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Introducción	
	

En	 este	 trabajo	 de	 Tesis	 se	 ha	 pretendido	 contribuir	 al	 avance	 en	 el	
desarrollo	de	nuevos	materiales	con	propiedades	mejoradas	para	su	aplicación	
en	 terapias	 de	 	 reparación	 y	 regeneración	 ósea.	 Las	 afecciones	 de	 huesos	 y	
articulaciones	causadas	por	el	envejecimiento,	las	malformaciones	esqueléticas,	
traumatismos	y	otras	enfermedades	como	osteoporosis,	artritis	o	cáncer	tienen	
un	 gran	 impacto	 sobre	 los	 individuos	 y	 la	 sociedad	 y	 representan	 uno	 de	 los	
principales	 problemas	 sanitarios.	 Existe	 por	 tanto	 una	 gran	 motivación	 para	
desarrollar	 biomateriales	 avanzados	 para	 reemplazar	 o	 regenerar	 el	 tejido	
dañado	 o	 enfermo.	 En	 los	 últimos	 años	 la	 aplicación	 de	 las	 nanociencias	 a	 la	
biomedicina	ha	permitido	el	desarrollo	de	nuevos	biomateriales,	 en	 forma	de	
nanopartículas1,2,	 nanofibras3,4	 y	 nanoestructuras5,	 con	 gran	 potencial	 para	
mejorar	los	tratamientos	ortopédicos	actuales.	

	
En	cirugía	ortopédica	los	injertos	óseos	autólogos	constituyen	el	material	de	

elección	para	la	reparación	de	los	defectos	óseos,	pero	su	cantidad	limitada	y	la	
morbilidad	que	causa	su	extracción	en	el	paciente	limitan	su	uso.	Por	otro	lado,	
los	 injertos	 alogénicos	 de	 hueso	 procedente	 de	 donantes,	 pueden	 causar	
problemas	de	rechazo	y	propagar	enfermedades	trasmisibles	de	difícil	control.	
En	 consecuencia,	 la	 necesidad	de	desarrollar	 implantes	 sintéticos	 con	buenas	
propiedades	 osteoinductoras	 y	 osteoconductoras,	 capaces	 por	 tanto	 de	 una	
osteointegración	eficiente,	constituye	un	objetivo	prioritario	en	la	investigación	
en	biomateriales.		

	
El	 tejido	 óseo	 tiene	 una	 arquitectura	 y	 composición	 determinadas	 que	 le	

otorgan	propiedades	biológicas	y	mecánicas	características.		La	parte	acelular	o	
matriz	extracelular	del	hueso	puede	considerarse	como	un	material	compuesto	
por	 un	 70%	 de	 componente	 inorgánico	 en	 forma	 de	 fosfatos	 de	 calcio,	
concretamente	 hidroaxiapatita	 (Ca18.3−0.7(PO4)4.3(HPO4,	 CO3)1.7(2OH,CO3)0.15.	 En	
la	 práctica	 clínica	 actual	 se	 utilizan	 una	 variedad	 de	 productos	 de	 fosfato	 de	
calcio	 en	 distintos	 formatos6,7	 como	 por	 ejemplo	 en	 recubrimientos	 de	
implantes	 metálicos	 en	 aquellas	 enfermedades	 que	 requieran	 altas	
prestaciones	 mecánicas	 inmediatas.	 Sin	 embargo,	 el	 avance	 de	 la	 medicina	
regenerativa	 y	 de	 las	 terapias	 celulares	 va	 marcando	 la	 necesidad	 de	
desarrollar	 nuevos	 tratamientos	 para	 promover	 la	 estimulación	 celular	
específica	 a	 niveles	 moleculares	 para	 favorecer	 la	 regeneración	 del	 tejido	
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dañado.	 En	 este	 sentido,	 la	 aproximación	 más	 extendida	 es	 la	 Ingeniería	 de	
Tejidos	 (IT),	 que	 requiere	 de	 biomateriales	 (también	 llamados	 andamios	 o	
matrices)	 para	 actuar	 como	 soporte	 celular,	 ejerciendo	 la	 funcionalidad	 de	 la	
matriz	 extracelular	 (MEC).	 En	 el	 caso	 del	 hueso,	 la	 MEC	 está	 formada	
principalmente	por	una	 fase	 inorgánica	 compuesta	por	 cristales	de	 fosfato	de	
calcio	y	una	fase	orgánica	compuesta	por	fibrillas	de	colágeno.	Se	ha	reportado	
que	las	nanofibras	de	colágeno	presentan	un	diámetro	de	entre	30‐300	nm.	En	
las	 nanofibras	 de	 colágeno,	 los	 monómeros	 (moléculas	 de	 tropocolágeno)	 se	
encuentran	desplazados	lateralmente	dando	lugar	a	un	espacio	de	35	nm	entre	
una	molécula	y	la	siguiente.	Mediante	microscopía	electrónica,	y	otras	técnicas	
como	 la	difracción	de	 rayos	X	 se	ha	observado	un	patrón	 recurrente	 con	una	
dimensión	 característica	 de	 67nm8.	 Este	 ordenamiento	 característico	 de	 las	
moléculas	 de	 colágeno	 se	 ha	 correlacionado	 con	 la	 existencia	 de	 secuencias	
ordenadas	 de	 péptidos	 que	 pueden	 ejercer	 una	 funcionalidad	 decisiva	 en	
procesos	de	reconocimiento	molecular	a	nivel	de	adhesión	celular	y	otros9.	

	
Como	se	ha	comentado,	 la	 investigación	en	nuevas	 terapias	óseas	dirigidas	

hacia	 la	 regeneración	 del	 tejido	 está	 demandando	 biomateriales	 soporte	más	
complejos	capaces	de	una	 interacción	 (comunicación)	adecuada	en	 la	 interfaz	
material‐célula.	Así,	los		avances	en	nanotecnología,	que	incluyen	nuevas	rutas	
de	 síntesis	 y	 procesado	 de	 materiales,	 están	 permitiendo	 la	 obtención	 de	
matrices	 (andamios)	 formados	 por	 nanofibras	 de	 polímeros	 sintéticos	 o	
biopolímeros.	 El	 interés	 de	 estos	 materiales	 es	 que	 estas	 estructuras	 nano	
fibrilares	 son	 biomiméticas	 de	 las	 estructuras	 naturales	 de	 la	 MEC.	 Esta	
morfología	 junto	 con	 la	 alta	 superficie	 específica	 y	 la	 estructura	microporosa	
que	presentan	resultan	propiedades	muy	interesantes	para	intentar	promover	
y	 potenciar	 distintos	 procesos	 celulares	 como	 son	 la	 adhesión,	 proliferación,	
migración	 y	 diferenciación.	 En	 la	 actualidad	 existen	 distintas	 técnicas	 que	
permiten	 el	 procesado	 de	 polímeros	 en	 forma	 de	 nanofibras	 como	 son	 el	
electrohilado	(electrospinning),	el	autoensamblado	o	las	técnicas	de	separación	
de	fases.	Entre	ellas,	el	electrohilado	es	quizá	la	técnica	más	estudiada	habiendo	
mostrado	 algunos	 resultados	muy	prometedores.	Por	otra	parte,	 los	procesos	
de	 separación	 de	 fases	 se	 han	 difundido	 menos,	 particularmente	 para	 su	
aplicación	en	biomateriales	o	matrices	para	biomedicina.		

	
En	el	tejido	óseo,	el	colágeno	tiene	una	estructura	fibrilar	 jerárquica	que	le	

confiere	importante	funcionalidad	biomecánica	y	biológica.	Estas	propiedades	y	
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la	 posibilidad	 de	 obtenerlo	 por	 purificación	 de	 distintos	 animales	 han	
propiciado	 su	 utilización	 como	 biomaterial	 para	 distintas	 aplicaciones.	 Sin	
embargo,	existen	distintos	inconvenientes	a	su	utilización	como	son	la	posible	
transmisión	de	patógenos	y	enfermedades.	Estos	problemas	han	promovido	la	
investigación	 hacia	 la	 obtención	 de	 nuevos	 materiales	 sintéticos	 que	 se	
asemejen	 a	 las	 estructuras	 nanofibrilares	 del	 colágeno	 natural.	 Una	 variante	
interesante	son	las	estructuras	nanofibrilares	de	gelatina	que	se	han	obtenido	
tanto	por	electrohilado	como	por	la	técnica	de	separación	de	fases	inducida	por	
temperatura	 (TIPS)10,11.	 La	 gelatina	 es	 un	 biopolímero	 producido	 a	 partir	 de	
distintos	 tratamientos	 de	 colágeno	 (colágeno	 desnaturalizado)	 y	 cuyo	 uso	
presenta	 distintas	 ventajas	 como	 mayor	 seguridad	 sanitaria,	 bajo	 costo	 y	
disponibilidad,	alta	biocompatibilidad	y	biodegrabilidad.	

	
	Por	otro	lado,	los	materiales	de	biovidrio,	descubiertos	por	el	Prof.	L.	Hench	

en	los	años	70	son	uno	de	los	materiales	biocerámicos	con	mejores	propiedades	
de	 osteointegración12.	 Su	 versión	 más	 evolucionada	 en	 forma	 de	 materiales	
nanoporosos	ordenados,	Mesoporous	Bioactive	Glasses	 (MBG)	ha	demostrado	
tener	unas	propiedades	muy	relevantes	para	su	aplicación	como	materiales	en	
reparación	y	 regeneración	ósea	 13.	 	A	 sus	propiedades	bioactivas,	promotoras	
de	la	osteointegración,	se	une	su	capacidad	para	albergar	y	estabilizar	distinto	
tipo	 de	 moléculas	 terapéuticas	 como	 son	 distintos	 factores	 de	 crecimiento	 y	
antibióticos14,15.		

	
 

Motivación	y	objetivos		

Teniendo	 como	 objetivo	 su	 desarrollo	 para	 aplicaciones	 en	 terapias	 de	
reparación	 y	 regeneración	 ósea,	 en	 este	 trabajo,	 se	 han	 estudiado	 nuevos	
materiales	 nanoestructurados	 basados	 en	 el	 procesado	 de	 biopolímero	 de	
gelatina	mediante	 la	 técnica	de	separación	de	 fases	 inducida	por	 temperatura	
(TIPS).	Una	motivación	para	la	experimentación	utilizando	este	procedimiento	
ha	sido	la	posibilidad	“a	priori”		de	obtener	materiales	económicamente	viables	
y	 con	 potencialidad	 para	 ser	 procesados	 de	 una	 forma	 controlable,	
reproducible	 y	 escalable	 industrialmente.	 La	 técnica	 TIPS	 presenta	 además	
otras	 ventajas	 respecto	 a	 técnicas	 como	 el	 electrohilado	 como	 son	 la	 no	
necesidad	 de	 utilizar	 solventes	 orgánicos	 con	 toxicidad	 elevada	 los	 cuales	
pueden	degradar	la	estructura	del	colágeno.	
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En	 el	 trabajo	 se	 aborda	 la	 síntesis,	 el	 procesado,	 la	 caracterización	 y	 el	
estudio	 de	 algunas	 propiedades	 relevantes	 de	 materiales	 nanofibrilares	
basados	 en	 polímero	 de	 gelatina.	 Igualmente	 se	 ha	 realizado	 el	 estudio	 de	
nuevas	variantes	que	han	consistido	en	 la	 	 funcionalización	con	nanofibras	de	
colágeno	nanoestructurado	(con	espaciado	D)	y	el	conformado	en	estructuras	
híbridas	de	biopolímero	y	material	biocerámico	nanoporoso	ordenado	(MBG).	
El	contenido	del	trabajo	se	ha	estructurado	en	capítulos	tal	y	como	se	resume		a	
continuación:		

Capítulo	1	
	

En	 el	 capítulo	 1	 se	 hace	 una	 introducción	 sobre	 la	 necesidad	 de	 nuevas	
alternativas	 para	 el	 desarrollo	 de	 nuevos	 materiales	 en	 reparación	 y	
regeneración	 ósea	 y	 se	 repasan	 algunos	 aspectos	 sobre	 la	 composición,	
estructura	 y	 	 fisiología	 ósea.	 También	 se	 indica	 la	 evolución	 que	 se	 ha	
producido	 en	 el	 campo	 de	 los	 biomateriales	 en	 las	 últimas	 décadas	 y	 los	
productos	 comerciales	 actualmente	 disponibles.	 Finalmente,	 se	 destaca	 la	
importancia	 de	 la	 Ingeniería	 de	 Tejidos	 para	 la	 evolución	 hacia	 terapias	más	
avanzadas	 y	 la	 relevancia	 de	 la	 nanoescala	 y	 su	 control	 para	 el	 diseño	 de	
biomateriales	con	mayor	funcionalidad.		
	
Capítulo	2	
	

En	 este	 capítulo	 se	 ha	 estudiado	 el	 proceso	 de	 síntesis	 de	 matrices	 de	
gelatina	con	estructura	nanofibrosa	mediante	la	técnica	TIPS.	Se	ha	estudiado	el	
efecto	 de	 diferentes	 	 parámetros	 de	 procesado	 como	 la	 concentración	 y	
proporción	de	 los	distintos	 reactivos,	 el	 orden	y	modificación	de	 las	distintas	
etapas	 como	 incorporación	 de	 un	 agente	 formador	 de	 poros	 (PEMA;	
Polimetilmetacrilato)	 y	 otras	 variables	 de	 proceso	 como	 el	 tratamiento	 de	
entrecruzamiento	(cross‐linking).		

		
Los	 resultados	 más	 significativos	 plasmados	 en	 este	 capítulo	 han	 sido	 la	

preparación	y	 caracterización	de	una	variedad	de	estructuras	de	gelatina	y	 la	
correlación	 de	 sus	 características	 	 con	 los	 distintos	 parámetros	 de	 procesado	
utilizados.	El	análisis	de	los	materiales	obtenidos	ha	permitido	una	selección	de	
los	 parámetros	 de	 proceso	 más	 óptimos	 para	 obtener	 las	 estructuras	
nanofibrilares	y	que	se	pueden	resumir	en	una	concentración	de	biopolímero	
del	5.4%	(wt/v),	una	proporción	de	los	solventes	agua/etanol	del	50/50	(v/v)	y	
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una	 temperatura	 de	 acondicionamiento	 de	 la	 mezcla	 antes	 del	 paso	 de	
enfriamiento	brusco	(quenching)	de	38°C.	Con	estas	condiciones	se	obtuvieron	
de	 forma	 reproducible	 materiales	 formados	 por	 un	 entramado	 nanofibrilar	
(NfGel)	con	cavidades	de	1.1	µm	de	diámetro	de	media.	El	diámetro	de	sección	
de	 las	 nanofibras	 se	 midió	 en	 torno	 a	 los	 170	 nm.	 	 Para	 el	 caso	 de	 las	
preparaciones	utilizando	el	agente	formador	de	poros	los	parámetros	medidos	
para	 los	 materiales	 finales	 (MNfGel)	 fueron	 macroporos	 de	 141	 µm	 y	
nanofibras	 de	 60	 nm	 de	 diámetro.	 Ambos	 tipos	 de	 matrices	 presentaron	
estabilidad	 en	 medio	 acuoso	 y	 a	 temperatura	 fisiológica	 tras	 el	 	 tratamiento	
final	de	entrecruzamiento.		

	

Capítulo	3	
	

En	 este	 capítulo,	 el	 objetivo	 era	 la	 funcionalización	 de	 las	 estructuras	 de	
gelatina	 obtenidas	 en	 el	 capítulo	 2	 utilizando	 nanofibras	 de	 colágeno	
nanoestructurado	 (con	 espaciado	 D).	 En	 una	 primera	 parte	 el	 contenido	 del	
capítulo	 se	 centra	 en	 la	 síntesis	 de	 fibrillas	 de	 colágeno	 (fibrilogénesis)	 con	
periodicidad	D	a	partir	de	un	producto	precursor	comercial	consistente	en	una	
solución	ácida	de	monómeros	de	colágeno.	En	el	trabajo	se	estudia	la	influencia	
de	distintos	parámetros	como	la	composición,	pH	y	fuerza	iónica	del	tampón	de	
neutralización,	la	temperatura	y	tiempo	de	incubación	del	proceso.	Además,	se	
aborda	 la	 modificación	 y	 adaptación	 del	 proceso	 TIPS	 del	 capítulo	 2	 para	 la	
obtención	 de	 matrices	 (sin	 macroporos	 y	 macroporosas)	 y	 adecuarlo	 a	 las	
características	 y	 estabilidad	 de	 la	 preparación	 precursora	 de	 nanofibrillas	 de	
colágeno	estructurado.	El	mantenimiento	de	la	estructura	de	las	nanofibras	de	
colágeno	 en	 el	 entramado	 nanofibroso	 de	 gelatina	 se	 ha	 confirmado	 por	
diferentes	técnicas,	destacando	la	difracción	de	rayos	X	(DRX)	y	la	microscopía	
electrónica	de	transmisión	(TEM).	La	biocompatibilidad	de	los	materiales	se	ha	
estudiado	mediante	ensayos	celulares	de	adhesión	y	diferenciación	utilizando	
células	 madre	 mesenquimales	 humanas,	 human	 Mesenquimal	 Stem	 Cells	
(hMSCs).		

	
Los	resultados	más	importantes	son,	por	un	lado	la	obtención	de	fibrillas	de	

colágeno	estructurado	 con	una	periodicidad	D	 robusta	medida	de	67	nm.	Las	
fibras	obtenidas	resultaron	relativamente	homogéneas	con	un	diámetro	de	150	
nm.	Las	condiciones	de	fibrilogénesis	más	óptimas	de	las	estudiadas	se	pueden	
resumir	 en	 tampón	 fosfato	 con	 concentración	 de	 fosfatos	 de	 30	 mM,	 fuerza	
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iónica	 superior	 a	 250	 mM	 y	 pH	 de	 7.4,	 utilizando	 un	 tiempo	 de	 incubación	
mínimo	 de	 24	 h	 a	 34°C.	 Por	 otro	 lado,	 La	 incorporación	 de	 las	 fibrillas	 de	
colágeno	a	las	estructuradas	mixtas	con	biopolímero	de	gelatina	mediante	TIPS	
(FCol‐NfGel),	dio	lugar	a	la	obtención	de	matrices	con	nanofibras	de	77	nm	de	
diámetro.	Además	se	obtuvieron	matrices	funcionalizadas	con	macroporosidad	
de	 unos	 140	 µm	 (MFCol‐NfGel).	 La	 homogeneidad	 en	 la	 distribución	 de	 las	
fibrillas	 de	 colágeno	 en	 la	 matriz	 nanofibrosa	 de	 gelatina	 fue	 observada	
mediante	 inmunotinción.	 Mediante	 las	 técnicas	 de	 difracción	 de	 rayos	 X	 y	
microscopía	electrónica	de	transmisión	se	comprobó	la	calidad	de	la	estructura	
D	del	 colágeno	 tras	 todo	el	procesado	de	 las	piezas,	 observándose	una	buena	
definición	de	la	estructura	tanto	en	los	picos	de	difracción	característicos	como	
en	 el	 contraste	 típico	 del	 espaciado	 D.	 Finalmente	 se	 estudiaron	 las	
propiedades	 biológicas	 de	 las	 nuevas	 matrices	 funcionalizadas	 con	 la	
incorporación	 de	 colágeno	 estructurado	 en	 comparación	 con	 las	matrices	 sin	
funcionalizar.	 Los	 resultados	 han	 sido	 muy	 claros	 indicando	 la	 mejora	 en	 la	
adhesión	 y	 proliferación	 de	 las	 células	 hMSCs	 sobre	 las	 matrices	
funcionalizadas	 MFCol‐NfGel.	 Igualmente,	 se	 observaron	 evidencias	 de	
diferenciación	mediante	 la	 producción	 de	 osteocalcina	 tras	 14	 	 y	 21	 días	 de	
cultivo.		
	

