure
components, as well as MEW-1%. PLLA shows both the O-H bond at 3300+3700 cm™ and the
—C = O stretching at 1700+1760 cm, as found in literature [51]. For hydroxyapatite, instead,

the following peaks are present[52]:
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Table 4: Main bands observed on the hydroxyapatite spectrum of Fig. 21

Position (cm™) Vibration Citation
560 PO}~ [53, 54]

600 PO;~ [53, 54]

630 HPO;~ [53, 54]
1000+1100 PO;~ [53, 54]
1460+1530 COs5™ [53, 54]

Fig. 21 shows an overlapping of the stronger peak of hydroxyapatite with the one of PLLA,
which results in a difficulty of discriminating the two components in the composite spectra.
This is confirmed with the MEW-1% spectra: this highlights signal overlapping between the
two phases, and due the relatively low fraction of hydroxyapatite, it is concluded to be not
possible to determine the correct presence and amount of the nanopowder in the scaffold

with this technique.
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Figure 21: FT-IR spectra of the pure components and the composite scaffold. Starting from the top: pure PLLA, pure

hydroxyapatite nanopowder, MEW-1%. Vertical dotted lines show the main peaks’ position of the two base materials
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Raman

Fig. 22 shows the obtained spectra for pure hydroxyapatite nanopowder and PLLA:
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Figure 22: Raman spectra of the two base materials. On the left, pure hydroxyapatite nanopowder; on the right, pure PLLA

The following peaks for hydroxyapatite can be observed in the spectrum:

Table 5: Main bands observed on the hydroxyapatite spectrum of Fig. 22

Position (cm™) Vibration Citation
430 + 450 v, PO;™ [55, 56]
585 + 610 v, PO3~ [55, 56]

960 v, POy~ [55, 56]
1020 + 1080 v3 PO;~ [55, 56]
1070 v, CO5™ [55, 56]

For the pure PLLA the following peaks can be seen instead:

Table 6: Main bands observed on the PLLA spectrum of Fig. 22

Position (cm™) Vibration Citation
398 + 411 6CCO [57, 58]
875 vC —C00 [57, 58]
1452 6CH; [57, 58]
1750 vC =0 [57, 58]
2878 vsCH3 [57, 58]
2923 VasCHs [57, 58]
2950 vCH [57, 58]
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By comparing the two spectra, 960 cm™ was chosen as representative wavenumber for
hydroxyapatite presence inside the sample, as no PLLA peaks are detected in those
surroundings.

PLLA-1%, PLLA-5% and PLLA-10% were then analyzed and compared to the pure PLLA. Fig.23
shows the four mapping spectra thus obtained: it can be seen that the peak at 960 cm™ is the

only visible peak for hydroxyapatite and, as expected, is steadily more intense the higher the

concentration.
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Figure 23: Average Raman spectra of the different raw materials, as function of concentration of hydroxyapatite (from

bottom to top). The vertical dotted line highlights the Raman band at 960 cm™!

51



A proportionality fitting at 960 cm™ was calculated to check the increase of concentration of
hydroxyapatite component inside the composite, which confirmed the expected

proportionality (Fig. 24).
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Figure 24: Intensity of the Raman band at 960 cm™* on the raw materials as function of hydroxyapatite concentration.

Raman imaging was used to observe the distribution of the hydroxyapatite in the polymeric
matrices, using the peaks at 875 cm™ for PLLA (red) and 960 cm™ for hydroxyapatite (green).
Raman imaging uses a 400 pixels linear sensor, resulting in high-resolution chemical maps of

the surfaces. Fig. 25 shows the three different composite raw materials at 10x magnification.

P YIRS,

Figure 25: Raman imaging at 10x magnification of a) PLLA-1%, b) PLLA-5% and c) PLLA-10%. Red color was used for PLLA,

while green color for hydroxyapatite
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Fig. 26 shows a high magnification chemical map of the different surfaces (50x).

Figure 26: Raman imaging at 50x magnification of a) PLLA-1%, b) PLLA-5% and c) PLLA-10%. Red color was used for PLLA,

while green color for hydroxyapatite

The images clearly show that the hydroxyapatite has properly dispersed in the composite as
small particles. This initial result shows and confirms the good quality of the sample
preparation, in terms of nanopowder dispersion inside the sample. Although extremely
promising, particle size and dispersion can surely be further improved with additional research
on the preparation method.

After confirming hydroxyapatite incorporation and distribution, MEW was used to print the
raw materials into a square grid, as detailed before. After printing, each scaffold was analyzed
by Raman to ensure that the hydroxyapatite nanopowder kept a homogeneous distribution,
as the melting process may cause aggregation or de-homogenization of the composite. As

before, Fig. 27 shows Raman imaging spectra for all three concentrations.
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Figure 27: Average Raman spectra of the different scaffolds, as function of concentration of hydroxyapatite (from bottom to

top). The vertical dotted line highlights the Raman band at 960 cm!
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Hydroxyapatite peaks are preserved after printing, with an increasing behavior akin to the

samples mapping; proportionality of the concentration at 960 cm™ is show in Fig. 28:
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Figure 28: Intensity of the Raman band at 960 cm™ on the scaffolds as function of hydroxyapatite concentration.

Fig. 29 shows imaging results of the scaffolds at 100x magnification:

Figure 29: Raman imaging of the different scaffolds at 100x magnification. a) MEW-1%, b) MEW-5%, c) MEW-10%. Red

color was used for PLLA, while green color for hydroxyapatite

Despite maintaining an overall good distribution, the hydroxyapatite particles seem to have
formed larger aggregates, as clearly observable from a comparison between Fig. 29 and Fig.
26. Overall, scaffold imaging still shows promising results after printing, as hydroxyapatite

dispersion is quite homogeneous.
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EDS

EDS analyses performed on the different scaffolds showed an anomalous and uniform
distribution of phosphorus on all three composite scaffolds (Fig. 30). Sometimes, instrumental

artifacts or background signals can be misinterpreted as actual elemental signals. Calibration

issues or contamination within the EDS system can contribute to such artifacts.

Figure 30: Distribution of phosphorus on the three scaffolds: a) MEW-1%, b) MEW-5%, c) MEW-10%

To make sure the results were correct, an EDS analysis of the background was performed:

| 200 um

Figure 31: Background material EDS images showing distribution a) calcium and b) phosphorus

Fig. 31 shows high concentration of phosphorus in the reference material, meaning that the
anomalous signal in the scaffolds was caused by an instrumental artifact. On the other hand,
despite the high noise, calcium signals were not present in such high quantities, and so the
relative images could then be used to correctly visualize the distribution of hydroxyapatite in

the scaffolds (Fig. 32).
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Figure 32: Distribution of calcium on the composite scaffolds, as measured by EDS: a) MEW-1%, b) MEW-5% and c) MEW-
10%
As was partially shown by the Raman imaging, hydroxyapatite has been properly dispersed in
PLLA and the increase in intensity and amount of calcium dots in the EDS images confirm the
proportional increase in concentration. To confirm the elemental distribution, EDS was also

performed with MEW-0%. Calcium and phosphorus readings are shown in Fig. 33.

Figure 33: Distribution of a) calcium and b) phosphorus on the pure PLLA scaffold

As expected, the calcium element is not present in the pure polymer, while phosphorus
artifacts are analogous to the previous ones. Fig. 34 shows the concentration of calcium inside
the different samples as a function of the theoretical amount of hydroxyapatite. It can be

observed that a linear fitting interpolates all points, when considering the error bands.
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Figure 34: Linear fit of EDS calcium element results of the different scaffolds: data shows great proportionality of the

element peaks as function of the calcium component

XRD

XRD analysis has been used to evaluate the degree of crystallinity in each raw material and
scaffold, in relation with the hydroxyapatite content. Fig. 35 shows the X-ray diffraction
patterns of the raw materials: the peaks are index of the presence of crystalline phase, while
the large bell curve shows the presence of the amorphous phase. Patterns for the printed
scaffolds are shown in Fig. 36. From both figures, a decrease in intensity of the crystallinity
peak can be seen, with the increase in hydroxyapatite content. This relation indicates that the

nanopowder hiders the PLLA fibers, reducing the crystallization phenomena.
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Figure 35: X-ray diffraction patterns for the raw materials, as a function of hydroxyapatite concentration