Capítulo	4	
	

El	 objetivo	 del	 capítulo	 4	 ha	 sido	 el	 procesado	 de	 estructuras	 híbridas	 de	
biopolímero	nanofibrilar	y	material	biocerámico	nanoporoso	ordenado	(MBG).	
El	 biovidrio	 nanoporoso	 en	 el	 sistema	 SiO2‐CaO‐P2O5	 se	 sintetizó	mediante	 la	
técnica	 sol‐gel	 y	 la	 utilización	 de	 una	 molécula	 directora	 de	 estructura.	 El	
trabajo	inicial	consistió	en	adaptar	el	protocolo	TIPS	establecido	en	el	capítulo	
2	 para	 la	 incorporación	 de	 las	 micropartículas	 de	 MBG	 en	 la	 obtención	 de	
dispositivos	 híbridos	 de	 nanofibras	 de	 gelatina‐MBG	 homogéneos	 y	
reproducibles.	 Los	 materiales	 fueron	 caracterizados	 con	 distintas	 técnicas	
físico‐químicas	 para	 evaluar,	 entre	 otras,	 sus	 propiedades	 texturales.	 La	
bioactividad	 de	 los	 materiales	 fue	 ensayada	 in	 vitro	 mediante	 el	 ensayo	
estandarizado	en	solución	salina	 fisiológica	(Simulated	Body	Fluid	(SBF)).	Por	
otra	parte	se	estudió	la	funcionalidad	del	material	híbrido	en	comparación	con	
su	 homólogo	 sin	 MBG	 para	 la	 incorporación	 y	 liberación	 del	 antibiótico	
gentamicina.	Las	propiedades	bactericidas	de	los	dispositivos	se	evaluaron	con		
bacterias	 habitualmente	 presentes	 en	 infecciones	 óseas.	 Finalmente,	 la	
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biocompatibilidad	 de	 los	 materiales	 se	 ha	 ensayado	 en	 cultivos	 con	 	 células	
osteoprogenitoras.		

	
Los	principales	resultados	de	este	capítulo	son	la	obtención	de	dispositivos	

(MBG‐NfGel)	reproducibles	consistentes	en	una	matriz	de	gelatina	nanofibrosa	
y	micropartículas	de	MBG	homogéneamente	distribuidas	en	todo	el	conjunto	de	
la	pieza.	Los	ensayos	de	caracterización	in	vitro	de	los	materiales	han	indicado	
que	 la	 incorporación	 de	 las	 micropartículas	 de	 MBG	 a	 la	 matriz	 de	 gelatina	
produce	 un	 aumento	 en	 la	 bioactividad	 testada	 en	 SBF	 así	 como	 una	
disminución	en	la	velocidad	de	biodegradación	en	un	ensayo	con	colagenasa	in	
vitro.	Los	valores	de	superficie	específica	y	volumen	de	mesoporo	medidos	para	
los	 dispositivos	 híbridos	 MBG‐NfGel	 	 han	 sido	 de	 197	 m2	 g‐1	 y	 0.20	 cm3	 g‐1	

respectivamente	 lo	 que	 ha	 permitido	 la	 incorporación	 de	 129	 µg	 mg‐1	 de	
antibiótico	 gentamicina	 por	 masa	 de	 material.	 Los	 ensayos	 de	 liberación	 de	
gentamicina	 in	vitro	del	dispositivo	híbrido	en	 comparación	 con	 su	homólogo	
sin	 MBG	 han	 indicado	 las	 propiedades	 mejoradas	 del	 MBG‐NfGel	 para	 la	
liberación	 de	 forma	 sostenida.	 Los	 ensayos	 de	 actividad	 bactericida	 han	
confirmado	 la	 estabilidad	 de	 la	 molécula	 de	 antibiótico	 en	 el	 dispositivo	
durante	 todo	 el	 proceso	 de	 incorporación	 y	 posterior	 liberación.	 La	
concentración	 de	 moléculas	 de	 gentamicina	 liberada	 tras	 10	 días	 en	 los	
experimentos	in	vitro	se	ha	determinado	en		6	µg	mL‐1,	la	cual	está	por	encima	
de	la	concentración	mínima	inhibitoria	(MIC)	para	S.	aeruginosa	and	S.	aureus.		
Los	 ensayos	 de	 biocompatibilidad	 realizados	 con	 células	 osteoprogenitoras	
también	 han	 sido	 positivos	 en	 cuanto	 al	 aumento	 en	 la	 proliferación	 celular	
para	 los	 dispositivos	 híbridos	 MBG‐NfGel	 en	 comparación	 con	 las	 matrices	
compuestas	únicamente	por	gelatina.		
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Chapter	1	General	Introduction

1. CLINICAL	NEED	FOR	BONE	SUBSTITUTES	
	

Bone	 tissue	 has	 a	 remarkable	 ability	 to	 regenerate	 and	 heal	 itself	 but	 in	
some	pathological	cases	as	diseases	(osteoporosis,	arthritis,	cancers),	 traumas	
or	infections,	the	bone	does	no	function	properly1.	Sometimes	the	pathological	
condition	involves	massive	resections	of	bone	tissue	or	fractures	which	can	not	
heal,	 therefore	 the	 resulting	 defect	 should	 be	 stabilised	 and	 filled	 or	
reconstructed	with	bone	substitutes1,2.	Autologous	bone	grafts	are	considered	
the	 gold	 standard	 for	 defect	 repair,	 but	 the	 amount	 of	 available	 donor	 tissue	
and	the	high	associated	morbidity	limit	their	use.		
	

The	 rising	 number	 of	 patients	 suffering	 from	 age‐related	 musculoskeletal	
diseases	 can	 become	 a	 significant	 economic	 burden	 in	 an	 aging	 society3.	
Therefore,	the	development	of	biomaterials	to	replace	or	regenerate	damaged	
tissue	 in	 orthopedic	 treatments	 is	 growing	 increasingly.	 A	 biomaterial	 is	
defined	as	‘‘a	substance	that	has	been	engineered	to	take	a	form	which,	alone	or	
as	part	of	 a	 complex	 system,	 is	used	 to	direct,	 by	 control	of	 interactions	with	
components	 of	 living	 systems,	 the	 course	 of	 any	 therapeutic	 or	 diagnostic	
procedure,	 in	 human	 or	 veterinary	 medicine”4.	 It	 refers	 to	 a	 vast	 range	 of	
different	 organic	 and	 inorganic	 materials	 as	 will	 be	 detailed	 later	 in	 this	
chapter.		

	
In	 the	 recent	 years,	 new	 synthesis	 routes	 using	 nanotechnology	 have	

developed	a	variety	of	biomaterials	 in	 the	 form	of	nanoparticles,	nanofibers7,8	
and	nanostructures9	offering	materials	 that	show	new	unique	mechanical	and	
physico‐chemical	 properties	 which	 could	 improve	 present	 orthopedic	
treatments	and	therapies.	 

	
	

	

2. HIERARCHICAL	BONE	STRUCTURE		

In	order	to	understand	the	development	of	biomaterials	in	orthopedics,	it	is	
necessary	 to	understand	biology,	physiology,	 composition	 and	 architecture	of	
the	bone	tissue.	Bone	tissue	has	a	hierarchical	organization	over	 length	scales	
that	span	several	orders	of	magnitude	from	the	macro	(centimeter)	to	the	nano	
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(nanometer)	 scale	 formed	 by	 the	 nanostructured	 Extracellular	 Matrix	 (ECM)	
components10,	 as	 Fig.	 1.1	 shows.	 Mature	 bones	 consist	 of	 a	 central	 fatty	 or	
hematopoietic	marrow,	where	Mesenchymal	Stem	Cells	(MSCs)	are	found,	and	
which	 is	 supported	 and	 surrounded	 by	 bone	 tissue	 and	 periosteum11.	 	 The	
tissue	 parts	 components	 of	 long	 bones	 are	 diaphysis	 (the	 long	 portion)	 and	
epiphysis	 including	 the	epiphyseal	plates.	 	The	diaphysis	of	 the	bone	primary	
consists	of	cortical	(compact)	bone	whereas	the	epiphysis	consists	of	cancellous	
(spongy)	bone.	The	epiphysis	is	covered	in	articular	cartilage	for	lower	friction	
contact	with	other	bones	whereas	the	rest	of	the	bone	surface	is	covered	by	the	
periosteum	 which	 is	 fibrous	 conjunctive	 tissue	 1,11,12.	 Although	 cortical	 and	
cancellous	 bone	have	 the	 same	 composition,	 differences	 in	 ECM	and	porosity	
distribution	 and	 arrangement	 are	 responsible	 for	 the	 differences	 in	 their	
mechanical	properties11,13.	The	cortical	bone	consists	of	closely	packed	osteons	
or	 haversian	 system	 showing,	 in	 normal	 condition,	 a	 porosity	 of	 10%.	 	 The	
osteon	 is	 the	 fundamental	 functional	 unit	 of	 the	 cortical	 bone	 and	 is	 a	
cylindrical	 structure	 with	 200	 µm	 in	 diameter	 and	 1‐5	 cm	 in	 length12.	 The	
osteon	consists	of	a	central	canal,	called	the	osteonic	(haversian)	canal,	that	is	
surrounded	by	concentric	rings	(lamellae)	of	matrix	of	2‐3	µm	in	thickness	14.	
Between	 the	 rings	 of	 the	 matrix,	 the	 bone	 cells	 (osteocytes)	 are	 located	 in	
spaces	 called	 lacunae.	 Small	 channels	 (canaliculi)	 radiate	 from	 the	 lacunae	 to	
the	osteonic	(haversian)	canal	to	provide	passageways	through	the	hard	matrix.	
In	the	compact	bone,	the	haversian	systems	are	packed	tightly	together	to	form	
a	dense	material	presenting	an	elastic	Young’s	modulus	of		17–20	GPa	along	the	
longitudinal	 axis	 and	 6–13	 GPa	 along	 the	 transverse	 axis	 1,15.	 The	 cancellous	
bone	is	less	dense	(50	to	90	%	of	porosity)	than	compact	bone,	and	consists	of	
plates	(trabeculae)	and	struts	of	bone	adjacent	to	small,	 irregular	cavities	that	
contain	red	bone	marrow11.	Young´s	modulus	of	0.05‐0.5	GPa	are	reported	for	
cancellous	bone16.	The	bone	inside	each	trabeculae	is	mature	laminar	material	
and	the	osteocytes	are	oriented	concentrically	with	a	canaliculi	connecting	the	
adjacent	 cavities	 to	 receive	 blood	 supply.	 The	 trabeculae	 are	 arranged	 to	
provide	maximum	strength.			
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Figure	1.1.	Hierarchical	bone	organisation.	Macro	 structure	of	 a	 large	bone	 (a)17	 and	 spongy	and	compact	
(b)18	organisation.	At	the	microscale,	cells	within	the	ECM	(c)19.	At	the	nanoscale,	collagen	and	hydroxyapatite	
assembled	into	mineralised	fibril	bundle	(d)	20. 

There	are	three	types	of	bone	cells:	osteoblasts,	osteocytes,	and	osteoclasts.	
Osteoblasts	 are	 cells	which	have	differentiated	 from	MSCs	and	 their	principal	
function	is	to	produce	and	secrete	the	organic	and	inorganic	components	of	the		
bone	ECM1,21.	Osteoblasts	can	have	two	fates;	 they	become	embedded	in	 their	
own	bone	matrix	and	become	osteocytes,	or	undergo	apoptosis	(programmed	
cell	death).	Osteoblasts	are	 responsible	 for	 the	deposition	of	bone	matrix	and	
regulation	of	osteoclast	 activity.	Osteocytes	 remain	 trapped	within	 the	matrix	
and are	 thought	 to	 be	 mechanosensor	 cells	 that	 control	 the	 activity	 of	
osteoblasts	 and	 osteoclasts.	 The	 third	 cell	 type	 is	 the	 osteoclast,	 which	 is	 a	
multinucleated	 cell	 derived	 from	 fusion	 of	 mononuclear	 hematopoietic	
precursors.	 The	 primary	 function	 of	 osteoclasts	 is	 to	 secrete	 acids	 and	
proteolytic	enzymes,	which	erode	bone	ECM	in	 the	bone	remodelling	process,	
under	 the	 influence	 of	 chemical	 cues1.	 The	 combination	 of	 the	 calcium	
phosphate	 mineral	 phase,	 collagen	 and	 living	 cells	 gives	 the	 bone	 its	
outstanding	properties	of	hardness,	toughness	and	self‐renewal	capacity22.	
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The	ECM	is	the	structural	support	for	cells	as	well	as	it	provides	a	variety	of	
chemical	 cues	 (hormones	 and	 growth	 factors)	 which	 regulate	 bone	
functionality.		Cortical	and	cancellous	bones	have	the	same	matrix	composition	
and	structure.	The	ECM	is	a	biphasic	matrix	of	organic	and	inorganic	elements.		
The	main	component	of	the	inorganic	phase	is	calcium	carbonate	phosphate	in	
the	 form	 of	 spindle‐	 or	 plate‐shaped	 particles	 of	 crystalline	 hydroxyapatite	
(Ca18.3−0.7(PO4)4.3(HPO4,	CO3)1.7(2OH,CO3)0.15)	12	with	average	lengths	and		widths	
of	50	x	25	nm23.	The	crystals	are	very	thin,	with	thicknesses	varying	from	just	
1.5	 nm	 for	 mineralized	 tendon	 up	 to	 about	 4	 nm	 for	 some	 mature	 bone	
types3,12.		The	organic	phase	is	mainly	formed	by	Type	I	collagen	fibbers	which	
correspond	 to	 the	 90%	 of	 the	 total	 protein1,24.	 Collagen	 molecules	 are	
assembled	 leading	 to	 a	 staggered	 arrangement	 of	 parallel	 molecules	 with	 a	
periodicity	 of	 D	 =	 67	 nm12.	 Other	 non‐collagenous	 proteins	 are	 osteonectin,	
osteocalcin	(OC),	osteopontin	(OP),	proteoglycans,	 fibronectin	and	vitronectin.	
Osteocalcin	is	suggested	to	play	a	role	in	osteoclast	migration25	and	osteopontin	
is	 a	 multifunctional	 extracellular	 glycoprotein	 involved	 primarily	 in	 cell	
migration	 and	 regulation	 of	mineral	 deposition26.	 Fibronectin	 and	 vitronectin	
play	a	key	role	in	cell‐binding27.	

	
	

	

3. BONE	REMODELING	

Bone	is	a	metabolically	active	organ	that	undergoes	continuous	remodelling	
throughout	 an	 individual’s	 life.	 Bone	 remodelling	 serves	 to	 adjust	 bone	
architecture	 to	 meet	 changing	 mechanical	 needs	 and	 it	 helps	 to	 repair	
microdamages	in	bone	matrix	preventing	the	accumulation	of	old	bone.	It	also	
plays	 an	 important	 role	 in	 maintaining	 plasma	 calcium	 homeostasis28.	 The	
remodelling	 bone	 cycle	 consists	 of	 five	 phases	 which	 are	 activation	
(differentiation	 of	 preosteoclasts	 into	 mature	 osteoclasts),	 resorption	
(osteoclasts	digest	old	bone),	reversal	(mononuclear	cells	appear	on	the	surface	
of	bone),	 formation	(osteoblasts	synthesize	new	bone	matrix),	and	quiescence	
(osteoblasts	 become	 resting	 bone‐lining	 cells	 on	 the	 newly	 formed	 bone	
surface)3,28.	The	 regulation	of	 bone	 remodeling	 is	 regulated	by	hormones	 and	
growth	 factors.	 The	 major	 systemic	 regulators	 include	 parathyroid	 hormone	
(PTH),	calcitriol,	and	other	hormones	such	as	growth	hormone,	glucocorticoids,	
thyroid	 hormones,	 and	 sex	 hormones28.	 Growth	 factors	 can	 act	 directly	 on	
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specific	osteoblasts	as	local	regulators	of	cell	growth	and	function	or	promoting	
osteogenesis	 inducing	 osteoprogenitor	 cell	 migration.	 Bone	 morphogenetic	
proteins	 (BMPs‐2‐16)	 play	 a	 critical	 role	 in	 modulating	 MSCs	 differentiation	
whereas	 	other	growth	 factors	such	as	 transforming	growth	 factor	beta	(TGF‐
b),	 insulin‐like	 growth	 factor	 I	 and	 II	 (IGF‐I,	 IGF‐II)	 and	 fibroblast	 growth	
factors	(FGFs)	all	affect	already	differentiated	bone‐forming	cells,	causing	them	
to	 divide	 or	 increase	 secretion	 of	 ECM,	 and	 proteins	 22,29.	 Besides,	 growth	
factors	can	induce	angiogenesis	such	as	basic	fibroblast	growth	factors	1	and	2	
(bFGF‐1/2)	 and	 vascular	 endothelial	 growth	 factor	 (VEGF).	 Furthermore,	
through	 the	 RANK/receptor	 activator	 of	 NF‐kappa	 B	 ligand	
(RANKL)/osteoprotegerin	(OPG)	system	the	processes	of	bone	resorption	and	
formation	are	tightly	coupled	allowing	a	wave	of	bone	formation	to	follow	each	
cycle	of	bone	resorption,	thus	maintaining	skeletal	integrity28.		

	
	
	

4. BIOMATERIALS	IN	ORTHOPEDICS	
	
4.1. Biomaterials	from	natural	origin	

	
Autologous	 bone	 has	 long	 been	 considered	 the	 “gold	 standard”	 of	 the	

biomaterials	used	to	the	bone	repair,	 it	combines	all	properties	required	for	a	
bone	graft	material:	osteoinduction	(bone	morphogenetic	proteins	(BMPs)	and	
other	 growth	 factors),	 osteogenesis	 (osteoprogenitor	 cells)	 and	
osteoconduction	(scaffold)	and	although	the	use	of	autogenous	bone	continues	
to	 be	 an	 invaluable	 technique	 in	 the	 management	 of	 more	 difficult	 cases30,31	
there	 are	 important	 drawbacks	 as	 the	 requirement	 of	 an	 additional	 surgical	
procedure	 and	 other	 disadvantages	 as	 quantity	 restrictions,	 morbidity	 and	
substantial	cost31,32.	

	
In	clinical	use,	other	alternatives	of	natural	origin	are	allogenic	(from	human	

donors)	 and	 xenogenic	 (from	 animals)	 biomaterials33.	 The	 problem	 with	
allografts	 is	 the	 potential	 communicable	 diseases;	 therefore	 a	 process	 to	
deactivate	virus	and	bacteria	and	to	sterilise	the	material	 is	necessary.	During	
this	 process	 proteins	 in	 the	 ECM	 are	 also	 inactivated.	 These	 biomaterials	 are	
usually	 osteoinductive	 (they	 release	 bone	 morphogenic	 proteins	 that	 act	 on	
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bone	cells)	and	osteoconductive,	but	lack	osteogenic	properties	because	of	the	
absence	of	 viable	 cells33,34.	 In	 addition,	 allograft	 and	 xenograft	 products	 carry	
histocompatibility	antigens	different	 from	those	of	 the	host	with	an	 increased	
risk	of	potential	graft	versus	host	reaction.		

	
Products	as	Maxgraft®	(Botiss	Biomaterials)	and	Puros®35	(Zimmer	Biomet)	

are	allografts	obtained	from	human	donors.	The	first	is	obtained	from	femoral	
heads	of	living	donors	and	used	for	oral	and	maxillofacial	surgery.	The	second	
is	a	 thoracolumbar	allograft	obtained	 from	cadaver	bone.	Other	commercially	
available	products	are	demineralized	bone	matrices	(DBM)	which	are	sponge‐
like	 collagen	 from	 human,	 equine	 or	 bovine	 origin;	 therefore	 they	 can	 be	
allografts	or	xenografts	depending	on	the	origin.	Grafton®	DBM	(BioHorizons)	
is	a	DBM	from	human	origin	used	as	dental	implant.	Xenogenic	grafts	as	porous	
hydroxyapatite	 (HA)	 can	 be	 obtained	 from	 animal	 bones	 or	 seaweeds.	
BioOss®36	 (Geistlich	 Biomaterials)	 and	 Cerabone®	 (Botiss	 Biomaterials)	 are	
products	available	commercially	composed	of	HA	from	bovine	bones	origin	for	
dentistry	applications.	BioOss®	is	one	of	the	most	common	bone	substitute	used	
in	all	fields	of	dental	surgery,	since	it	is	osteoconductive,	stable	for	a	long‐time	
and	 has	 a	 pore	 structure	 similar	 to	 human	 bone37.	 	 Nu‐Oss®	 (Henry	 Schein),	
Biotek®	 (Mecktron)	 and	 Osteobiol®	 (American	 Dental	 Systems)	 are	 HA	
products	 from	 cow,	 horse	 and	 pig,	 respectively.	 	 Besides,	 the	 commercial	
product	 can	 be	 obtained	 from	 phytogenic	 resources	 such	 as	 Algipore®	
(DENTSPLY)	 which	 is	 a	 bone‐analogue	 calcium	 phosphate	 obtained	 from	
marine	 algae38.	 Another	 product	 is	 ProOsteon®	 (Biomet	 Orthopaedics),	 a	
resorbable	 bone	 graft	 material	 derived	 from	 an	 abundant	 non‐decorative	
coral39,40.	

	

4.2. Synthetic	Biomaterials		
	
Bone	 is	 a	 tissue	whose	 special	 architecture	 and	 composition	 (the	 acellular	

part	is	a	composite	material	consisting	of	approximately	70	wt	%	of	inorganic	
components	in	the	form	of	calcium	phosphates41)	has	allowed	the	development	
of	 synthetically	 derived	 biomaterials.	 Biomaterials	 are	widely	 used	 in	 repair,	
replacement	or	augmentation	of	diseased	or	damaged	bones.	The	progress	of	
biomaterials	in	the	last	50	years	has	been	described	and	named	as	first,	second	
and	third	generation	materials41,42.	The	first	generation	involved	the	search	of	
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bioinert	materials,	whereas	the	second	generation	materials	were	designed	to	
be	either	resorbable	or	bioactive.	By	the	2000s,	a	third	generation	is	combining	
these	two	properties	with	the	aim	of	developing	materials	that,	once	implanted,	
will	 help	 the	 body	 heal	 itself43.	 Third‐generation	 biomaterials	 are	 being	
designed	 to	 stimulate	 specific	 cellular	 responses	 at	 the	 molecular	 level.		
Incoming	 fourth	 generation	 materials,	 is	 envisaged	 would	 mimic	 natural	
tissues,	recreating	the	molecular	architecture	and	biochemical	environment	to	
surround	cells	with	the	proper	stimuli	to	spread	and	grow44,45.	

	
	

4.2.1. First	and	second	generation	biomaterials	
	

When	 synthetic	materials	 were	 first	 used	 in	 orthopedic	 interventions,	 the	
only	requirement	was	to	‘achieve	a	suitable	combination	of	physical	properties	
to	 match	 those	 of	 the	 replaced	 tissue	 with	 a	 minimal	 toxic	 response	 of	 the	
host’46.	Therefore,	 the	main	 requirement	was	 to	be	 ‘inert’	 so	 as	 to	 reduce	 the	
immune	 response	 and	 the	 foreign	 body	 reaction	 to	 a	 minimum.	 The	 second	
generation	 of	 biomaterials	 (1980‐2000)	 incorporated	 the	 ability	 to	 interact	
with	 the	 biological	 environment	 to	 enhance	 the	 biological	 response	 and	 the	
tissue/surface	bonding.	Likewise,	the	bioabsorbable	materials’	could	undergo	a	
progressive	degradation	while	new	tissue	regenerated	and	healed42.	Ceramics,	
metals,	 synthetic	 polymers,	 and	 natural	macromolecules,	 i.e.	 biopolymers	 are	
all	different	type	of	materials	used	in	the	design	of	the	various	components	of	
bone	graft	substitutes.	
	

Ceramics	as	alumina	or	zirconia	were	selected	to	be	as	bio‐inert	as	possible	
and	 thereby	 minimize	 formation	 of	 scar	 tissue	 at	 the	 interface	 with	 host	
tissues47.	 Calcium	 phosphates	 (CaPs),	 Tricalcium	 Phosphate	 (TCP)	 such	 as	 α‐	
and	 β‐tricalcium	 phosphates,	 hydroxyapatite	 (HA)	 and	 bioactive	 glasses	 and	
glass‐ceramics	 are	 other	 type	 of	 ceramic	 materials,	 having	 a	 more	 similar	
composition	to	the	mineral	phase	of	bone48.	These	ceramic	materials	have	been	
shown	to	be	biocompatible,	osteoconductive	and	osteoinductive49,50.	HA	shows	
good	bioactive	properties;	however,	its	chemical	stability	reduces	its	solubility	
rate	in	comparison	with	other	CaPs	such	as	TCPs.	In	fact,	after	implantation	HA	
may	 remain	 integrated	 into	 the	 regenerated	 bone	 tissue,	 whereas	 TCPs	 are	
completely	reabsorbed51.		
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Bioactive	glasses	were	discovered	by	Prof.	LL	Hench	in	196952	and	provided	
for	 the	 first	 time	 an	 alternative	 as	 a	 second	 generation	 materials	 where	
interfacial	 bonding	 of	 an	 implant	 with	 the	 host	 tissues	 was	 achieved22,42.	
Bioactive	 glass	 interacts	 with	 bone	 driven	 by	 inorganic	 chemical	 and	
biochemical	processes	stimulated	by	 the	dissolution	products	of	 the	bioactive	
glass50.	 The	 highly	 rich	 silica	 (SiO2)	 composition	 (glass	 composition	 of	 45%	
SiO2‐24.5%Na2O‐24.5%CaO‐6%P2O5)	has	been	shown	to	have	a	major	influence	
in	 the	 outstanding	 surface	 chemical	 reactivity	 and	 biological	 performance.	
Authors	as	Carlisle	et	al.53	reported	that	silicon	plays	an	essential	role	in	bone	
formation.	 In	 vivo	 studies	 have	 shown	 that	 bioactive	 glasses	 bond	with	 bone	
more	rapidly	and	efficiently	than	other	bioceramics54.	

	
There	 are	 numerous	 synthetic	 bioceramic	 graft	 materials	 as	 commercial	

products.	Maxresorb®	(Botisss	Biomaterials)	is	a	material	matrix	(composed	of	
60%	HA	and	40%	‐TCP)	of	interconnecting	pores	with	a	size	ranging	between	
200	and	800	m	for	dentistry	applications55.	Ostim®	(Heraeus)	is	composed	of	
synthetic	 nano	 crystalline	 pure	 phase	 HA	 available	 as	 a	 paste	 for	 dentistry	
applications56.	 NanoBone®	 (Artoss	 GmbH)	 consists	 of	 nanocrystalline	
hydroxylapatite	(HA)	(76%	w/w)	embedded	in	a	silica	gel	matrix	(SiO2)	(24%	
w/w)55,56.	 Bioactive	 glass,	 45S5	Bioglass®	particles	 (90‐710	μm)	 are	 available	
commercially	 as	 Perioglas®	 and	 NovaBone®	 (NovaBone	 Products)57.	
BoneSource®	 (Stryker)	 bone	 cement	 consisting	 of	 the	 powdery	 components	
tetracalcium	 phosphate	 and	 dicalcium	 phosphate	 anhydrous	 mixed	 with	
sodium	monophosphate	 solution	 as	 solvent.	 It	 hardens	 in	 situ	 to	 carbonated	
apatite58,59.	
	

Metallic	 first	 generation	 materials	 as	 stainless	 steel	 and	 cobalt‐chrome‐
based	 alloys,	 titanium	 and	 its	 alloys	 offer	 a	 wider	 range	 of	 mechanical	
properties	 (high	 strength,	 ductility,	 fracture	 toughness,	 hardness,	 formability,	
as	 well	 as	 corrosion	 resistance)	 compared	 to	 ceramic	 materials.	 These	
properties	are	required	for	most	load‐bearing	applications	in	joint	arthroplasty	
and	 bone	 replacement60.	 However,	 there	 are	many	 disadvantages	 of	 metallic	
biomaterials	as	their	lack	of	biological	recognition	on	the	material	surface,	the	
possible	 release	 of	 toxic	 metallic	 ions	 and/or	 particles	 through	 corrosion	 or	
wear	possible	that	lead	to	inflammatory	cascades	and	allergic	reactions,	and	the	
magnitude	 of	 elastic	 modulus	 for	 bulk	 metallic	 implant	 materials	 which	
surpasses	that	of	cortical	bone61–63.	The	new	generation	of	contemporary	class	
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of	 highly	 porous	metals	 has	 new	 characteristics	 that	 allow	 bone	 healing	 and	
high	osteointegration	of	the	metallic	implants.		

	
Strategies	 undertaken	 to	 improve	 the	 host	 tissue	 integration	

(osseointegration)	 of	 the	metal	 implant	 have	 been	 carried	 out	modifying	 the	
surface	 properties	 such	 as	 surface	 roughness	 and	 chemistry42.	 Other	
approaches	 to	 improve	 cell	 attachment	 and	 differentiation	 of	 these	 metallic	
materials	 surface	 are	 the	 application	 of	 bioceramic	 coatings	 (CaP	 and	HA)	 or	
their	functionalisation	using	ECM	proteins	that	contain	cell	binding	domains60.	
Batcup®	 (Biomet)	 replaces	 femoral	 head	 and	 is	 made	 of	 titanium	 alloy	 and	
double	coating	in	titanium	plasma	spray	and	hydroxyapatite.	 	

First	 generation	 polymeric	 materials	 are	 silicone	 rubber,	 acrylic	 resins,	
polyurethanes,	 polypropylene	 (PP),	 Polyethylene	 (PE)	 and	
polymethylmethacrylate	 (PMMA)42.	 Advances	 towards	 a	 second	 generation,	
resorbable	biomaterials	has	developed	new	materials	 	based	on	polyglycolide	
(PGA),	 polylactide	 (PLA),	 polydioxanone	 (PDS),	 poly(3‐caprolactone)	 (PCL),	
polyhydroxybutyrate	 (PHB),	 polyorthoester,	 poly(2‐hydroxyethyl‐	
methacrylate)	(PHEMA)42.	The	mechanical	strength	of	bioabsorbable	polymeric	
implants	 has	 been	 enhanced	 by	 using	 the	 self‐reinforcing	 process64.	 This	
approach	 consists	 of	 reinforcing	 the	 polymer	 matrix	 with	 oriented	 fibers	 or	
fibrils	 of	 the	 same	 material.	 In	 addition,	 polymers	 are	 used	 to	 manufacture	
surgical	sutures	prepared	to	be	degraded	at	a	rate	that	will	slowly	transfer	load	
to	the	healing	bone65.	Other	developments	of	polymeric	biomaterials	have	been	
their	 combination	 with	 biomolecules	 to	 promote	 the	 healing	 process	 after	 a	
fracture	 or	 an	 antibiotics	 to	 prevent	 infections	 following	 surgery64.	
Biodegradable	 implants	 as	 screws,	 fracture	 or	 Craniomaxillofacial	 fixations	
made	 of	 polymers	 are	 currently	 used	 in	 the	 clinic.	 BioScrew®	 (Linvatec)	
interference	 screws	 (made	 of	 PLA),	 SmartPins®	 (Bionx	 implants)	 fracture	
fixation	 (made	 of	 Self‐Reinforced‐polyglycolide,	 SR‐PGA),	 LactoSob®	 (Biomet)	
screws	and	plates	 craniomaxilofacial	 fixations	 (made	of	82/18	poly(L‐lactide‐
co‐glycolide,	LPLG)	are	examples	of	commercial	available	products.	In	addition,	
polymers	are	used	to	manufacture	surgical	sutures	prepared	to	be	degraded	at	
a	 rate	 that	will	 slowly	 transfer	 load	 to	 the	 healing	 bone65.	 Besides,	 polymers	
have	a	great	potential	for	drug	delivery,	either	as	a	drug	which	can	be	used	to	
speed	the	healing	process	after	a	fracture	or	as	delivery	an	antibiotic	to	prevent	
infections	 following	 surgery64.	 Therefore,	 polymeric	 implants	 promote	 the	
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osseointegration	as	well	as	bone	growth	and	regeneration	due	to	their	ability	to	
control	 key	 material	 properties	 and	 delivering	 bioactive	 agents60.	 Besides,	
hydrogels	 are	 polymers	 characterised	 by	 their	water‐retaining	 capability	 and	
very	 soft	 elastic	properties	which	mimic	 the	hydrophilic	networked	 structure	
present	in	the	ECM.	These	type	of	polymers	have	been	mainly	used	in	cartilage,	
ligaments,	 tendons	 and	 intervertebral	 disc	 repair	 applications66.	 Gelfoam®	
(Pfizer)	 is	 a	 gelatin	 sponge	 from	porcine	 skin	 used	 as	 haemostat67.	 	 Osteofil®	
(Medtronic	Spinal	&	Biologics)	is	an	injectable	paste	made	of	DMB	suspended	in	
porcine	gelatin	carrier	used	as	void	filler68.	MatrixDerm®	(Collagen	Matrix)	is	a	
purified	collagen	matrix	derived	from	porcine	tissue	for	dentistry	applications.		

Improved	 composite	 biomaterials	 made	 of	 a	 polymeric	 matrix	 reinforced	
with	ceramic	fibers	or	particles	has	been	also	developed22.	HAPEX®	consists	of	a	
Polyethylene	(PE)	matrix	reinforced	with	HA	particles.	HA	acts	as	the	bioactive	
agent	 that	 promotes	 osteoblast	 attachment.	 Several	 collagen–calcium	
phosphate	 materials	 are	 currently	 FDA‐approved	 for	 use	 with	 bone	 marrow	
extract	as	a	bone	void	filler,	such	as	Healos®	(Depuy)	and	Collagraft®	(Zimmer),	
Ossimend®	(Collagen	Matrix),	and	Mozaik®	(Integra	LifeSciences)69.	Healos®	 is	
a	Type	I	bovine	collagen	scaffold	coated	with	hydroxyapatite70.	Collagraft®	is	a	
mixture	of	purified	fibrillar	collagen	and	hydroxyapatite/tricalcium	phosphate	
ceramic	(HA/TCP)71.		

	
Orthobiologic	 biomaterials	 using	 biologically	 relevant	 biomolecules	 and	

growth	factors	are	also	commercialy	available.	OP‐1TM	(Stryker)	putty	consists	
of	the	recombinant	human	Osteogenic	Protein	(rhOP‐1),	which	is	also	known	as	
BMP‐7,	 Type	 I	 Bovine	 Bone	 Collagen	 Matrix	 (collagen	 matrix)	 and	 the	 putty	
additive	carboxymethylcellulose	sodium	(CMC).		

	
To	summarise	the	properties	of	the	presented	biomaterials,	it	is	possible	to	

establish	 a	 general	 comparison	 highlighting	 their	 main	 advantages	 and	
deficiencies	 depending	 on	 the	 material	 type.	 Ceramics	 are	 the	 most	
biocompatible	 materials	 and	 can	 be	 obtained	 with	 biostable,	 bioactive	 or	
bioresorbable	 properties,	 but	 their	 main	 drawbacks	 are	 their	 hardness	 and	
fragility.	Metals	exhibit	problems	of	bioactivity,	corrosion	and	toxicity,	but	they	
show	good	mechanical	properties.	Polymers	offer	many	possibilities	depending	
on	 their	 chemical	 composition	 and	 structure	 (biodegradability	 degree,	
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hydrophilic/hydrophobic	 ratio,	 toughness/flexibility,	 etc.),	 but	 very	 few	 have	
shown	good	bioactive	properties	to	ensure	implant	osteointegration.	

	
	

4.2.2. Third	generation	biomaterials:	Tissue	Engineering	
	

The	 third‐generation	 biomaterials	 are	meant	 to	 be	 new	materials	 that	 are	
able	 to	stimulate	specific	cellular	responses	at	 the	molecular	 level	 to	promote	
the	 regeneration	 of	 the	 healing	 tissue43.	 	 Tissue	 Engineering	 (TE)	 is	 a	 very	
promising	option	which	has	the	potential	to	overcome	the	problem	of	the	lack	
of	autografts	providing	the	development	of	constructs	to	be	implanted	for	the	
repair	or	regeneration	of	injured	or	damaged	tissue	(synthetic	grafts).	As	well	
as	in	natural	tissues,	cells,	extracellular	matrix	(ECM)	and	signalling	molecules	
are	the	basic	elements	of	TE.	In	TE	the	scaffold	must	act	as	a	three‐dimensional	
temporary	 template	 to	 guide	 the	 bone	 repair	 stimulating	 the	 natural	
regenerative	mechanisms	of	 the	human	body	 acting	as	 the	natural	ECM.	 	The	
scaffolds	should	have	a	high	porosity	in	the	macropore	range	(100‐500	m)	to	
facilitate	cellular	migration	and	vascularisation,	a	proper	mechanical	 integrity	
and	 biocompatibility,	 and	 their	 degradation	 rate	 should	 match	 the	 rate	 of	
neotissue	formation.	The	scaffold	should	promote	osteoconductivity	(bone	cell	
attach	 along	 the	 material	 surface	 from	 the	 bone–implant	 interface)	 and	
osteoinductivity	(stimulates	new	bone	formation)72.		
	

Two	 primary	 tissue	 engineering	 strategies	 have	 emerged	 as	 the	 most	
promising	 approaches43,73.	 The	 first	 one	 consists	 on	 isolating	 cells	 (typically	
from	 the	 patient),	 expanding	 them	 ex	 vivo,	 seeding	 them	 onto	 a	 synthetic	
scaffold	 (acting	 as	 ECM),	 and	 finally	 implant	 the	 construct	 into	 the	 osseous	
defect	or	void	in	the	patient.	With	time	the	scaffolds	are	resorbed	and	replaced	
by	 host	 tissues	 that	 include	 a	 viable	 blood	 supply	 and	 nerves.	 The	 second	
strategy	 is	 named	 in	 situ	 regeneration.	 This	 approach	 involves	 the	 use	 of	
biomaterials	 in	 the	 form	 of	 powders,	 solutions,	 or	 doped	 microparticles	 to	
stimulate	local	tissue	repair.	Bioactive	materials	release	chemicals	in	the	form	
of	 ionic	 dissolution	 products,	 or	 growth	 factors	 such	 as	 bone	 morphogenic	
protein	(BMP),	at	controlled	rates	1.	

	
Although	satisfactory	results	have	been	obtained	for	bone	tissue	engineering	

in	animal	models,	the	translation	to	human	has	not	yet	been	so	successful10,74.		
Reasons	 to	 explain	 these	 results	have	been	 given	as	 the	much	 smaller	 size	of	
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defects	and	higher	bone	remodelling	rates	 in	rodents	and	the	 lack	of	vascular	
supply	in	larger	human	defects,	which	is	likely	to	result	in	significant	cell	death	
immediately	after	implantation	of	a	cell‐seeded	biomaterial10.		

	
Current	 research	 is	 focused	 on	 functionalisation	 of	 biomaterial	 surfaces	

using	 proteins	 and	 peptides	 that	mimic	 the	 ECM	 chemistry.	Mammalian	 cells	
attach	 to	 the	 ECM	 via	 integrins,	 heterodimeric	 transmembrane	 proteins	
consisting	of		and		subunits.	The	most	notable	integrins	involved	in	cell–ECM	
adhesion	 bind	 to	 ligands	within	 fibronectin,	 collagen	 and	 laminin.	 RGD	 is	 the	
most	 prevalent	 peptide	 motif,	 present	 in	 fibronectin,	 laminin,	 vitronectin,	
fibrinogen,	 osteopontin,	 bone	 sialoprotein	 and	 various	 other	 extracellular	
proteins75.	 Besides,	 development	 of	 nanofibrous	 materials	 to	 produce	
nanoscaffolds	 mimicking	 natural	 ECM	 and	 its	 nanoscale	 fibrous	 structure	 is	
another	important	area	of	research	76.		