An important factor that has been calculated with this analysis is the degree of crystallinity Xc:
the curve was elaborated via fitting, where the area of the peaks and the amorphous phase
have been calculated. As shown by the two graphs, PLLA has three different crystallinity peaks,

thus the formula results as follows:

— Acl + Acz + Ac3
© Aqt+An +As+ A,

Where Ac1, Az and Acs are the areas of the three crystalline peaks associated with PLLA,

while A; is the area of the broad background peak of the amorphous phase.
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Figure 36: X-ray diffraction patterns for the composite samples, as a function of hydroxyapatite concentration
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Fig. 37 shows the behavior of the crystallinity index Xc by varying the amount of
hydroxyapatite. Indeed, a trend can be identified: with the introduction of hydroxyapatite, the
crystallinity of the sample rapidly decreases, resulting in a more amorphous sample overall.
While initially rapid at first, the further increase in nanopowder gradually reduces crystallinity

at a slower pace.
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Figure 37: Relationship between the crystallinity index (X;) and the concentration of hydroxyapatite in the scaffolds
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6.3. Destructive chemical characterization

DSC

Differential Scanning Calorimetry was performed to evaluate the melting temperature of the
raw materials as function of the hydroxyapatite content. Tab. 7 shows the summary of the

results thus obtained.

Table 7: DSC results relative to the melting temperature of the raw materials

Sample Melting temperature (°C) Standard Deviation
PLLA 174.81 0.87

PLLA-1% 175.66 1.28
PLLA-5% 176.04 0.38
PLLA-10% 175.22 0.31
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Figure 38: Melting temperature of the raw materials, as function of hydroxyapatite concentration

60



It can be seen that the temperature at which the different raw materials melt does not differ
much from each other and is not influenced by the presence of hydroxyapatite. This result
suggests that there is no actual chemical interaction between the two phases, and the

chemical structure of PLLA is not macroscopically altered by the presence of the reinforcing

particles.
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Figure 39: DSC curves of the different samples, as a function of hydroxyapatite content

The width of the peak in Fig. 39 is also not influenced by the presence of hydroxyapatite,
suggesting that there is no noticeable change in the average molecular weight of the polymer.
Similar crystallinity would also be suggested, but due to the XRD results we can conclude that

the PLLA fibers are simply hindered by the hydroxyapatite, while maintaining the same

average length.

61



TGA

Thermogravimetric analysis was performed on all the scaffolds to evaluate the degradation
phenomenon by varying the content of hydroxyapatite. Furthermore, this was used to have a
direct measure of the residual amount of material at the end of the test. Due to the final
temperature of 600°C, it is safe to assume that what remains after the test is only the

hydroxyapatite fraction. Fig. 40 shows the TGA curves of the different scaffolds.
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Figure 40: TGA curves for the different scaffolds, as a function of hydroxyapatite content

As can be seen, each curve ends with a visibly different residual weight, and the higher the
amount of hydroxyapatite in the sample, the higher this value. To further confirm the above-
mentioned hypothesis, a proportionality graph was made with the same procedure done for
Raman spectroscopy. Fig. 41 shows great proportionality of the results obtained: with possible
instrumental errors in mind, results confirm the absence of great high-melting impurities
inside the samples; this also signifies a good quality in the production process of the scaffolds,

that show the expected amounts of hydroxyapatite even after casting, drying, and melting
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again during MEW. With the latter being the most critical point for maintaining
homogenization after printing, data shows promising results and highlights the ability to

preserve the nanopowder dispersed inside the scaffolds, with the intended concentration.