	
	
	

5. NANOSTRUCTURED	 BIOMATERIALS:	
POTENTIAL	 TOOLS	 FOR	 ENHANCING	 BONE	
HEALING		

As	 we	 have	 presented	 above,	 new	 bone	 healing	 therapies	 are	 demanding	
more	complex	replacement	materials	consisting	of	one	or	more	components	as	
an	osteoconductive	matrix,	which	supports	the	ingrowth	of	new	bone,	cells	and	
osteogenic	cells	which	are	capable	of	forming	bone	in	the	proper	environment.	
Novel	 approaches	 using	 nanotechnology,	 including	 new	 synthesis	 routes	 and	
processing	 techniques,	 are	 being	 intensively	 investigated	 to	 produce	 novel	
matrices	 (scaffolds)	 with	 biodegradable	 synthetic	 polymer	 nanofibers.	 The	
rationale	 for	 using	 nanofibers	 is	 based	 on	 the	 theory	 that	 a	 polymeric	
meshwork	can	mimic	the	nanoscale	protein	fibre	meshwork	in	native	ECM.	The	
high	surface	area	of	the	nanofibers	combined	with	their	microporous	structure	
favours	cell	adhesion,	proliferation,	migration	and	differentiation,	all	of	which	
are	 highly	 desired	properties	 for	 Tissue	Engineering	 applications77.	 Currently	
techniques	 available	 for	 the	 synthesis	 of	 nanofibers	 are	 electrospinning,	 self‐
assembly,	 and	 phase	 separation.	 Of	 these,	 electrospinning	 is	 the	most	widely	
studied	 technique	 and	 also	 seems	 to	 exhibit	 promising	 results	 for	 tissue	
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engineering	 applications.	 Nanofibers	 synthesized	 by	 self‐assembly	 and	 phase	
separation	 have	 had	 relatively	 more	 limited	 studies	 that	 explored	 their	
application	as	scaffolds	for	TE78,79.		

	
The	nanoscale	structure	of	the	biomacromolecules	in	the	native	ECM	has	an	

important	 role	 in	modelling	 the	ECM	 for	 a	 specific	 tissue	 type.	Particularly	 in	
bone,	 collagen	 has	 been	 well	 studied	 in	 terms	 of	 its	 hierarchical	 fibril	
conformation	 and	 mineralisation.	 Besides,	 cavities	 and	 ridges	 formed	 by	 the	
biopolymer	 fibres	 in	 the	 native	 ECM	 have	 a	 role	 in	 determining	 how	 cells	
arrange	in	the	tissue	space.		Natural	collagen	has	been	used	as	a	scaffold	for	TE	
but	 immunogenicity	 and	 pathogen	 transmission	 associated	with	 collagen	 has	
always	 been	 a	 concern.	 Therefore,	 considerable	 efforts	 have	 been	 made	 to	
fabricate	 collagen‐like	 nanofibrous	 scaffolds	 using	 a	 more	 controllable	
synthetic	procedure.	Recently,	nanofibrous	gelatin	 (NF‐gelatin)	matrices	were	
reported	by	using	an	electrospinning	technique80	and	Thermally	Induced	Phase	
Separation	(TIPS)67.	Other	biomimetic	nanofibrous	matrices	reported	recently	
are	non‐mulberry	silk	protein	fibroin	and	poly(D‐caprolactone)	(PCL)	grafted81	
and	 nanofibrous	 systems	 composed	 of	 poly(l‐lactide)	 and	 gelatine	 that	 can	
regulate	proliferation	and	differentiation	of	osteoblast82.	

	
On	 the	 other	 side,	 the	 hybridisation	 of	 a	 nanofibrous	 biopolymer	 with	

bioactive	 inorganic	 materials,	 such	 as	 hydroxyapatite,	 tricalcium	 phosphate	
silica	xerogel	and	bioactive	glass	has	been	reported	an	 interesting	strategy	 to	
improve	bioactivity	and	mechanical	properties	of	the	polymers.	In	this	respect,	
mesoporous	 ceramics	 consisting	 of	 solids	 containing	 an	 organised	 array	 of	
regularly	 spaced	 nano‐pores	 have	 attracted	 much	 interest	 in	 the	 field	 of	 TE	
because	 of	 the	 possibility	 to	 synthesize	 biocompatible	 chemical	 composition	
materials	 having	 increasing	 high	 surface	 areas	 and	 pore	 volume	 within	 a	
relatively	small	volume	of	material.	 In	bone	TE	context,	Mesoporous	Bioactive	
Glasses	(MBGs)	can	be	considered	as	advanced	derivatives	of	the	conventional	
SiO2‐CaO‐P2O5	 sol‐gel	 glasses.	 In	 vitro	 tests	 have	 shown	 that	 MBGs	 greatly	
enhance	bioactivity	 in	comparison	to	melt	or	conventional	sol‐gel	glasses54.	 In	
addition,	 the	nano‐pore	dimension	order	of	 these	materials	provide	advanced	
functionalities	 for	 their	 application	 as	 local	 and	 controllable	 therapeutic	 drug	
delivery	systems	for	antibiotics9,83	or	biomolecules	to	assist	in	the	regeneration	
process84.	
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Using	 this	 approach	 nanofibrous	 gelatin/silica	 bioglass	 composite	
microspheres	using	emulsion	coupled	with	thermally	induced	phase	separation	
have	been	reported	85.	Other	hybrid	systems	of	mesoporous	silica	nanoparticles	
into	 random	 electrospun	 PLGA	 and	 PLGA/gelatin	 nanofibrous	 scaffolds	 have	
been	 shown	 to	 enhance	 the	 mechanical	 material	 properties	 as	 well	 as	 cell	
proliferation	 properties80.	 Besides,	 gelatin/collagen/bioglass	 nanofibers	
scaffolds	have	been	used	 for	 in	vitro	 evaluation	showing	 that	 it	 is	 suitable	 for	
osteoblast	 growth	 and	 attachment86.	 Osteoinductive	 nanofibrous	 scaffolds	 of	
MBG	nanoparticles	and	Gelatin/PCL	with	Excellent	Bioactivity	and	Long‐Term	
Delivery	of	Osteogenic	Drug		has	been	reported87.		
	
	
	

6. 	THIS	WORK	MOTIVATION	AND	GOALS			

As	has	been	introduced,	natural	ECM	is	a	nano‐structured	three‐dimensional	
(3D)	 network	 and	 the	 molecular	 and	 physical	 information	 coded	 within	 the	
extracellular	 milieu	 is	 informing	 the	 development	 of	 a	 new	 generation	 of	
biomaterials	for	bone	TE.	A	large	number	of	commercially	viable	products	are	
based	 on	 purified	 ECM	 components	 such	 as	 collagens.	 Yet	 for	 commercial	
success	 TE	 products	 must	 be	 not	 only	 efficacious	 but	 also	 safe,	 highly	
reproducible	synthesised	and	scalable	and	cost‐effective	produced.		

	
In	 this	 work,	 new	 nanostructured	 materials	 designed	 for	 advanced	 bone	

healing	therapies	has	been	studied	based	on	nanofibrous	collagen‐like	matrices	
using	 the	 TIPS	 technique	 and	 related	 hybrids	 using	 MBG.	 Studies	 of	 the	
processing	 conditions	 to	 obtain	 appropriate	 collagen‐like	 matrices	 and	
derivative	 hybrid	 devices	 have	 been	 undertaken.	 Attention	 has	 been	 paid	 to	
study	the	materials	physico‐chemical	properties	and	their	resulting	functional	
performance.	 This	 main	 goal	 has	 been	 developed	 with	 particular	 focus	 on	
processing	feasibility	and	reproducibility	of	required	matrices	nanostructures,	
collagen	 type	 I	 D‐spacing	 fibrils	 functionalisation	 and	 MBG	 materials	
incorporation.	 The	 content	 of	 the	work	 has	 been	 structured	 in	 chapters	 as	 is	
briefly	summarized	as	follows:	
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Chapter	2	
As	 it	 has	 been	 indicated,	 considerable	 efforts	 have	 been	made	 to	 fabricate	

collagen‐like	nanofibrous	 scaffolds	 composed	of	 gelatin	 (NF‐gelatin)	 to	mimic	
ECM.	 	 In	 this	 work,	 the	 processing	 of	 nanofibrous	 gelatin	matrices	 using	 the	
TIPS	 technique	 and	 the	 effect	 of	 the	 different	 synthesis	 parameters	 such	 as	
polymer	 concentration,	 temperature	 and	 solvent	 ratio	 on	 the	 material	
properties	has	been	undertaken.	The	influence	of	the	different	parameters	has	
been	 considered	 to	 achieve	 homogenous	 and	 reproducible	material	 pieces	 in	
terms	of	macro	and	nanostructure.	Other	 important	 issue	has	been	 the	 study	
and	 modification	 of	 the	 matrices	 to	 be	 functionally	 competent	 in	 the	
physiological	 media.	 	 In	 this	 sense	 a	 physical	 crosslinking	 method	 has	 been	
successfully	implemented	to	produce	stable	hydrogel	matrices	at	physiological	
temperature.	 Other	 aspect	 as	 the	 creation	 of	 macroporosity	 within	 the	
nanofibrous	network	of	these	matrices	has	also	been	considered	in	this	chapter.		
	
Chapter	3	

In	 gelatin	 matrices,	 the	 absence	 of	 three	 dimensional	 structure	 and	
characteristic	molecular	 D‐periodicity	 of	 collagen	materials,	 can	 be	 seen	 as	 a	
material	weakness	in	relation	to	cell	recognition	and	cell	adhesion	properties.	
The	objective	of	 this	chapter	has	been	to	 find	an	appropriate	route	 to	 include	
this	important	feature	in	the	previously	achieved	nanofibrous	gelatin	matrices.	
In	order	to	do	this,	a	first	step	has	been	the	synthesis	of	D‐structured	collagen	
nanofibrils	 by	 self‐assembly	 technique.	 Parameters	 such	 as	 composition,	 pH	
and	 ionic	 strength	 of	 the	 buffer	 reactant	media,	 as	 well	 as,	 temperature	 and	
incubation	time	have	been	studied.	A	modification	and	set	up	of	the	previously	
shown	 TIPS	 fabrication	 protocol	 has	 been	 undertaken	 to	 incorporate	 the	
synthesised	 collagen	 structured	 fibrils.	 A	 physico‐chemical	 and	 biological	
characterisation	 to	 assay	 the	 properties	 of	 the	 new	 collagen	 D‐structured	
functionalised	gelatin	matrices	has	been	included	also	in	this	chapter.	

	
Chapter	4	

The	 possibility	 of	 the	 incorporation	 of	 an	 ordered	 nanoporous	 bioactive	
glass	 (Mesoporous	 Bioactive	 Glass	 (MBG))	 composition	 into	 the	 nanofibrous	
gelatin	 matrices	 has	 been	 studied	 to	 fabricate	 antibiotic	 delivery	 devices.	 A	
MBG	 has	 been	 synthesised	 in	 particulate	 form	 and	 the	 adaptation	 and	
modification	 of	 the	 gelatin	matrix	 TIPS	 processing	 has	 been	 undertaken.	 The	
increased	bioactivity	of	the	fabricated	hybrid	devices	has	been	demonstrated	in	
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vitro.	Also,	 the	antibiotic	 load	and	delivery	properties	of	 the	devices	has	been	
assayed	 in	vitro	and	tested	against	common	bacteria	in	bone	injury	infections.	
The	 biocompatibility	 of	 the	 materials	 has	 been	 also	 evaluated	 using	
osteoprogenitor	cells.		
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1. INTRODUCTION	
	

The	 polymer	 materials	 have	 been	 extensively	 investigated	 in	 the	
biomedical	 field	 in	 the	 last	 fifty	 years1,2.	 	 Among	 other	 interesting	
characteristics,	 the	 physic‐chemical	 properties	 of	 these	 materials	 can	 be	
modulated	by	varying	the	type	and/or	 the	ratio	of	 the	monomer	components.	
Besides,	 its	 biological	 performance	 can	 be	 modified	 incorporating	 bioactive	
molecules	 acting	 as	 proteolytic	 degradable	 sites,	 growth	 factor‐binding	
moieties	or	including	cell	recognition	adhesive	motifs2,3.	In	this	way,	polymers,	
especially	 hydrogels,	 allow	 the	 possibility	 of	 creating	 desired	 molecular	
architectures	 for	 a	 wide	 range	 of	 biomedical	 applications	 such	 as	 tissue	
engineering,	drug	delivery	or	the	fabrication	of	biosensors	and	actuators1,2,4,5.		

	
Hydrogels	 can	 be	 synthetic	 or	 natural	 and	 are	 highly	 hydrated	 fibril‐like	

polymers	forming	voids	(pore‐like	structures).	The	hydrogels	are	characterised	
by	 their	 water‐retaining	 capability	 and	 very	 soft	 elastic	 properties.	 In	 this	
respect,	 hydrogels	 can	mimic	 the	 topographical	 and	mechanical	 properties	 of	
the	natural	organs6.	Besides,	pore	size	distribution	and	 their	 interconnections	
within	 the	 polymer	 network	 will	 determine	 their	 permeation	 and	 diffusion	
modulating	the	supply	of	essential	nutrients	and	removal	of	toxic	metabolites7.	
All	 these	properties	make	 them	very	 good	 candidates	 for	 their	 application	 as	
cell	 supporting	 scaffolds	 and	 matrices	 for	 Tissue	 Engineering	 (TE)	
applications7.	 Collagen,	 gelatin,	 alginate,	 chitosan,	 hyaluronic	 acid	 and	
chondroitin	 sulfate	 are	 examples	 of	 polymers	 derived	 from	natural	 resources	
which	 can	 form	 hydrogels	 adding	 some	 advantages	 over	 their	 synthetic	
counterparts	such	as	absence	of	toxicity	and	high	immune‐compatibility1,8.			

	 	
Gelatin	 is	 a	 water	 soluble	 denatured	 protein	 obtained	 by	 the	 partial	

hydrolysis	 of	 animal	 collagen	 derived	 from	 skin,	white	 connective	 tissue	 and	
bones	 of	 animals9,10.	 	 Cattle	 bones,	 hides,	 pig	 skins,	 and	 fish	 are	 the	 principle	
commercial	sources.	The	hydrolysis	process,	either	acid	or	alkaline,	involve	the	
destruction	of	the	tertiary,	secondary	and	to	some	extent	the	primary	structure	
of	native	 collagens9,11.	Acidic	 treatment	barely	 affects	 the	amide	groups	while	
the	 alkaline	 treatment	 targets	 the	 amide	 groups	 of	 asparagine	 and	 glutamine	
and	 hydrolyses	 them	 into	 carboxyl	 groups,	 thus	 converting	 many	 of	 these	
residues	 to	 aspartate	 and	glutamate10.	Due	 to	 the	use	of	highly	 advanced	and	
controlled	 manufacturing	 processes	 with	 numerous	 purification	 steps	
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(washing,	 filtration),	 heat	 treatments	 including	 a	 final	 ultra‐heat	 treatment	
(UHT)	sterilisation	step,	gelatin	with	highest	quality	can	be	prepared	in	regard	
to	 physical,	 chemical,	 bacteriological	 and	 virological	 safety12.	 	 During	 Bovine	
Spongiform	 Encephalopathy	 (BSE),	 all	 products	 of	 bovine	 origin	 were	 under	
suspicion	 as	 being	 possible	 transmitters	 of	 disease	 to	 humans,	 but	 gelatin	
obtention	process	shows	a	reduction	of	SE	infectivity	of	1000	times.	Otherwise,	
there	does	not	appear	to	be	a	basis	for	objection	to	the	use	of	gelatin	produced	
from	 porcine	 skins	 in	 FDA‐regulated	 products	 for	 human	 use13.	 Therefore,	
gelatin	 is	 considered	 a	 safe	 material	 by	 the	 United	 States	 Food	 and	 Drug	
Administration	 (FDA)	 10,14.	 The	 use	 of	 gelatin	 has	 increasingly	 been	 used	 in	
biomedicine	beyond	its	traditional	use	in	food	and	cosmetics	and	the	relevant	
properties	 have	 been	 highlighted	 by	 Su	 et	 al.10	 as	 follows:	 i)	 it	 is	 cheap	 and	
readily	 available,	 with	 high	 biocompatibility	 and	 biodegradability;	 ii)	 as	 a	
denatured	product,	gelatin	is	much	less	antigenic	than	collagen14;	iii)	the	gelatin	
amino	 acid	 chains	 contain	 abundant	 motifs	 such	 as	 arginine‐glycine‐aspartic	
(RGD)	 sequences	 that	 modulate	 cell	 adhesion,	 thereby	 improving	 the	 final	
biological	behaviour	over	polymers	 that	 lack	 these	 cell‐recognition	 sites15;	 iv)	
its	 diverse	 and	 accessible	 functional	 groups	 allow	 for	 chemical	modifications,	
such	as	coupling	with	crosslinkers	and	targeting‐ligands,	which	further	enable	
the	 development	 of	 targeted	 drug	 delivery	 vehicles;	 	 v)	 gelatin	 has	 versatile	
functions	in	tissue	engineering	applications,	as	a	matrix,	it	supports	therapeutic	
cell	adhesion	without	compromising	cell	phenotypes15	.	

	
Based	 on	 gelatin	 properties,	 gelatin	 biomaterials	 have	 been	 widely	

considered	for	TE	and	for	the	fabrication	of	drug	delivery	devices.	Conventional	
techniques,	 including	 gas‐foaming,	 solvent‐casting,	 porogen‐leaching,	 and	
freeze	drying,	has	been	studied	to	prepare	gelatin	scaffolds	with	different	types	
of	 porosity16.	More	 recently	 the	 new	 advances	 and	 requirements	 to	 generate	
nanofibrous	 biomaterials	 to	mimic	 ECM	 are	 boosting	 the	 research	 to	 process	
these	 biopolymer	 materials	 using	 more	 appropriate	 techniques	 as	 self‐
assembly,	electrospinning	and	phase	separation.	Self‐assembly	can	be	defined	
as	 a	 spontaneous	 process	 to	 form	 ordered	 and	 stable	 structures	 through	 a	
number	of	non‐covalent	interactions,	such	as	hydrophilic,	electrostatic,	and	van	
deer	Waals	interactions.	The	structural	features	of	self‐assembled	materials	can	
be	 tuned	 by	 controlling	 the	 kinetics,	 molecular	 chemistry,	 and	 assembly	
environment	(e.g.	pH,	solvent,	light,	salt	addition,	temperature).	Small	building	
blocks,	including	small	molecules,	nucleic	acids,	and	peptides,	can	self‐assemble	
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into	 nanofibrous	 structures17.	 Collagen	 molecules	 can	 self‐assemble	 and	 this	
process	will	be	 studied	 in	 the	 chapter	3.	Electrospinning18	 is	 the	most	widely	
studied	technique	to	obtain	nanofibrous	biomaterials	and	allow	the	fabrication	
of	 fibers	 from	 nano	 to	 micro	 scale	 by	 applying	 an	 electric	 potential	 to	 a	
polymeric	 solution19,20.	 Additionally,	 Thermally	 Induced	 Phase	 Separation	
(TIPS)21	allows	 the	 formation	of	pore‐like	or	nanofibrous	materials	which	are	
very	similar	in	size	to	the	natural	collagen	present	in	the	ECM	of	tissue	(50–500	
nm	 in	 diameter)19.	 The	 final	 pieces	 present	 a	 high	 porosity	 and	 there	 is	 no	
residual	organic	solvent	in	contrast	to	electrospinning.	TIPS	is	a	relatively	easy	
technique	 which	 is	 controllable,	 scalable	 and	 no	 special	 requirements	 are	
needed20,22.	 Besides,	 porogen‐leaching	 technique	 can	 be	 incorporated	 to	 the	
TIPS	 technique	 to	 obtain	 macroporous	 and	 nanofibrous	 biomaterials19,23.	
Porogen‐leaching	technique	involves	the	use	of	a	porogen	agent	material	which	
is	initially	incorporated	to	the	precursor	reactant	mixture	and	eliminated	later	
in	the	process	using	appropriate	solvents	to	generate	cavities	in	the	final	solid	
structures.		