10
l m  Residual weight =
—— Linear Fit
;\5\
=
o
)
2
©
=)
S
)
o
o
0 I : I . I : I . I , I
0 2 4 6 8 10

Sample (HAp%)

Figure 41: Linear fitting of the amount of residuals (weight %) and the amount of hydroxyapatite in the composite scaffolds

after TGA. The graph starting from about 0.8% indicates either a contamination or an instrumental error

6.4. Mechanical tests

Fig. 42 shows tensile testing results for MEW-0%, MEW-1%, MEW-5% and MEW-10%, printed
in the shape of a 4x0.6 mm rectangular scaffold (10 layers in height). In general, all
hydroxyapatite-containing scaffolds show a brittle behavior, typical of ceramic materials,
completely opposite of pure PLLA that clearly behaves as a polymeric material through its
characteristic long plastic deformation after the yield point. The toughness diagram also
confirms that property, where MEW-0% is much tougher than MEW-1%, MEW-5% and MEW-
10%, as they are brittle. Although much more fragile than the pure polymer, an interesting

characteristic can be seen, concerning MEW-5%: in fact, despite the errors in the
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measurements, higher maximum strength is shown, when compared to MEW-0%. Elastic

module also shows great results in these terms, where if MEW-1% is weaker than MEW-0%,

MEW-5% outclasses pure PLLA by having more than double the elastic module. While

brittleness is unavoidable with this sample due to the presence of hydroxyapatite, having such

a higher modulus means the scaffold can sustain more force, while reducing deformation and

maintaining its shape during work.
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Figure 42: Tensile test results of the composite scaffolds: a) ultimate strength, b) Stress-strain curves, c) elastic modulus and
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6.5. Biological tests

Cytotoxicity

WST-8 test was performed on Human Dermal Fibroblasts (HDF) in presence of the melt-electro
written scaffolds to assess their possible cytotoxicity. Both pure PLLA and the composite
scaffolds (MEW-1%, MEW-5%, MEW-10%) were analyzed with this test, and two incubation

times of 24 h and 72 h were performed.

Table 8: Cytotoxicity WST-8 test results after 24 h and 72 h of incubation of the different scaffolds

% Living cells Error % % Living cells Error %

24h 72h
Control 100.00% 3.45% 100.00% 3.81%
MEW-0% 78.84% 6.84% 81.16% 21.11%
MEW-1% 76.56% 15.49% 86.09% 15.79%
MEW-5% 81.86% 14.18% 78.86% 11.07%
MEW-10% 78.37% 10.92% 83.67% 11.65%

Tab. 8 shows the results for the two incubations after WTS-8 test, which are graphically
summarized in Fig. 43: as can be seen, the level of living cells in MEW-1%, MEW-5% and MEW-
10% is comparable to the one of MEW-0%, with around 80% of the cell colony remaining alive
in the final solution environment, and this is true for both 24 h and 72 h cases. This value
doesn’t consider the number of cells that might be attached to the scaffold surface, which
could result in an even higher number of living cells, as well as having good initial results
concerning bioactivity. Although a very interesting information, this measurement has been
found to be unfeasible to obtain due to the great difficulty in distinguishing the cells on the

scaffold, also due to their transparency at the microscope.
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Figure 43: Cytotoxicity results of WTS-8 test after 24h (cyan, left) and 72h (dark green, right). From left to right: control
system, MEW-0%, MEW-1%, MEW-5%, MEW-10%. * = p < 0.05, #* =p < 0.01, **x =p < 0.0001.

Fig. 44 and Fig. 45 show bright field images of cells adhered to the substrate on the 24-well
plate after incubation for 24 and 72 hours, respectively. Cell presence can be visually noticed
after image elaboration: when compared to the control, the amount seems slightly reduced;

finally, no significant accumulation near or far from the scaffolds can be seen.
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Figure 44: Bright field images of the different scaffolds after 24h of incubation: 1) Control, 2) MEW-0%, 3) MEW-1%, 4)
MEW-5% and 5) MEW-10%

Figure 45: Bright field images of the different scaffolds after 72h of incubation: 1) Control, 2) MEW-0%, 3) MEW-1%, 4)

MEW-5% and 5) MEW-10%

An initial conclusion can be reached, as the scaffolds are not cytotoxic, due to most of the cells
remaining alive. Furthermore, the remaining 20% of the cells might be dead or attached to
the scaffold: this will have to be seen more in depth with a bioactivity test, where cell adhesion

and proliferation is studied.
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Acidity test

Evaluation of the pH of a 6 mg of raw material in 6mL of culture media solution has been
performed to assess variation overtime of the solutions’ pH. Fig. 46 shows the results obtained

up to 365 hours.
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Figure 46: Acidity test results: lines show the pH trend over time of the samples