	
Nanofibrous	 biopolymer	 materials	 synthesised	 by	 phase	 separation	 have	

had	 relatively	 limited	 studies	 to	 prepare	 biomaterials	 and	 explore	 their	
application	 as	 scaffolds	 for	 Tissue	 Engineering.	 Potentially,	 using	 TIPS,	 the	
morphology	 of	 the	 produced	 scaffolds	 in	 terms	 of	 final	 porosity,	 cavities	
interconnectivity	 and	 polymer	 material	 fibrosity	 can	 be	 modified	 and	 tuned	
manipulating	 the	 process	 parameters,	 including	 the	 polymer	 type	 and	
concentration,	 the	 solvent/non‐solvent	 ratio	 and	 the	 quenching	 temperature	
values	 such	 as	 cooling	 rate	 and	 time.	 All	 these	 possible	 variations	 open	 an	
interesting	 window	 to	 explore	 the	 fabrication	 of	 new	 	 tailored	 matrices	 for	
biomedical	 applications22.	 The	 phase	 separation	 process	 is	 based	 on	
thermodynamic	 demixing	 of	 a	 homogeneous	 polymer‐solvent	 solution	 into	 a	
polymer‐rich	phase	and	a	polymer‐poor	phase	by	lowering	the	temperature	of	
the	polymer	solution22,24.		When	the	crystallisation	temperature	(solidification)	
of	 the	 solvent	 is	 lower	 than	 the	 temperature	 of	 the	 phase	 separation	 of	 the	
polymeric	 solution,	 the	 demixing	 phase	 is	 liquid‐liquid.	 On	 the	 other	 hand,	
when	 the	 crystallisation	 temperature	 of	 the	 solvent	 is	 higher	 than	 the	
temperature	 of	 the	 phase	 separation	 of	 the	 polymeric	 solution,	 the	 demixing	
phase	 is	 solid‐liquid25.	 	 In	 order	 to	 achieve	 the	TIPS	process	 successfully,	 the	
following	steps	must	take	place.	Firstly,	it	is	necessary	to	obtain	an	uniform	and	
homogeneous	polymer	solution	in	a	solvent/non‐solvent	system.	Normally,	the	
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polymer	is	dissolved	in	the	solvent	by	heating	the	mixture	for	a	certain	period	
of	 time.	 In	 the	next	 step,	 the	homogeneous	 solution	 is	heated	15°C	above	 the	
cloud	point	temperature.	The	cloud	point	temperature	is	the	value	at	which	the	
polymer	 solution	 becomes	 optically	 turbid	 due	 to	 the	 phase	 separation	
process26.	 Then	 the	 solution	 is	 cooled	 down	 to	 a	 desired	 quenching	
temperature	using	a	ramp	temperature	profile.	The	final	step	is	to	remove	the	
solvent	 to	 produce	 the	 final	 porous	 structure.	 Solvent	 removal	 can	 be	
performed	 using	 freeze‐drying	 or	 freeze‐extraction	 methods20,27,28.	 	 Freeze‐
drying	 or	 lyophilisation	 involves	 the	 direct	 transition	 of	 the	 solvent	 from	 the	
solid	state	to	the	gaseous	state	without	passing	through	the	liquid	phase,	then	
minimising	polymer	material	constrains	and	structure	shrinking.		

	
A	 typical	 temperature	 phase	diagram	 for	 a	 binary	polymer‐solvent	 system	

for	a	liquid‐liquid	demixing	is	presented	in	Fig.	2.1.	The	temperature	is	plotted	
as	 a	 function	 of	 the	 polymer	 concentration	 of	 the	 solution	where	 the	 binodal	
and	 spinodal	 curves	 are	 presented.	 The	 binodal	 curve	 represents	 the	
thermodynamic	 equilibrium	 of	 the	 de‐mixing.	 When	 the	 temperature	 of	 the	
solution	 is	 above	 the	 binodal	 curve,	 the	 polymer	 solution	 is	 homogeneous22.	
The	spinodal	curve	is	the	line	at	which	the	Gibbs	free	energy	of	mixing	second	
derivative	is	equal	to	zero	and	it	divides	the	two‐phase	region	into	unstable	and	
metastable	 zones22.	 The	 maximum	 point,	 at	 which	 both	 the	 binodal	 and	 the	
spinodal	curves	merge,	 is	the	critical	point	of	the	system22.	If	the	homogenous	
solution	is	cooling	to	the	metastable	region,	the	liquid‐liquid	phase	separation	
occurs	in	a	nucleation	and	growth	mechanism,	leading	to	a	beadlike	or	isolated	
cellular	 structure24.	 Therefore,	 no	 interconnected	 structures	 are	 obtained.	 On	
the	other	hand,	if	the	phase	separation	takes	place	in	a	spinodal	decomposition	
mechanism,	 a	microporous	 interconnected	 structure	 is	 obtained.	Then,	 in	 the	
later	stage	of	the	spinodal	decomposition	mechanism,	the	coalescence	of	phase‐
separated	 droplets	 continuously	 proceeds	 to	 minimize	 the	 interfacial	 free	
energy	 associated	 with	 the	 interfacial	 area	 (coarsening	 process).	 The	
coarsening	process	induces	the	enlargement	of	the	pores	and	tends	to	generate	
more	 closed	pores24.	 For	TE	 applications,	 an	open	pore	network	having	well‐
interconnected	macro	pores	will	be	more	desirable.	Therefore,	to	prepare	these	
open	 pore	 structures	 will	 be	 necessary	 to	 manipulate	 the	 processes	 for	
occurring	under	the	spinodal	curve	conditions20.	
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Figure	2.1.	Schematic	temperature‐concentration	of	a	binary	phase	diagram	of	a	polymer	solution	where	Tc	
and	 Cc	 are	 the	 critic	 temperature	 and	 concentration,	 respectively.	 Nucleation	 and	 growth	 demixing	
mechanism	of	homogeneous	 low	(a)	and	high	(c)	polymer	concentration	mixtures.	Spinodal	decomposition	
mechanism	of	a	homogeneous	mixture	to	the	unstable	region	after	decreasing	the	temperature	(b).		

	
	

As	 explained	 above,	 final	 solid	 structures	materials	 can	 be	 obtained	 using	
the	TIPS	technique.	Hydration	of	the	structures	yield	hydrogel	materials	which	
can	 be	 stabilized	 using	 polymer	 crosslinking	 reactions1.	 The	 cross‐linking	
process	 enhances	 the	 mechanical	 properties	 and	 chemical	 stability	 of	 the	
materials,	 reducing	 at	 the	 same	 time	 the	 swelling	 and	 biodegradability	 rates.	
Cross‐linking	 is	 also	 a	natural	 process	 occurring	during	 collagen	biosynthesis	
which	 enhances	 the	 stability	 of	 the	 ECM29.	 In	 order	 to	 reach	 the	 same	 effect,	
physical	or	chemical	cross‐linking	methods	are	used	to	obtain	stable	hydrogel	
structures.	Molecules	such	as	glutaraldehyde	 (GTA)30	and	carbodiimides21	are	
examples	 of	 common	 reactive	 used	 in	 chemical	 routes.	 These	 methods	 have	
important	 drawbacks	 for	 biomedical	 materials	 as	 non‐reacted	 and/or	 side	
produced		residual	molecules	that	remain	often	in	the	material	after	the	cross‐
linking	 process	 resulting	 in	 unwanted	 effects	 as	 cytotoxicity,	 inflammation,	
encapsulation	 and	 calcification31.	 As	 an	 interesting	 alternative	 to	 avoid	 these	
problems,	 physical	 cross‐linking	 methods	 have	 been	 developed	 such	 as	
dehydrothermal	 (DHT)	 and	 UV	 light	 treatments32.	 DHT	 cross‐linking	 of	
collagenous	material	is	based	on	using	high	temperatures	(>95°C)	while	under	
vacuum	 (Fig.	 2.2).	 This	 process	 allows	 the	 water	 removal	 from	 the	 sample	
resulting	 in	 the	 formation	of	 intermolecular	cross‐links	 through	condensation	
reactions	 by	 esterification	 or	 amide	 formation31,33.	 Distances	 between	
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neighbouring	 molecules	 are	 reduced	 after	 crosslinking,	 which	 is	 reflected	 in	
lower	 flexibility,	 less	 swelling,	 slower	 degradation	 and	 higher	 mechanical	
stability.	 As	 advantages,	 DHT	 crosslinking	 does	 not	 involve	 the	 use	 of	 a	
cytotoxic	 molecule	 and	 the	 high	 temperatures	 reached	 during	 the	 treatment	
cause	the	sterilisation	of	the	materials.	However,	both	the	temperature	and	the	
vacuum	parameters	 should	be	watched	carefully	as	 can	promote	 the	 collagen	
denaturation33.		

 
 

Figure	 2.2.	 Physical	 cross‐linking	 by	 DHT	 treatment	 showing	 the	 adjacent	 carboxylic	 and	 amine	 groups	
condensation	reaction.	

	
This	 chapter	 presents	 the	work	 carried	 out	 to	 explore	 and	 study	 the	 TIPS	

technique	 to	 obtain	 nanofibrous	 gelatin	 material	 matrices	 to	 mimic	 natural	
ECM.	The	goal	was	 to	 explore	different	process	parameters	 and	conditions	 to	
tailor	 desirable	 final	 material	 properties	 as	 fibril‐like	morphologies,	 porosity	
and	interconnectivity.	Besides,	other	important	biomedical	material	properties	
as	processing	reproducibility,	physiological	stability	and	biodegradability	were	
also	undertaken.		
 
 
 

2. MATERIALS AND METHODS	

2.1. Conventional	 water	 monosolvent	 gelatin	 matrix	
processing 

Initially,	 gelatin	materials	 using	 a	 conventional	water	monosolven	method	
was	 used.	 Gelatin	 isolated	 from	 porcine	 skin	 by	 an	 acidic	 process	 (type	 A)	
(G1890,	 Sigma‐Aldrich)	was	 dissolved	 in	 de‐ionized	 distilled	water	 (dH2O)	 to	
prepare	gelatin	solutions	of	1.0‐5.0	(wt/v).	The	mixtures	were	stirred	for	1h	at	
40°C	and	500	r.p.m.	The	resulting	solutions	were	poured	into	a	Petri	dish	and	
kept	at	4°C	for	30	minutes	to	produce	a	hydrogel.	A	punch	was	used	to	shape	
pieces	of	12	mm	diameter	and	2	mm	height.	Then,	the	pieces	were	placed	into	
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the	freeze‐dryer	(Epsilon	2‐4	LSC).	The	temperature	was	lowered	at	a	constant	
cooling	 rate	 of	 0.5,	 1	 or	 2°C	 min‐1	 to	 reach	 ‐20°C.	 To	 complete	 the	 freezing	
process,	the	temperature	was	kept	constant	at	‐20°C	for	90	min.	Then,	the	ice	
phase	 was	 sublimated	 under	 vacuum	 (0,04	 mbar)	 for	 21	 hours.	 For	 some	
preparations,	 the	 freezing	 temperature	 gradient	 was	 also	 studied	 using	
moulding	technology	to	achieve	differences	in	the	freezing	transfer	rates	along	
the	piece	geometry34.	Mould	1	was	made	entirely	from	aluminium	(Al),	mould	2	
was	made	 entirely	 from	polystyrene	 (PS)	 and	mould	3	was	designed	with	 an	
insulating	 tubular	 PS	 insert	 and	 a	 conductive	Al	 base.	 For	 these	 preparations	
the	water	 gelatin	 solutions	were	poured	directly	 to	 the	different	moulds.	The	
scaffolds	were	stored	in	silica	desiccator	for	analysis.	

	

2.2. Nanofibrous	Gelatin	(NfGel)	matrix	pieces	processing	
by	Thermally	Induced	Phase	Separation	(TIPS)	technique	

The	matrices	were	prepared	by	Thermally	Induced	Phase	Separation	(TIPS)	
method	 according	 to	 Lei	 et	 al.	 27.	 Different	 preparation	 parameters	 as	 the	
gelatin	 concentration	 (2‐10	%	wt/v),	 the	water/ethanol	 solvent	mixture	 ratio	
(from	60/40	to	40/60	v/v)	and	the	mould	casting	temperature	(21,	30	and	38	
C	 were	 essayed.	 Depending	 on	 the	 essayed	 sample,	 the	 appropriate	 gelatin	
amount	(%	wt/v)	was	dissolved	in	the	water/ethanol	(v/v)	solvent	mixture	to	
obtain	 an	 homogenous	 solution	 (Fig.	 2.3a).	 Gelatin	 biopolymer	 is	 soluble	 in	
water	but	it	is	not	soluble	in	ethanol	(UN1170,	AnalaR	Normapur).	The	mixture	
was	kept	 stirring	 at	 40°C	 and	500	 rpm	 for	1	hour	 and	 then,	 the	 temperature	
was	 raised	 to	 45°C	 and	 kept	 for	 another	 hour	 at	 1100	 rpm.	At	 this	 stage	 the	
mixture	 is	clear	and	homogenous.	Then,	100	µL	of	 the	mixture	were	cast	 into	
the	wells	of	a	polystyrene	96‐well	plate	(655161,	Greiner	Bio‐one),	which	was	
placed	 previously	 on	 a	 pre‐warmed	 thermoblock	 at	 the	 appropriate	
temperature	(AccuBlockTM	Digital	Dry	Baths,	Labnet).	Then,	the	96‐well	plates	
containing	 the	 mixture	 were	 immediately	 frozen	 at	 ‐80°C	 (freezer)	 for	 5.5	
hours	 allowing	 the	 TIPS	 process	 (Fig.	 2.3b).	 The	 homogenous	 solution	 is	
separated	 in	 a	 gelatin‐rich	 frozen	 aqueous	 phase	 and	 a	 gelatin‐lean	 liquid	
ethanol	phase.	After	the	5.5	hours	period,	200	µL	of	cold	ethanol	at	‐20°C	was	
added	to	the	samples	and	kept	for	20	hours.	Further,	100	µL	of	acetone	at	‐20°C	
was	added	fivefold	to	the	samples	for	solvent	exchange	for	24	h.	At	the	end	of	
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this	step,	the	acetone	was	drained	for	the	samples	with	a	paper	tissue	and	the	
pieces	were	freeze‐dried.	

	

Figure	2.3.	Nanofibrous	gelatin	matrix	processing	using	the	TIPS	technique.	

	
2.2.1. Freeze‐drying	(lyophilisation)	

The	 frozen	 pieces	 in	 the	 96‐well	 plate	were	 placed	 in	 the	 pre‐cold	 freeze‐
dryer	at	‐30°C	(Fig.	2.3c).	The	freeze‐drying	(or	lyophilisation)	process	involves	
the	direct	 transition	 from	the	solid	state	 to	 the	gaseous	state	without	passing	
through	 the	 liquid	 phase	 (sublimation).	 The	 sublimation	 conditions	 can	 be	
established	 according	 to	 the	phase	diagram	of	 the	 solvent	where	 appropriate	
values	 of	 temperature	 and	 pressure	 make	 possible	 this	 direct	 phase’s	
transition.	 Fig.	 2.4	 shows	 the	 water	 vapour‐pressure	 diagram	 which	 is	 the	
solvent	sublimated	in	our	system.	The	freeze‐drying	parameters	of	temperature	
and	 pressure	 were	 set	 up	 accordingly.	 The	 programme	 parameters	 are	
presented	in	Table	2.1.	The	pressure	was	decrease	to	0.04	mbar	in	3	h	and	20	
min	 and	 kept	 in	 those	 conditions	 for	 10	 hours.	 Then,	 temperature	 was	
gradually	raised	to	room	temperature.		

e 
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Figure	2.4.	Phase	diagram	of	water.	
	 	 	 	 	 	 	
Table	2.1.	Freeze‐drying		treatment	programme	 	 	 	

	 MD1a		 MD2	 MD3	 MD4	 MD5	 MD6	 MD7	 MD8	 MD9	
Temperature	(°C) 	 ‐30	 ‐30	 ‐30	 ‐20	 ‐20	 0	 0	 20	 20	
Pressure	(mbar)	 0.120	 0.04	 0.04	 0.04	 0.04	 0.04	 0.04	 0.04	 0.04	
Time	(hh:mm)	 3:20	 0:20	 10:00	 1:00	 4:00	 0:20	 0:30	 0:20	 0:30	
a	Main	Drying	 	

	
	
	
2.2.2. Cross‐linking	

After	freeze‐drying,	the	pieces	were	removed	from	the	96	well	plate,	placed	
in	a	ceramic	plate	and	introduced	inside	a	vacuum	oven	(Memmert	VO	200)	to	
carry	 out	 the	 dehydrothermal	 (DHT)	 cross‐linking	 treatment	 (Fig.	 2.3d).	 The	
oven	 parameters	were	 set	 to	 10	mbar	 at	 150°C	 for	 20	 hours31,33,35.	 The	 DHT	
protocol	applied	is	detailed	in	Table	2.2.		

	
Table	2.2.	DHT	treatment	programme	

	 Time	 Temperature	 Presssure	
Step	1	 00:05	 Room	Temperature	 10mbar	
Step	2	 02:00	 150°C	 10mbar	
Step	3	 20:00	 150°C	 10mbar	
Step	4	 03:00	 43°C	 10mbar	
Step	5	 00:05	 43°C	 1000mbar	

	
	
2.3. Macroporous	 Nanofibrous	 Gelatin	 (MNfGel)	 matrix	
pieces	processing	by	TIPS	

TIPS	and	porogen‐leaching	process	were	combined	in	order	to	obtain	other	
type	 of	 matrices	 having	 bigger	 sized	 macropores36,37.	 0.035g	 of	
polyethylmethacrylate	 (PEMA)	 spheres	 (Elvacite	 2043,	 Lucite	 International),	
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140‐220	µm	particle	 size,	were	 added	 into	 the	wells	 of	 a	 polypropylene	 (PP)	
96‐well	 plate	 (655201,	Greiner	Bio‐one).	The	plate	was	 vigorously	 tapped	30	
times	 to	 pack	 the	 porogen	 spheres	 and	 was	 placed	 on	 a	 pre‐warmed	
thermoblock	 at	 34°C.	 45µL	 of	 the	 5.4%	 (w/v)	 gelatin	 solution	 in	 50/50	 v/v	
water/ethanol	 ratio,	 prepared	 as	 reported	 in	 section	 2.2,	 were	 poured	 onto	
porogen	 spheres.	 Then,	 the	 plates	 were	 frozen	 at	 ‐80°C	 (freezer)	 overnight	
allowing	 the	 TIPS	 process.	 Further,	 cold	 ethanol	 at	 ‐20°C	 was	 added	 to	 the	
samples	 and	 kept	 for	 20	 hours.	 After	 that,	 the	 matrices	 were	 freeze‐dried	
following	 the	 programme	 detailed	 in	 Table	 2.1	 and	 cross‐linked	 using	 the	
protocol	presented	 in	Table	2.2.	Then,	 the	PEMA	spheres	were	removed	 from	
the	matrices	by	dissolution	in	ethanol	at	room	temperature	for	3	days.		60	rpm	
shaking	 and	 one	 daily	 ethanol	 solution	 exchange	was	 performed.	 Finally,	 the	
matrices	were	frozen	at	‐20°C	and	freeze‐dried	for	a	second	time	following	the	
programme	described	 in	Table	2.1.	The	pieces	were	stored	 in	a	desiccator	 for	
later	use.		