Due to the nature of the culture media solution (control), its trend is to increase in pH over
time. While all samples seem to have the same behavior, the speed at which they follow the
control is different. In fact, samples with fewer amount of hydroxyapatite resulted in a slightly
lower pH, while PLLA-10%, for example, had less difficulty in following the control solution.
The results therefore show a possible degradation of PLLA, inducing a slightly more acid
environment; the increase in hydroxyapatite content, though, allows the acidification effect
to be more regulated, with a possible release of basic ions, as mentioned in literature [45].
Although the presence of PLLA seems to have some effect on the acidity of the nearby
environment, due to the very low effect over the long period of time it is safe to assume that
the degradation of the polymer would not result in dangerous situations during the tissue

regeneration and healing process.
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7. Discussion

With the collected data in this thesis, a few conclusions can be derived.

Starting with the printing process, the retention of a regular structure among the prints and
the layers turned out to be a critical factor: the presence of hydroxyapatite would go against
the imposed electric field used for printing, and the countereffect did only get more intense

the higher the number of layers and the nanopowder concentration.

Despite these difficulties in the printing step, dispersion of the hydroxyapatite nanopowder
was maintained before and after printing, as shown by Raman spectroscopy and EDS. Due to
the nature of the analysis, TGA allowed us to physically measure the amount of remaining
sample after the test: while a somewhat challenging task, the melt electro-written scaffolds
turned out to maintain the desired hydroxyapatite concentration, which shows great potential

for the techniques used.

Hydrophobicity of the scaffolds has been confirmed increasing by adding hydroxyapatite: this
may result in a more difficult proliferation and interaction of cells, which can be acknowledged
with the bioactivity test. A possible option to improve hydrophilicity, instead, may be the
surface modification of the printed scaffolds, which may result in a better attachment of cells

and improved interaction with the environment [59, 60].

The quick reduction in crystallinity induced by the presence of the hydroxyapatite
nanopowder, by hindering with the PLLA fibers, was compared with the change in thermal
degradation, being that the composite resulted less crystalline and more amorphous. By
fitting the data in Fig. 47, a linear correlation can be seen, where a reduction in crystallinity
due to the presence of hydroxyapatite corresponds to a lower decomposition temperature:
the crystalline structure in the composite should bring a higher stability of the material; by
obstructing the formation of this structure, the amorphous phase takes over and the material

becomes more thermally sensible.
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Figure 47: Correlation of crystallinity index and decomposition temperature of the scaffolds

Further relations were made to confront crystallinity of the scaffolds with their elastic module,

but no direct correlation was found.
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Figure 48: Correlation between crystallinity index and elastic modules of the scaffolds
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On the other hand, tensile test shows interesting results: with both elastic module and
maximum strength value in mind, a particular behavior is shown: by adding a small amount of
hydroxyapatite, the plasticity of the scaffold is lost and quickly replaced by a brittle
characteristic. This is probably due to the presence of the nanopowder itself, that was shown
to hinder PLLA fibers with the XRD test, thus the higher fragility of the material. With further
addition of hydroxyapatite, though, a higher strength of the scaffold is reached, where
maximum strength and especially elastic module values overclass the ones of PLLA, and bring
higher tenacity to the composite material, able to withstand higher stresses: a great point
when talking about its application in bone regeneration. An even higher amount of
hydroxyapatite (MEW-10%), though, brings back down the scaffold properties: elastic module
is maintained higher than the pure polymer, but the strength of the sample drastically
decreases, as was directly noticed by the difficulty of moving the sample without damaging it
during experimentation; toughness of the composites does not significantly change between
each other, although in general is much lower than the polymer, also due to their brittle

nature.

Overall, data shows that there shall be an optimum condition around 5% hydroxyapatite,
where mechanical properties (maximum strength, elastic module) are the highest; further
increase in nanopowder over 10% would probably over-obstruct the polymeric chains, making

a more rigid and difficult composite overall, as long as the preparation and MEW are feasible.