	

2.4. Cloud	point	determination		

The	 cloud	 point	 temperature	 of	 the	 selected	 parameters	 in	 our	 system	 of	
5.4%	 (w/v)	 gelatin	 and	 50/50	 ethanol/water	 (v/v)	 ratio	 was	 measured	 as	
previously	 reported38	 via	 light	 transmission	 detection	 at	 600	 nm	 using	 a	
(Perkin‐Elmer	 Uv/Vis	 spectrophotometer).	 Likewise,	 the	 sample	 temperature	
was	 recorded	 in	 situ	 by	 introducing	 a	 thermocouple	 into	 the	 solution.	 The	
solution	was	left	to	cool	down	until	room	temperature.		

	

	
3. RESULTS	

3.1. Conventional	 monosolvent	 system	 for	 gelatin	
matrices 

Fig.	 2.5	 displays	 FE‐SEM	 observations	 of	 transversal	 cross‐sections	 of	 the	
material	 pieces	 prepared	 using	 the	 different	 studied	 parameters,	 gelatin	
concentration,	 freezing	 rate	 and	 mould	 type	 recipient	 in	 conventional	
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monosolvent	 system.	 The	 Figure	 2.5	 shows	 that	 if	 the	 gelatin	 concentration	
increases	 from	 2.5	 to	 5	%	 (w/v),	 a	 reduction	 of	 the	 final	macro	 pore	 size	 is	
produced	(images	a,b).	The	increase	in	the	freezing	rate	from	1°C	min‐1	to	2°C	
min‐1	 causes	 a	 decrease	 in	 the	 pore	 size	 (images	 a,c).	 As	 can	 be	 seen	 in	 the	
micrographs,	within	the	range	values	essayed,	a	higher	variation	in	pore	size	is	
observed	varying	the	freeze	rate	in	comparison	with	the	gelatin	concentration.	
Besides,	mould	 types	 1	 and	 2	 produce	 spherical	 pores	 geometries	 but	mould	
type	 3	 creates	 an	 uniaxial	 temperature	 gradient	 longitudinally	 from	 the	 top	
surface	 of	 the	 sample,	which	 produces	 an	 orientated	 channel	 pore	 alignment	
(image	d).	The	size	of	 the	macropores	 is	controlled	by	 the	size	of	 the	crystals	
during	the	freezing	phase	of	the	lyophilisation	process.	

	

Figure	 2.5.	 FE‐SEM	 images	 of	 gelatin	 matrices	 using	 different	 processing	 parameters	 for	 monosolvent	
traditional	system.	2.5%	of	gelatin	concentration,	cooling	rate	of	1°C	min‐1	and	mould	1	(a),	5%	gelatin,	1°C	
min‐1	and	mould	1	(b),	gelatin	2.5%,	freezing	rate	of	2°C	min‐1	and	mould	1	(c)	and	2.5%	gelatin,	1°C	min‐1	and	
mould	3.	

	
	
The	 FE‐SEM	 characterisation	 indicated	 that	 final	 material	 pieces	 were	

reproducible	 and	 the	 microstructure	 was	 shown	 to	 be	 homogeneous	 in	 the	
whole	 volume	of	 the	piece.	Although,	macropore	 cavities	 from	100	 to	 20	µm,	
depending	 on	 the	 parameters	 essayed	 were	 obtained,	 closed	 porosity	 was	

100 µm

100	µm

100	µm	

100	µm	

a	 b
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prevalent.	 Only	 the	 material	 prepared	 using	 mould	 type	 3	 was	 shown	
interconnected	 cavities	 along	 the	 temperature	 gradient	 formed	 channels.	
However,	 wetting	 experiments	 carried	 out	 for	 all	 these	 materials	 indicated	
major	difficulties	for	water	permeation	and	diffusion	within	the	structures.	As	
the	wetting	capacity	is	an	important	requirement	for	the	biomedical	use.	These	
preliminary	 results	 indicated	 the	 need	 to	 undertake	 new	 experiments	 using	
alternative	preparation	routes.	
	

	

3.2. Nanofibrous	Gelatin	(NfGel)	matrix	pieces	processing	
by	TIPS	technique	
	
3.2.1. Effect	of	the	polymer	concentration	

Figure	2.6	shows	FE‐SEM	cross‐section	images	of	gelatin	matrices	fabricated	
from	2	to	10%	(w/v)	of	gelatin	concentration	and	50/50	ethanol/water	(v/v)	
ratio.	 For	 the	 low	 gelatin	 content	 of	 2%	 (wt/v),	 bead‐like	 morphologies	
formation	can	be	observed	(image	a).	Also,	the	pieces	were	shown	very	fragile	
to	the	manipulation.	This	result	is	in	agreement	with	a	dominant	polymer‐lean	
phase20,39.	This	 indicates	 the	2%	gelatin	 concentration	at	 ‐80°C	 for	quenching	
temperature	 is	 on	 the	 left	 side	 of	 the	 metastable	 region	 below	 the	 critical	
concentration,	since	the	beady	morphology	structure	are	typically	produced	by	
the	 nucleation	 and	 growth	 mechanism	 of	 the	 polymeric	 phase40.	 Further	
experiments	 in	 processing	 the	materials	 with	 increasing	 gelatin	 content	 (3%	
gelatin)	produces	a	decrease	in	the	size	of	the	bead	aggregates	as	shown	in	Fig.	
2.6b.	 	 Above	 4%	 (wt/v)	 (images	 c,d)	 the	 matrix	 turns	 into	 a	 nanofibrous	
morphology	 although	 still	 some	 spherical	 (beads)	 features	 can	 be	 observed.	
Above	5%	(wt/v)	of	gelatin	concentration	(images	e,f),	a	more	defined	fibrous‐
like	 morphology	 forming	 a	 fine	 microporous	 interconnected	 structure	 was	
observed.	 These	 results	will	 support	 that	 for	 this	 range	 gelatin	 concentration	
conditions	 agree	 with	 a	 spinodal	 decomposition	 mechanism	 to	 the	 unstable	
region.	 The	 increase	 in	 the	 polymer	 concentration	 using	 5.4%	 (wt/v)	 yield	
slightly	higher	fibrous	interconnected	structures	(images	g,h).	Finally,	when	the	
increase	in	gelatin	concentration	was	reached	to	10%	(wt/v),	the	micrographs	
indicated	 the	 formation	 of	 poor	 interconnected	 cavities	 structures.	 These	
structures	 indicate	 the	 system	has	move	 towards	 the	metastable	 zone	 on	 the	
right	side	of	the	phase	diagram40.	
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Figure	2.6.	 FE‐SEM	 images	of	 the	 gelatin	matrices	using	50/50	 (v/v)	water/ethanol	 solution	and	polymer	
concentrations	 of	 2%(wt/v)	 (a),	 3%	 (b),	 4%	 (c)	 and	 higher	 magnification	 (d),	 5%	 (e)	 and	 higher	
magnification	(f),	5.4%	(g)	and	higher	magnification	(h)	and	10%	(i).	
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3.2.2. Effect	of	the	solvent	composition 

Figure	2.7	shows	FE‐SEM	images	of	preparations	using	5.4%	(wt/v)	gelatin	
at	 different	 water/ethanol	 volume	 ratios.	 As	 can	 be	 seen	 in	 the	micrographs	
final	 material	 microstructures	 are	 very	 sensitive	 to	 small	 variation	 in	 the	
solvent/non‐solvent	component	ratio.		

 

 

Figure	2.7.	 FE‐SEM	 images	 of	 the	 gelatin	matrices	 prepared	 using	 5.4%	 (wt/v)	 of	 gelatin	 and	 varying	 the	
water/ethanol	ratio	(v/v)	to	60/40	(a),	55/45(b),	52/48	(c),	50/50	(d),	48/52	(e)	and	40/60	(f).	

 

For	 the	 rich	water	 60/40	 and	 55/45	water/ethanol	 (v/v)	mixtures	 a	 very	
fine	fibrous	and	close‐woven	matrices	are	obtained	(images	a,	b).	Increasing	the	
ethanol	 amount	 to	 52/48	 and	 50/50	 ratios,	 a	 coarse	 and	 robust	 fibril‐like	
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microstructure	 is	 defined.	 A	 clear	 open‐cavity	 reticulated	 net	 is	 formed	
through,	 biopolymer	 nanofibrils	 of	 170	 nm	 on	 average	 diameter	 and	
micropores	 between	 0.2	 and	 2.2	 µm	 (image	 d).	 Increasing	 more	 the	 ethanol	
volume	 to	 the	 48/52	 ratio,	 a	 complex	 microstructure	 is	 formed	 of	 thick	
elongated	skeleton	of	about	2‐5	m	decorated	by	spherical	shapes	of	less	than	1	
m	(image	e).	Finally,	the	rich	ethanol	mixture	40/60	results	in	a	closed	cavities	
cellular	 structure	 (image	 f)	 resembling	 the	 monosolvent	 (single‐solvent)	
preparations	presented	previously	in	section	3.1.			

	

3.2.3. Effect	of	the	conditioning	temperature	treatment	before	quenching	 

Figure	 2.8	 shows	 the	 FE‐SEM	 images	 of	 the	 5.4%	 gelatin	matrix	 in	 50/50	
ethanol/water	ratio	treated	at	21°C,	30°C	and	38°C	before	quenching	at	‐80°C.	
At	 21°C	 the	 solution	 was	 observed	 particularly	 turbid	 and	 a	 coarse	 round	
shaped	 aggregations	 are	 formed	 (image	 a).	 	 At	 30°C	 a	more	 voids‐open	 fibril	
like	 structure	 is	 obtained	 although	 coarse	 fibers	 around	 1	 m	 are	 observed.	
Finally,	 using	 a	 conditioning	 temperature	 of	 38°C	 thinner	 and	 well	 defined	
biopolymer	 nanofibers	 are	 obtained	 (image	 c)	 forming	 a	well	 interconnected	
open‐voids	structure	closed	mimicking	the	natural	ECM	of	natural	tissues.	As	it	
is	 shown,	 variations	 in	 the	 conditioning	 temperature	 treatment	 before	
quenching	 is	 a	 critical	 step	 to	 define	 the	 morphology,	 porosity	 and	
interconectivity	of	the	final	structures.		

The	 presented	 results	 indicate	 that	 a	 nanofibrous	 net	 of	 interconnected	
voids,	resembling	natural	tissues	ECM	structures,	can	be	successfully	obtained	
using	the	TIPS	technique	and	a	selection	of	appropriate	parameters.		

Gelatin	 concentration,	 water/ethanol	 ratio	 and	 conditioning	 temperature	
treatment	 before	 quenching	 are	 parameters	 that	 play	 a	 critical	 role	 to	 define	
the	 final	 microstructures.	 A	 thinner	 and	 homogeneous	 nanofiber	 open‐void	
structure	mimicking	 natural	 tissue	 ECM	microstructures41	 has	 been	 obtained	
using	 5.4%	 (wt/v)	 of	 gelatin	 concentration,	 50/50	 (v/v)	 water/ethanol	 ratio	
and	 a	 conditioning	 treatment	 temperature	 before	 quenching	 of	 38°C.	 The	
presented	study	has	let	select	these	last	highlighted	preparation	parameters	as	
the	 more	 appropiate	 to	 pursuit	 the	 processing	 of	 the	 materials	 to	 carry	 out	
further	developments	of	the	work	in	this	Thesis.					
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Figure	2.8.	FE‐SEM	images	of	the	gelatin	matrices	prepared	using	5.4%	(wt/v)	of	gelatin,	50/50	(v/v	)	
ethanol/water	ratio	and	varying	the	conditioning	temperature	treatment	before	quenching	at	‐80°C.	The	
conditioning	temperature	treatment	was	studied	at	21°C	(a),	30°C	(b)	and	38°C	(c).	 

	

	

3.2.4. Cloud	point	temperature	determination	

The	 cloud	 point	 is	 the	 temperature	 at	 which	 the	 clear	 and	 homogenous	
solution	becomes	cloudy	due	to	the	separation	into	two	phases,	therefore	it	 is	
an	 important	 parameter	 to	 be	 measure20,26.	 	 Fig.	 2.9	 shows	 Uv‐Vis	 light	
absorbance	 and	 temperature	 variation	 as	 a	 function	 of	 time	 for	 a	 solution	 of	
5.4%	 (w/v)	 of	 gelatin	 concentration	 in	 50/50	 water/ethanol	 (v/v)	 ratio	
starting	 the	 experiment	 at	 34	 °C	 	 and	 cooling	down	 to	 room	 temperature.	As	
can	be	seen	in	the	Fig.	2.9a,	the	variation	of	the	absorbance	is	very	slow	in	the	
firsts	800	seconds	until	a	dramatic	increase	occurs.	 	The	measure	of	the	cloud	
point	 was	 based	 on	 the	 method	 of	 Mannella	 et	 al.42.	 The	 cloud	 point	 was	
determined	in	the	first	part	of	the	graphic	when	the	absorbance	changes	from	
being	constant	to	the	very	first	increase	of	absorbance	in	the	cooling	treatment	
of	the	mixture.	Fig.	2.9b	is	an	enlargement	of	the	Fig.	2.9a	corresponding	to	this	
time	 interval	 and	 showing	 the	 estimation	 of	 the	 cloud	 point	 value	 by	 the	
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intercept	 of	 the	 absorbance	 change	with	 the	 cooling	 temperature.	 The	 figure	
indicates	a	cloud	point	value	of	33°C.		

As	was	 indicated	 in	 the	 introduction	of	 this	chapter,	 it	was	reported	 in	 the	
literature20	 that	 the	precursor	mixture	of	 the	polymer	 should	be	heated	15°C	
above	 the	 cloud	 point	 temperature	 to	 obtain	 an	 homogenous	 solution	 before	
the	phase	separation.	In	this	present	work,	the	gelatin/water/ethanol	mixture	
is	heated	at	45°C,	confirming	the	conditions	to	have	an	homogeneous	precursor	
solution.			
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Figure	2.9.	Temperature	and	Uv‐Vis	light	absorbance	as	a	function	of	the	time	for	a	solution	of	5.4%	(w/v)		of	
gelatin	in	50/50	(v/v)	water/ethanol	ratio	in	a	cooling	experiment	from	34°C	to	room	temperature	(a)	and	
enlargement	to	estimate	the	cloud	temperature	(b).		

	

	

3.2.5. Selected	 NfGel	material	matrices	 and	 effect	 of	 cross‐linking	 post‐
treatment 

 

In	 this	 section,	 a	more	detailed	description	 of	 the	 selected	TIPS	processed	
materials	 using	5.4%	 (wt/v)	 of	 gelatin	 concentration	 in	50/50	water/ethanol	
(v/v)	ratio	and	38°C	 temperature	 treatment	before	quenching	 is	presented	 in	
Fig.	2.10.	Also,	the	influence	of	the	cross‐linking	treatment	carried	out	as	a	final	
post‐treatment	 to	make	the	structures	more	stable	 for	 further	experiments	 in	
biological	media	is	analysed.			
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Figure	2.10.	Optical	image	of	the	selected	material	NfGel	matrix	pieces	processed	by	TIPS	using	5.4%	(wt/v)	
of	 gelatin	 in	50/50	ethanol/water	 (v/v)	 ratio	 at	38°C	of	 conditioning	 treatment	 (a).	 FE‐SEM	 images	of	 the	
NfGel	 pieces	 transversal	 cross‐section	 (b),	 higher	 magnifications	 (c,d),	 piece	 top	 surface	 (e)	 and	 higher	
magnification	 (f).	 FE‐SEM	 image	 of	 the	 transversal	 cross‐section	 of	 the	 NfGel	 matrix	 piece	 after	 DHT	
treatment	(g).	Optical	photographs	of	 the	NfGel	after	overnight	water	soaking	treatment	(h)	without	cross‐
linking	(above)	and	with	cross‐linking	(below).		

 

The	 final	 matrix	 pieces	 shaped	 with	 6mm	 in	 diameter	 and	 1.5	 mm	 in	
thickness	have	a	total	porosity	of	90%	(calculated	from	Equation	1,	Appendix	I)	
and	are	presented	in	an	optical	image	in	Fig.	2.10a.	FE‐SEM	images	of	the	cross‐
section	(b‐d)	and	top	surface	(e‐f)	of	the	final	piece	are	presented	in	Fig.	2.10.		
As	 can	 be	 seen	 in	 the	 image,	 the	 piece	 thickness	 is	 not	 regular	 showing	 a	
concave	shape	(b)	with	a	centric	part	of	1mm	in	thickness	and	an	external	part	
reaching	about	2	mm	in	thickness.	Higher	magnifications	of	the	cross‐sectional	
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observations	 (c‐d)	 display	 a	 nanofibrous	 gelatin	 network	 with	 170	 nm	 on	
average	diameter.	Besides,	open	cavities	pores	with	diameters	between	0.2	and	
2.2	 µm	 range	 and	with	 an	 average	 diameter	 of	 1.1	 µm	 are	 observed.	 FE‐SEM	
observations	carried	out	on	the	top	surface	of	the	piece	indicate	similar	micro	
and	 nanostructure	 although	 somehow	 slight	 fibre	 coarsening	 is	 observed	
(images	 e‐f).	 	 A	 FE‐SEM	 image	 of	 the	 cross‐section	 of	 the	 NfGel	 matrix	 after	
cross‐linking	 by	 DHT	 treatment	 is	 presented	 in	 Fig.	 2.10g	 showing	 no	major	
changes	respect	to	the	non‐cross‐linked	microstructure.	The	effect	of	the	cross‐
linking	 is	 dramatically	 observed	 after	 soaking	 the	 pieces	 for	 24h.	 The	 NfGel	
pieces	 without	 cross‐linking	 treatment	 are	 swelled	 and	 do	 not	 maintain	 the	
shape	(f,	above).	However,	material	pieces	essayed	after	DHT	treatment	highly	
preserve	 the	 original	 shape.	 The	 images	 indicate	 the	 high	 capacity	 to	 uptake	
water	 which	 is	 an	 important	 characteristic	 for	 biomedical	 applications.	 The	
water	uptake	ability	by	the	NfGel	matrices	will	be	studied	in	the	next	chapters.		

	
	
	

3.3. Macroporous	 Nanofibrous	 Gelatin	 (MNfGel)	 matrix	
pieces	processing	by	TIPS	

Figure	2.11a	shows	an	optical	image	of	the	final	MNfGel	matrix	pieces	with	
5.2	mm	diameter	and	1.8	mm	thickness.	A	total	porosity	of	94%	was	measured.	
FE‐SEM	 images	 show	 transversal	 cross‐sections	 of	 the	 MNfGel	 pieces	 (Fig.	
2.11b‐g)	before	(images	b,c)	and	after	(images	d‐g)	dissolving	the	porogen.	The	
PEMA	spheres	are	observed	to	be	distributed	homogenously	within	the	entire	
MNfGel	 cross‐section	 (b).	 Some	 zones	 of	 contact	 among	 the	 spheres	 are	
observed	 in	 the	 image	 c,	 since	 PEMA	 spheres	 are	 soluble	 in	 ethanol	 and	
ethanol/water	 is	 the	 solvent	 used	 for	TIPS.	After	washing	 the	PEMA	 spheres,	
macropores	are	observed	(d)	showing	average	size	of	about	141±32µm	(e)	and	
interconnexion	 boundaries	 among	 macropores.	 Gelatin	 nanofibers	 can	 be	
observed	between	the	pore	walls	with	an	average	size	of	about	60±0.2	nm	(f).	
FE‐SEM	observations	on	the	top	surface	of	MNfGel	pieces	confirm	the	presence	
of	macropores	(Fig.	2.11h,i).	
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Figure	2.11.	Optical	 image	of	 the	 final	MNfGel	matrix	pieces	using	5.4%	of	gelatin	 in	50/50	ethanol/water	
ratio	 at	 38°C	 (a).	 FE‐SEM	 images	 of	 MNfGel	 cross‐section	 before	 PMMA	 spheres	 elimination	 (b),	 higher	
magnification	 (c),	 after	 PEMA	 spheres	 elimination	 (d),	 higher	magnifications	 (e‐g),	 surface	 (h)	 and	 higher	
magnification	(i).		

	

	

4. DISCUSSION	
	

Different	 final	 gelatin	material	 structures	were	 obtained	 and	 correlated	 to	
the	 varying	 process	 parameters	 such	 as	 gelatin	 concentration,	 the	
water/ethanol	ratio	and	the	temperature	of	 the	solution	before	quenching	for	
the	 liquid‐liquid	 phase	 separation.	 Gelatin	 structures	 varying	 polymer	
concentration	was	 studied	 in	50/50	water/ethanol	 (v/v)	 ratio	 and	 at	38°C	of	
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conditioning	 temperature	 before	 quenching.	 The	 results	 showed	 that	
nucleation	and	growth	of	droplets	of	 a	polymer	 rich	phase	was	 formed	when	
the	 gelatin	 concentration	 was	 the	 lowest	 2%	 (wt/v),	 resulting	 in	 a	 beady	
structure.	 As	Witte	 et	 al.40	 reported,	 this	 situation	 occurs	 when	 the	 polymer	
concentration	of	the	solution	is	lower	than	that	of	the	critical	point	of	the	phase	
system	(left	 side	of	 the	metastable	 region	on	 the	phase	diagram,	Fig.	2.1).	On	
the	 other	 side,	 in	 the	 experiments	 carried	 out	 using	 the	 highest	 10%	 (wt/v)	
amount,	 the	 solution	was	demixed	by	nucleation	 and	 growth	 of	 droplets	 of	 a	
polymer	 poor	 phase	 and	 the	 resulting	 material	 was	 a	 closed	 pore	 structure	
lacking	of	fibrous	definition.	These	results	can	be	explained	as	the	system	is	on	
the	right	side	of	the	metastable	region	of	the	phase	diagram.	The	best	defined	
and	 robust	 fibrilar	 structure	 was	 found	 then	 at	 an	 intermediate	 state	 using	
5.4%	(wt/v)	gelatin.	At	this	concentration	nanofibrous	materials	consisting	of	1	
µm	 interconnected	cavities	and	 fibrils	with	170nm	on	average	diameter	were	
obtained.	 Using	 this	 5.4%	 (wt/v)	 gelatin	 concentration	 and	 varying	 the	
water/ethanol	 volume	 ratio,	 from	 60/40	 to	 40/60,	 the	 final	 structure	 was	
negatively	and	importantly	affected.	In	the	case	of	the	rich	water	mixture,	very	
fine	and	close‐woven	matrices	were	obtained	but	closed	cellular	cavities	were	
observed	using	the	rich	ethanol	mixture	40/60.	The	conditioning	temperature	
before	 quenching	 was	 shown	 to	 have	 also	 an	 important	 effect	 on	 the	 final	
material	 structure.	 Using	 a	 low	 temperature	 of	 21°C,	 non‐fibrillar	 bead	 like	
structures	 were	 obtained	 which	 will	 indicate	 a	 solution	 demixing	 before	
quenching.	 In	 fact,	 in	 this	 case	 the	 solution	 was	 observed	 turbid	 before	
quenching.	 Although	 more	 fibril	 like	 structure	 was	 obtained	 rising	 the	
conditioning	 temperature	 at	 30°C,	 coarse	 fibers	 around	1	m	were	observed.	
Finally,	 using	 a	 conditioning	 temperature	 of	 38°C	 thinner	 and	 well	 defined	
biopolymer	nanofibers	were	obtained			

	
PEMA	spheres	of	140‐220	µm	particle	size	were	incorporated	in	some	Nfgel	

preparations	 to	 obtain	 materials	 with	 bigger	 pore	 cavities	 (MNfGel).	
Macroporous	materials	with	pores	of	141	on	average	diameter	surrounded	by	
60	nm	diameter	size	fibrils	were	successfully	achieved.		

	
In	order	to	make	the	gelatine	materials	stable	in	solution	media,	a	physical	

cross‐linking	 procedure	 free	 of	 toxic	 chemicals	 has	 been	 implemented.	
Chemical	 cross‐linking	 material	 after	 the	 cross‐linking	 process	 can	 result	 in	
unwanted	 effects	 as	 cytotoxicity,	 inflammation,	 encapsulation	 and	



 

60 
 

Chapter	2	 NfGel matrices aimed for bone healing applications 

calcification31.	 Besides,	 the	 chemical	 cross‐linking	 using	 carbodiimides21	
produce	 other	 degradation	 material	 properties	 as	 unwanted	 swelling	 and	
material	 geometry	 deformation	 during	 the	 cross‐linking	 treatment.	 So	 far,	 to	
our	knowledge,	all	the	work	on	nanofibrous	gelatin	matrices	reported	in	the	in	
the	 literature	 have	 been	 cross‐linked	using	 chemical	 cross‐linking	 treatments	
21,37.	 In	 this	 Thesis	 work,	 the	 DHT	 cross‐linking	 treatment	 produces	 stable	
materials	without	major	effects	on	the	final	materials	nano	and	macrostructure.	
FE‐SEM	 observations	 performed	 on	 the	 materials	 before	 and	 after	 DHT	
treatment	have	confirmed	no	important	variations.	The	application	of	the	DHT	
treatment	allows	the	obtention	of	stable	and	reproducible	nanofibrilar	material	
pieces.				

	
	
	

5. CONCLUSIONS	
	

In	this	chapter,	a	variety	of	nanofibrous	gelatin	based	biopolymer	materials	
have	been	synthesised	and	processed.	The	analysis	and	characterisation	of	the	
prepared	materials	have	allowed	identify	and	select	the	appropriate	processing	
parameters.	Based	on	the	performed	work,	the	selected	process	parameters	can	
be	 listed	 as	 5.4%	 (wt/v)	 of	 biopolymer	 concentration,	 50/50	 water/ethanol	
(v/v)	 ratio	 and	 38°C	 for	 the	 conditioning	 temperature	 treatment	 before	
quenching.	 Using	 these	 parameters,	 reproducible	 and	 homogeneous	
nanofibrous	 biopolymer	 network	 materials	 (NfGel)	 with	 nanofibrils	 around	
170	nm	on	average	diameter	have	been	obtained.	The	cavities	among	the	fibrils	
have	been	measured	as	1.1	µm	on	average	diameter.		

	
A	related	macroporous	material	(MNfGel)	processed	using	a	porogen	agent	

has	been	also	reproducibly	processed	consisting	of	141	µm	cavities	surrounded	
by	a	60	nm	nanofibibrils	network.		

	
The	 materials	 have	 been	 proved	 stable	 as	 hydrogels	 matrices	 in	 aqueous	

saline	 media	 and	 physiological	 temperature.	 Therefore,	 the	 observed	
characteristics	 as	 the	 nanofibrilar	 structural	 features,	 hydrophilicity	 and	 in	
vitro	 stability	 in	 the	 physiological	 media	 are	 promising	 results	 for	 further	
biological	studies.				
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1. INTRODUCTION	
	

The	 development	 of	 scaffolds	mimicking	 native	 bone	 tissue	 structure	 is	 a	
challenge	 in	 bone	 tissue	 engineering.	 As	 was	 explained	 in	 chapter	 1,	 the	
structure	 of	 bone	 is	 arranged	 in	 hierarchical	 levels	 from	 the	 individual	
constituents	 (building‐blocks)	 of	 calcium	 hydroxyapatite	 nano‐platelets	 and	
collagen	 nanofibrils,	 to	 the	 nanostructure	 of	 an	 interpenetrating	 mineralised	
collagen	 network,	 the	 lamellar	 microstructure	 of	 osteons	 and	 the	 final	
macrostructure	 of	 cancellous	 and	 cortical	 bone1.	 Twenty‐eight	 different	
collagen	 protein	 types	 have	 been	 identified	 in	 vertebrates2.	 Type	 I	 collagen	
forms	more	than	90%	of	the	organic	mass	of	bone	and	is	the	major	collagen	of	
tendons,	 skin,	 ligaments,	 cornea	 and	 many	 interstitial	 connective	 tissues3.	
Collagen	 molecule	 structure	 provides	 a	 critical	 role	 in	 tissue	 architecture,	
mechanical	properties	and	cell‐matrix	interactions.	Also,	the	organisation	of	the	
collagen	molecules	brings	along	the	innate	biological	 information	required	for	
cell	 adhesion,	 proliferation	 and	 orientation,	 and	 promotes	 the	 chemotactic	
response	that	could	be	lost	in	synthetic	hydrolysed	collagen	matrices4.		

	
Collagen	 natural	 materials	 present	 a	 hierarchical	 conformation	 from	 the	

collagen	 protein	 monomers	 to	 supramolecular	 structures.	 Type	 I	 collagen	
primary	 structure	 is	 characterised	by	a	 repetitive	 tripeptide	 sequence	 (Gly‐X‐
Y)n,		where	Gly	is	glycine	and	X,	Y	are	often	proline	and	hydroxyproline5,	along	
the	 entire	 length	 of	 the	 ~1000	 amino	 acids	 chain	 with	 an	 axial	 residue‐to‐
residue	spacing	of	about	0.286	nm3,4,6.	The	secondary	structure	is	characterised	
by	formation	of	an	left‐handed	α‐helix	due	to	the	repetition	of	the	tripeptide3,6.	
The	association	of	 three	α‐helix	generate	a	triple	helix	which	 forms	the	type	I	
collagen	tertiary	structure.	This	triple	helix	is	a	heterotrimer	of	two	identical	α1	
chains	and	one	α2	chain	linked	each	other	by	hydrogen	bonds.	The	triple	helix	
is	right‐handed	where	glycine	is	orientated	into	the	core	around	a	central	axis	
while	 the	X	and	Y	residues	occupy	outer	positions4,7.	The	triple	helix	has	 final	
dimensions	of	300	nm	long	and	1.5	nm	in	diameter.	The	α‐helix	parts	of	these	
units	are	 flanked	by	non‐helical	domains	called	 telopeptides	and	propeptides.	
These	 molecules	 containing	 telopeptides	 and	 propeptides	 are	 called	
procollagen	 and	 are	 produced	 by	 osteoblasts	 (bone	 forming	 cells)	 and	
deposited	 to	 the	 extracellular	 space5.	 The	 propeptides	 are	 cleaved	 to	 form	
tropocollagen	 monomers	 in	 the	 extracellular	 space.	 The	 tropocollagen	
molecules	 self‐assemble	 into	 supramolecular	 hierarchical	 structures	
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(quaternary	structure)	to	form	the	Extracellular	Matrix	(ECM)	in	tissues	such	as	
bone	and	 tendon7,	 8.	The	 telopeptides	of	 the	 tropocollagen	are	 involved	 in	 the	
role	 of	 fibril	 formation	 and	 the	 covalent	 cross‐linking	 of	 the	 collagen	
molecules3. 

	
Figure	3.1.	Tropocollagen	assembly	to	form	fibrils	with	D‐periodicity	of	67	nm.	

	
	

	
First,	 it	was	suggested	that	five	of	these	tropocollagen	molecules	 	form	one	

microfibril	 whose	 cross‐section	 exhibit	 a	 diameter	 of	 about	 4.5	 nm8.	 Current	
models	suggest	that	the	microfibrils	are	the	building	blocks	of	larger	fibrils	with	
a	 diameter	 of	 about	 100	 nm,	 and	 being	 reported	 between	 30‐300nm5.	 A	 D‐
periodicity	 assembly	 of	 67	 nm	 has	 been	 found	 to	 be	 characteristic	 in	 these	
fibrils	as	has	been	shown	by	electron	microscopy9,	X‐ray	diffraction	and	atomic	
force	microscopy	characterisation	techniques10.	Figure	3.1	shows	a	draw	of	the	
assembly	 due	 to	 a	 lateral	 intermolecular	 interaction	 combined	 with	 an	 axial	
staggering	 of	 approximately	 234	 aminoacid	 residues	 (67nm)3,5,6,11.	 In	 an	
imaginary	slice	 trough	a	 fibril,	 the	 triple‐helical	molecules	are	all	parallel,	but	
their	ends	are	separated	by	holes	of	about	0.54D	(35	nm).	Therefore,	a	pattern	
of	 gap	zones	with	35	nm	and	overlap	zones	with	32	nm	(0.46D)	 is	generated	
(Fig.	 3.1).	 In	bone,	 collagen	 fibrils	 are	 filled	and	 coated	by	calcium‐phosphate	
flat	plates	(2‐4nm)	repeated	each	67	nm	which	corresponds	to	the	distance	by	
which	adjacent	collagen	molecules	are	staggered5.	In	case	of	tendons,	fibrils	are	
assembled	 into	 bigger	 fibres	 (fibril‐bundles)	 of	 50‐300µm	 diameter	 where	
proteoglycans	form	a	matrix	between	fibrils5.	

	

Fibril								
100	nm	

Microfibril	
4.5	nm	

Collagen	molecule	
1.5	nm	

Gap	 Overlap	 67	nm	

300	nm
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Although	 numerous	 studies	 have	 been	 carried	 out	 to	 find	 out	 how	
tropocollagen	monomers	 self‐assemble	 into	 D‐periodic	 fibrils,	 this	 process	 is	
still	unclear.	It	is	known	that	electrostatics	and	hydrophobic	interactions	direct	
collagen	 molecules	 self‐assembly	 in	 an	 entropy‐driven	 process8.	 “In	 vitro”	
turbidity	 studies	 have	 allowed	 to	 clarify	 some	 aspects	 of	 type	 I	 collagen	 self‐
assembly	 kinetics3.	 In	 these	 studies,	 collagen	 fibrillogenesis	 presents	 usually	
sigmoidal	curves	showing	3	phases:	a	lag	phase,	a	growth	phase	and	a	plateau	
phase12.	 Lag	 phase	 consists	 in	 the	 nucleation	 of	 soluble	 collagen	 molecules	
assembling	 dimers	 o	 trimmers	 where	 there	 is	 not	 increase	 in	 turbidity.	 This	
phase	is	temperature‐dependent	and	was	shown	to	have	the	major	influence	on	
the	fibrillar	size8,13.	The	growth	phase	consists	in	an	exponential	increase	of	the	
turbidity	 where	 two	 processes	 occur	 simultaneously.	 In	 the	 first	 process,	
intermediates	are	formed	which	join	to	the	ends	of	microfibrils	involving	linear	
growth,	 while	 second	 process	 consists	 in	 lateral	 growth	 through	 fusion	 of	
microfibrils12.		
	

For	 the	 past	 decade,	 collagen	 has	 been	 one	 of	 the	 most	 widely	 used	
biomaterial	 for	biomedical	applications	due	 to	 its	excellent	biological	 features	
and	 physicochemical	 properties4.	 Collagen	 can	 interact	 with	 nearly	 50	
molecules	 and	 it	 is	 suggested	 to	 modulate	 the	 overall	 ECM	 structure	 and	
mechanics.	However,	the	main	drawbacks	of	collagen	biomaterials	include	the	
high	 costs	 of	 manufacturing	 (due	 to	 the	 time‐consuming	 and	 complex	
procedures	 required	 for	 isolation	 and	 purification)	 or	 safety	 issues	 towards	
viruses	 and	prions	and	other	 immune	 responses.	Although	 collagen	extracted	
from	animal	sources	is	widely	considered	acceptable	for	Tissue	Engineering	on	
humans,	 the	 possible	 use	 of	 recombinant	 human	 collagen	 could	 be	 a	 way	 of	
removing	 concerns	 of	 species‐to‐species	 transmissible	 diseases3,14.	
Furthermore,	Collagen	 is	known	 for	 its	very	 low	antigenicity	because	most	of	
the	collagen	molecule	is	composed	of	a	G‐X‐Y	amino	acid	sequence	that	differs	
little	 even	 among	 different	 animal	 species.	 The	 telopeptides	 which	 flank	 the	
triple	helix	of	collagen	are	responsible	for	most	of	the	immunological	responses	
since	 a	 high	 variation	 in	 amino	 acids	 sequence	 are	 available.	 In	 some	
purification	 protocols,	 the	 telopeptides	 in	 collagen	 I	 are	 removed	 during	
isolation	protocols	to	obtain	atelocollagen	and	develop	scaffolds	which	will	be	
introduced	into	xenogeneic	hosts8.	Other	drawbacks	are	the	careful	selection	of	
processing	conditions	 to	avoid	denaturation,	and	other	material	properties	as	
the	high	swelling	in	vivo,	due	to	collagen	hydrophilicity4.		
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Current	 research	 is	 being	 performed	 to	 improve	 and	 implement	 new	

properties	in	collagen‐like	novel	biomaterials	and	systems	which	are	expected	
to	 have	 advanced	 therapeutic	 applications	 and	 promote	 tissue	 and	 organ	
regeneration8.	In	these	sense,	the	use	of	hydrolysed	collagen,	gelatin,	has	been	
suggested	as	a	very	 interesting	candidate.	As	was	 indicated	 in	other	chapters,	
gelatin	material	keeps	collagen	primary	structure	and	is	readily	resorbable	as	
well	 as	 more	 available,	 cheap	 and	 easy	 to	 obtain	 than	 collagen15.	 Besides,	
controlled	manufacturing	process	with	numerous	steps	with	high	temperature	
and	 aggressive	 conditions	 become	 gelatin	 in	 a	 bacteriological	 and	 virological	
safety	 product14.	 However,	 the	 lack	 of	 the	 higher	 levels	 of	 structure	 in	 this	
material	 can	 complicate	 cell	 recognition	 processes	 which	 are	 only	 possible	
when	organised	collagen	3D	motifs	are	present	and	exposed.	

	
The	 nanoscale	 structure	 of	 the	 ECM	 provides	 a	 natural	 net	 of	 intricate	

nanofibres	 to	 support	 cells	 and	 presents	 an	 instructive	 background	 to	 guide	
their	 behaviour16,17.	 Therefore,	 the	 obtention	 of	 nanofibrous	 matrices	
mimicking	the	nanotopology	of	the	ECM	have	been	widely	investigated.	Electro‐
spinning	 is	 a	widely	 employed	 technique	 to	 produce	 nanofibres	 using	 a	 high	
electric	 field.	 Collagen	 electro‐spinning	 to	 obtain	 nanofibrous	 matrices	 is	
currently	widely	used	to	obtain	scaffolds	for	TE18,19,	although,	in	general,	the	D‐
periodic	nanostructure	is	not	shown.	Zeugolis	et	al.20	reported	that	most	of	the	
triple‐helical	 collagen	 was	 apparently	 lost	 when	 it	 is	 electrospun	 using	
fluoroalcohols,	such	as	HFP	or	2,2,2‐trifluoroethanol	(TFE).	

	
The	goal	of	this	chapter	has	been	to	obtain	new	nanofibrous	gelatin	scaffolds	

incorporating	collagen	fibrils	(semi‐crystalline	aggregates)	as	functional	motifs	
within	 the	 nanofibrous	 gelatin	 matrix	 using	 collagen	 self‐assembly	 and	 the	
phase	 separation	 techniques.	 The	 objective	 is	 to	 provide	 the	 gelatin	
nanofibrous	network	with	collagen‐like	D‐period	nanostructure	to	mimic	bone	
ECM.	 The	 strategy	 studied	 here	 has	 been	 the	 incorporation	 within	 the	 final	
material	 of	 previously	 self‐assembled	 D‐periodic	 collagen	 nano‐fibrils	 by	
modification	of	the	nanofibrous	gelatin	matrix	processing	reported	in	Chapter	
2.	 In	 order	 to	 do	 that,	 a	 first	 step	 has	 been	 to	 study	 the	 collagen	 fibril	 self‐
assembly	 process.	 Fibrillogenesis,	 in	 vitro,	 is	 a	 complex	 process	 where	many	
parameters	 such	 as	 collagen	 monomer	 concentration,	 buffer	 composition,	
incubation	 temperature,	 time	 and	 pH	 play	 an	 important	 role	 to	 obtain	 D‐
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banded	 structured	 collagen	 fibrils.	 Table	 3.1	 summarises	 collagen	 type	 I	
fibrillogenesis	in	vitro	main	successful	parameters	found	in	the	literature.	Some	
parameters	 such	 as	 the	 collagen	 concentration,	 pH	 and	 mixing	 temperature	
were	initially	fixed.	Collagen	concentration	was	adjusted	to	2.48	mg	mL‐1	using	
the	collagen:buffer	ratio	of	 	5:1	which	 is	 reported	 in	some	papers9,12.	Besides,	
collagen	 self‐assembly	 is	 favoured	when	 pH	 approaches	 the	 Isoelectric	 Point	
(pI).	At	this	pH	value,	the	surface	charge	of	the	collagen	monomers	is	reduced,	
which	 would	 minimise	 the	 electrostatic	 repulsion	 and	 then	 favour	 collagen	
molecule	aggregation.	Without	the	presence	of	electrolytes,	collagen	pI	is	about	
pH	9.3,	whereas	increasing	the	ionic	strength,	the	pI	shifts	to	lower	pH	values.	
Collagen	pI	has	been	measured	at	pH	7.5	for	10	mM	Na2HPO412.	In	addition,	pH	
7.4	is	the	physiological	pH	and	is	the	most	used	by	the	authors	as	it	is	presented	
in	 Table	 3.1.	 On	 the	 other	 hand,	 initial	 temperature	 for	 reactant	 mixing	 was	
fixed	at	4°C	(11‐14)	according	to	Gelman	et	al.	 (1978)13	 that	reported	that	 fibril	
formation	does	not	occur	or	is	very	slow	in	the	cold.		