Finally, cytotoxicity test resulted negative, and so the scaffolds are able to undergo the
bioactivity test. As results of the latter are not available yet, some hypotheses can be made.
Firstly, the composite shall be a good candidate for bone regeneration and cell proliferation:
although the structure of the print was not of very high precision due to the presence of
hydroxyapatite, cell diffusion shall not be completely hindered. Due to the nature of the
ceramic material present in the scaffolds, it is likely that this would act as site for cells to attach
to: from there, proliferation would continue, and more and more cells would be able to attach
to the composite scaffold. Even though a higher amount of hydroxyapatite would be better
due to the increase in attachment sites, mechanical factors (as well as sample preparation
complications) have to be taken into account: the increase in cell adhesion is not the only
variable that has to be kept in mind here, as structural stability needs to be maintained for a

long period of time. This makes tensile testing results an important asset to utilize. The optimal
71



condition is a composite with enough hydroxyapatite to improve cell adhesion, amount
mediated to obtain a scaffold with high mechanical resistance and strength: this would grant
a stable and durable structure that can sustain stresses, where osteoblastic cells easily

proliferate to promote bone tissue regeneration.

72



8. Conclusions

In this thesis work composites with different concentration of hydroxyapatite (from 0% to
10%) were produced. Scaffolds were then printed and characterized using a self-assembled

electrohydrodynamics guided melt electro-writing 3D printer.

The morphological characterization performed with SEM and Optical Laser Microscope
showed a relatively good quality print, even if the scaffolds resulted not completely regular

due to the presence of hydroxyapatite, that destabilized the electric field.

The chemical characterization performed through FT-IR, EDS and Raman spectrometry
showed a uniform distribution of hydroxyapatite across the PLLA fibers, with a total
concentration in line with the expected results: with their presence both before and after the
printing process, hydroxyapatite peaks confirmed homogenization and proportionality to the
expected composite concentration. TGA analysis further confirmed the presence of
hydroxyapatite and quantitatively showed the amount of remaining nanopowder after the
thermogravimetric test, again proportional to the expected concentrations. In conjunction
with that, DSC was also performed, but the resulting melting temperature showed no
substantial derivation from the pure component, indicating a non-chemical interaction

between the two materials.

Contact angle was also evaluated to determine the hydrophobicity of the sample, where an
overall increase was shown as hydroxyapatite content increased: to improve hydrophilicity

surface modification can be a possible solution.

With the addition of hydroxyapatite, changes in crystallinity were shown with XRD analysis,
where the nanopowder was confirmed to obstacle the polymer fibers by reducing the ability

to form crystalline structures, and therefore increasing the amorphous phase.

Brittle behavior was shown with the tensile testing: despite showing complete brittleness for
all the three composite samples, MEW-5% had good results in terms of max strength and
elastic module values, where the latter resulted much higher than the pure PLLA, expressing

promising results in terms of its mechanical resistance during the treatment in the patient.
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Finally, cytotoxicity for both the pure component and the hydroxyapatite-containing
composites was tested through WST-8 test on Human Dermal Fibroblast (HDF). The samples
were incubated for 24h and 72h before being tested. All the results showed that around 80%
of the cells was still alive after the test, thus confirming the non-cytotoxicity of the samples.
Moreover, the remaining 20% of cells might not have been completely dead, as some of the
cells could have attached to the scaffolds. Although a challenging task in this phase, this

hypothesis brings good expectations for the bioactivity test.

Acidity test was then performed to evaluate the degradation of the composites and the
possible acidification of the environment. Results showed a similar behavior to what was
expected from bibliography, where no dangerous behavior was observed over time.

Overall, the raw material production process, as well as the results after MEW printing,
confirmed the feasibility of the method to homogeneously disperse the nanopowder in the
polymer matrix. The addition of hydroxyapatite helped maintain good affinity to the
environment the scaffold would be exposed to. Although, when compared to the pure PLLA
scaffold, reduction in crystallinity and brittleness transition can be shown, more interesting
characteristics are highlighted, such as higher strength and lower deformation.

All in all, the PLLA-hydroxyapatite composite has shown great results in terms of sample
production, printing, and characterization outcomes. Although more studies would certainly
benefit further knowledge on this type of material, the data obtained in this thesis research
highlights some potential characteristics and properties of this composite material, showing

promising signs to applications for bone regeneration in the biomedical field.
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