	 	
Table	3.1.	Literature	revision	of	type	I	collagen	fibrillogenesis	or	self‐assembly	process	

	
a	Collagen	concentration	before	(initial)	and	after	(final)	mixing	with	the	neutralisation	buffer	

 

 

 

 

 

 

Reference	
[Col]	

(mg	mL‐1)	
initial/final	a	

Buffer	 [PO4‐3]	
(mM)	

Ionic	
Strength	
(mM)	

T	
(°C)	

Time	
(h)	

pH	

Williams	
197821	

0.2/0.1	
Tris	

Na2HPO4·7H2O	
30	 225	 26	 3.5	 7.4	

Holmes	
198522	

0.4/	0.2	 Na2HPO4/KH2PO4	 38.5	&	77	 186	&	281 34	 3	 7.4	

Saeidi	
200923	

3/2.4	
PBS	10x	 9.6	 167	 37	 ‐‐	 7.4	

Li	
200912	

2.9/2.1	
PBS	10x	 19.2	 340	 30	 72	

6.6‐
9.2	

Harris	
201324	

2/0.02	
Tris	

phosphate	buffer	
10	 100‐500	 22	 24	 7.0	
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2. MATERIALS	AND	METHODS	
	

2.1. Collagen	fibrils	synthesis	
	

A	collagen	type	I	solution	(BD	Biosciences,	354231)	from	bovine	dermis	
in	0.01M	hydrochloric	acid,	HCl,	at	a	concentration	of	3.1	mg	mL‐1	was	used	as	
collagen	molecules	 source.	 Based	 on	 the	work	 in	 the	 literature	 (Table	 3.1),	 a	
preliminary	study	to	determine	the	appropriate	synthesis	parameters	for	fibril	
formation	was	 carried	out.	The	different	parameters	essayed	were	buffer	 salt	
composition	and	concentration,	solution	media	ionic	strength,	temperature	and	
reaction	time.		

The	synthesis	procedure	was	performed	as	follows.	500	µL	of		the	precursor	
collagen	acid	solution	were	pipetted	to	a	1.5	mL	plastic	tube	(Eppendorf)		and	
kept	 at	 4°C	 (12,22,23)	 in	 a	 thermoblock	 (CH‐100,	 Biosan),	 then	 125	 µL	 of	 the	
appropriate	 precooled	 buffer	 solution	 were	 added.	 The	 final	 reaction	
concentration	 of	 the	 collagen	 molecules	 was	 2.47	 mg	 mL‐1.	 A	 resume	 of	 the	
different	 buffer	 solutions	 used	 in	 the	 study	 are	 detailed	 in	 Table	 3.2.	 The	
mixture	solution	was	thoroughly	shaken	with	a	vortex	for	20	seconds.	The	pH	
of	 the	 solution	was	 adjusted	 to	 7.4	 by	 adding	 1.7	 µL	 of	 0.1	 g	mL‐1	NaOH	and	
shaken	with	a	vortex.	At	this	point,	the	solution	should	be	clear	and	colourless. 

The	 final	 step	 was	 to	 transfer	 the	 neutralised	 collagen	 solutions	 to	 a	 pre‐
warmed	 thermoblock	 (AccuBlockTM	 Digital	 Dry	 Baths,	 Labnet)	 at	 the	
appropriate	 temperature,	34	 °C	or	 room	 temperature	 (25°C)	 for	 the	different	
reaction	 times	 4	 or	 24	 h.	 After	 incubation	 time,	 the	 neutralised	 precursor	
solution	should	be	slightly	cloudy.	A	drop	of	these	solutions	was	used	to	carry	
out	the	STEM	observations	(see	section	2.6	of	this	chapter).		
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Figure	3.2.	Collagen	self‐assembly	 in	vitro:	neutralised	collagen	solution	before	incubation	(a)	and	collagen	
fibrils	suspension	after	incubation	(b).		

	

Table	3.2.	Buffer	solution	preparations	

	 1M	Na2HPO4		
(mL)	

1M	KH2PO4	
(mL)	

NaCl	
(g)	

[PO4‐3]	 												
(mM)	initial/finala	

Ionic	Strenght	
(mM)	Initial/final	

Buffer	1	 6.23	 1.26	 ‐‐‐	 150/30	 400/80	
Buffer2	 6.23	 1.26	 6.14	 150/30	 2500/500	
Buffer	3	 6.23	 1.26	 1.75	 150/30	 1000/200	
Buffer	4	 3.25	 0.75	 6.72	 80/16	 2500/500	
Buffer	5	 3.25	 0.75	 2.34	 80/16	 1000/200	
Buffer	6	 0.25M	Tris‐HCl		 2.78	 ‐‐‐	 1000/200	

	
a	Concentration	before	and	after	mixing	with	neutralisation	buffer	

	

Table	3.2	shows	the	composition,	the	phosphate	concentration	and	the	ionic	
strength	 of	 the	 buffers	 before	 (initial)	 and	 after	 mixing	 with	 the	 collagen	
precursor	solution	(final).	 	To	prepare	the	KH2PO4/	Na2HPO4	buffer,	50	mL	of	
1M	 dH2O	 stock	 solutions	 of	 KH2PO4	 (P5655,	 Sigma)	 and	 Na2HPO4	 (30427,	
Sigma)	 were	 prepared	 respectively	 using	 6.8	 g	 and	 7.1g.	 The	 recipes	 were	
obtained	from	a	buffer	calculator	of	the	University	of	Liverpool25.	The	different	
volumes	of	the	stock	solution	and	the	amounts	of	the	additional	added	salt	used	
are	detailed	 also	 in	Table	3.2.	 Final	 pH	was	adjusted	 to	7.4	using	0.1M	NaOH	
and	HCl	 solutions.	 	To	prepare	buffer	6	 (50	mL	of	0.25	M	Tris‐HCl),	1.51	g	of	
Tris(hydroxymethyl)aminomethane	 (Tris)	 (T87602,	 Sigma)	 and	21	mL	of	 0.5M	
HCl	were	mixed.	Final	Tris	concentration	in	the	synthesis	media	was	50	mM.			

	

	

a a bb
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The	ionic	strength	was	calculated	using	the	Equation	3.1:	

μ ∗ 																											 	 	 													Equation	3.1																														

where	Ci	is	the	molar	concentration	of	ion	i	(M),	Zi	is	the	charge	of	that	ion.	The	
addition	is	account	over	all	ions	in	the	solution.  

Hereafter	 in	 the	 Tables,	 the	 final	 values	 for	 both,	 the	 buffer	
concentration	and	ionic	strength	listed	in	Table	3.2	will	be	used.		

	

2.2. Pure	Highly	Ordered	 Collagen	 (PHOC)	matrix	 pieces	
processing		
	

After	 fibrillogenesis	 treatment,	 the	 collagen	 fibril	 suspension	 was	 shaken	
with	a	vortex	for	2	minutes.	To	fabricate	each	piece,	100	µL	of	the	suspension	
were	cast	in	a	96‐well	polyethylene	plate	(655161,	Greiner	Bio‐one)	and	freeze‐
dried	using	the	programme	described	in	Table	2.1	(Chapter	2).	Then,	the	pure	
collagen	 scaffolds	 were	 cross‐linked	 using	 DHT	 treatment	 and	 the	 heating	
programme	 described	 also	 in	 Table	 2.2	 (Chapter	 2)	 to	 obtain	 Pure	 Highly	
Ordered	Collagen	(PHOC)	matrix	pieces.	 	Finally,	before	performing	the	WXRD	
analysis,	the	pieces	were	washed	fivefold	at	36.5°C	using	10	mL	of	dH2O.		

Particularly,	the	PHOC	pieces	used	for	in	vitro	experiments	using	cells,	were	
fabricated	 using	 the	 collagen	 fibril	 suspension	 corresponding	 to	 the	
preparation	using	buffer	3,	at	34	C	and	24h	of	treatment	(hereafter	referred	to	
as	F2AB),	after	a	washing	protocol	as	detailed	in	the	next	section	and	displayed	
in	Figure	3.3.		

	

2.3. D‐structured	Fibrils	of	Collagen	‐	Nanofibrous	Gelatin	
(FCol‐NfGel)	matrix	pieces	processing	
	

In	a	first	step,	the	D‐banded	collagen	fibril	suspension	(F2AB)	(Fig.	3.3b)	was	
washed	 in	 order	 to	 eliminate	 salt	 impurities	 due	 to	 the	 preparation	 buffer	
solutions.	 The	 protocol	 consisted	 of	 dispersing	 the	 fibrils	 using	 vortex	 for	 2	
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minutes	followed	by	centrifugation	for	60	seconds	at	5000	r.p.m.	(Fig.	3.3b‐c).		
Upon	 centrifugation,	 200	 µL	 of	 the	 supernatant	 were	 removed	 and	 1	 mL	 of	
dH2O	 was	 added.	 The	 suspension	 was	 shaken	 with	 a	 vortex	 for	 1	 minute,	
centrifuged	and	then,	1	mL	of	the	supernatant	was	removed	(Fig.	3.3c‐d).	Again,	
the	last	step,	after	addition	of	1	mL	of	dH2O,	was	repeated	to	carry	out	a	second	
washing	(Fig.	3.3e).		

	

Figure	3.3.	Collagen	fibrillogenesis	(a‐b)	and	collagen	fibril	precursor	suspension	washing	protocol	(b‐f).		

	

In	 order	 to	 know	 possible	 collagen	 lost	 during	 the	 washing	 protocol,	 a	
Bradford	protein	assay	was	carried	out	for	the	removed	supernatant	solutions	
(2.2	 mL).	 The	 final	 real	 concentration	 (mg	 mL‐1)	 of	 the	 collagen	 fibril	
suspension	 (Fig.	 3.3f)	 was	 estimated	 by	 subtracting	 to	 the	 collagen	 initial	
precursor	solution	the	collagen	amount	measured	by	the	Bradford	analysis	(see	
section	2.7).						

The	second	step	consisted	in	a	modification	of	the	protocol	used	in	Chapter	
2	to	obtain	the	nanofibrous	gelatin	matrices	as	it	is	detailed	as	follows.	After	the	
washing	protocol,	the	D‐banded	collagen	suspension	was	transferred	from	the	
Eppendorf	 tube	 (Fig.	 3.3f)	 to	 a	 glass	 recipient	 with	 lid	 and	 preconditioned	
(agitated)	 for	1	hour	using	1300	 rpm	magnetic	 stirring	at	34°C.	On	 the	other	
side,	0.04	g	of	gelatin	were	mixed	with	200	µL	dH2O		 in	a	2	mL	capacity	glass	
recipient	 and	 stirred	 using	 500	 rpm	 at	 45°C	 for	 45	 minutes.	 Then,	 200	 µL	
ethanol	 (UN1170,	 AnalaR	 Normapur)	were	 added	 to	 the	 gelatin	mixture	 and	
stirred	 for	other	30	minutes.	After	 this	 time,	 the	 temperature	was	 lowered	 to	
34°C	 and	 300	 µL	 of	 the	 preconditioned	 collagen	 fibril	 suspension,	 200	 µL	 of	
ethanol	 and	 100	 µL	 of	 dH2O	 were	 added	 to	 the	 mixture	 which	 was	 kept	 in	
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magnetic	stirring	 for	45	min	at	500	rpm.	A	 final	 ratio	 (v/v),	water/ethanol	of	
60/40	 is	 estimated	 considering,	 as	 water	 volume,	 the	 300	 µL	 of	 the	
preconditioned	 collagen	 fibril	 suspension.	 Besides,	 other	 samples	 were	
prepared	in	a	final	ratio	water/ethanol	(v/v)	of	55/45	where	250	µl	ethanol,	50	
µl	water	and	300	µL	of	collagen	suspension	were	mixed.		Finally,	100	µL	of	the	
mixture	were	 cast	 into	wells	 of	 a	 polystyrene	96‐well	 plate	 (655161,	Greiner	
Bio‐one)	which	was	 placed	 on	 a	 pre‐warmed	 thermoblock	 at	 36°C.	 Then,	 the	
casted	 mixture	 was	 phase	 separated	 at	 ‐80	 C,	 ethanol	 and	 acetone	 solvent	
exchange	 treated,	 freeze‐dried	 and	DHT	 cross‐linked	using	 the	 same	protocol	
as	detailed	for	the	NfGel	matrices	in	chapter	2.		

	

2.4 Macroporous	FCol‐NfGel	 (MFCol‐NfGel)	matrix	pieces	
processing	

	
Material	 pieces	 with	 bigger	macroporous	 size	 were	 also	 prepared	 for	 cell	

culture	 experiments.	 Self‐assembly,	 TIPS	 and	 porogen‐leaching26,27	 process	
were	 combined	 in	 order	 to	 obtain	 interconnected	 macroporous	 FCol‐NfGel	
matrix	pieces	(MFCol‐NfGel).	0.035g	of	polyethylmethacrylate	(PEMA)	spheres	
(Elvacite	2043,	Lucite	International),	whose	particle	size	 is	140‐220	µm,	were	
deposited	into	polypropylene	wells	of	96‐well	plate	(655201,	Greiner	Bio‐one).	
The	plate	was	vigorously	tapped	30	times	to	pack	the	spheres	and	was	placed	
on	a	pre‐warmed	thermoblock	at	34°C.	100µL	of	 the	solution	collagen/gelatin	
in	 60/40	 water/ethanol	 (v/v)	 ratio	 prepared	 as	 was	 reported	 in	 section	 2.3	
were	cast	onto	porogen	spheres.	The	next	steps	such	as	wash	 treatment	with	
ethanol,	freeze‐drying	and	DHT	are	described	in	section	2.3	(Chapter	2).	

	

2.5. Physico‐chemical	pieces	characterisation	

The	 materials	 have	 been	 characterised	 using	 Field	 Emission	 Scanning	
Electron	Microscopy	 (FE‐SEM),	Energy	Dispersive	X‐ray	analysis	 (EDX),	X‐ray	
Diffraction	(XRD)	and	Fourier	transform	Infrared	(FT‐IR)	Spectroscopy	as	it	is	
described	 in	 Appendix	 I.	 The	 porosity	 and	 water	 uptake	 of	 the	 pieces	 were	
calculated	as	Appendix	I	indicates.		
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2.6. Scanning	 Transmission	 Electron	Microscopy	 (STEM)	
observations	

Collagen	 fibrils	 observations	 were	 carried	 out	 using	 the	 suspensions	
obtained	after	self‐assembly	process	(Fig.	3.2.).	For	the	sample	preparation	the	
collagen	fibril	suspension	was	shaken	for	2	minutes.	Samples	were	prepared	by	
placing	 20	 µL	 collagen	 suspension	 drop	 on	 a	 collodion	 and	 carbon	 coated	
copper	grid	12,21,24.	After	5	minutes,	 to	permit	 the	 fibrils	 to	be	adsorbed	to	 the	
carbon	 coated	 film,	 the	 grid	 was	 washed	 threefold	 with	 dH2O	 to	 eliminate	
buffer	residual	salts.	Then,	the	excess	of	water	was	removed	by	placing	a	piece	
of	filter	paper	at	the	edge	of	the	grid.		The	samples	were	fixed	by	adding	a	drop	
of	 1%	 (v/v)	 glutaraldehyde/dH2O	 solution	 and	drained	with	 filter	paper.	The	
fibrils	were	 negatively	 stained	 using	 1%	 (v/v)	 phosphotungstic	 acid	 (HT152,	
Sigma)/	dH2O	solution	adjusted	to	pH	7.4	with	NaOH	(30620,	Riedel‐de‐Häen).	
The	 samples	 were	 kept	 covered	 by	 the	 stainning	 solution	 for	 3	minutes	 and	
then	drained	with	filter	paper.	The	stained	grids	were	rinsed	with	dH2O	and	left	
them	to	dry	at	room	temperature.		

The	 same	 staining	 procedure	 was	 used	 for	 the	 Purified	 Collagen	 Sponge	
(PCS)	 reference	 product	 (Kindly	 supplied	 by	 LABRET‐UMA	 as	 a	 gift	 and	
referred	 as	 ME	 Nimni;	 US	 patent	 537453928)	 after	 placing	 on	 the	 collodion	
carbon	coated	grid	a	slice	of	the	solid	material	instead.		

The	 prepared	 grids	 were	 finally	 coated	 with	 a	 layer	 of	 carbon	 using	
EMITECH	 K950	 carbon	 evaporator	 using	 60	 A	 of	 voltage.	 Samples	 were	
examined	 using	 an	 HITACHI	 S‐4800	 Field	 Emission	 Gun	 Scanning	 Electron	
Microscope	 (FEG‐SEM)	 working	 at	 transmission	 mode	 and	 operating	 at	 an	
accelerating	voltage	of	30kV.	T 

 
 
 

. 

2.7. Bradford	assay	

Bradford	is	a	colorimetric	method	which	is	based	on	the	absorbance	shift	of	
the	coomasie	brilliant	blue	G‐250	reactive	which	is	red	(max	=	465	nm)	in	acid	
solution	 and	 changes	 to	 blue	 (max	 =595	 nm)	when	 it	 binds	 to	 a	 protein.	 An	
improved		assay	for	collagen	protein	reported	by	López	et	al.	(2003)29	was	used	
as	follows.	30	µL	of	the	whole	volume	(0.2	+1+1	mL)	supernatant	from	washing	
treatment	 solution	 were	 mixed	 with	 1500	 µL	 of	 fivefold	 diluted	 Coomassie	
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Brilliant	Blue	reagent	(500‐0006,	Bio‐Rad	Protein	Reagent)	containing	0.035mg	
mL‐1	 Sodium	 Dodecyl	 Sulfate	 (SDS,	 43614,	 Sigma).	 SDS	 is	 a	 surfactant	 that	
increases	4‐fold	the	sensitivity	of	the	Coomasie	reagent	for	collagen29.	After	15	
min	 the	 samples	 were	 measured	 using	 UV/Vis	 spectroscopy	 (Perkin‐Elmer	
Uv/Vis	 spectrophotometer)	 at	 	 =	 595	 nm.	 The	 collagen	 type	 I	 precursor	
solution	(BD	Biosciences,	354231)	was	used	to	prepare	a	standard	calibration	
curve	(Fig.	3.4).	Dilutions	using	0.01	M	HCl	(dH2O)	were	prepared.		
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Figure	3.4.	Bradford	curve	calibration	for	collagen	quantification.		

	

2.8. Transmission	 Electron	 Microscopy	 (TEM)	
observations	

The	 samples	 were	 fixed	 using	 1.6%	 glutaraldehyde	 in	 cacodilate	 buffer	
(0.1M	pH	7.4)	for	1h	at	room	temperature.	Then,	the	samples	were	embedded	
in	 a	 resin	 using	 an	 automated	 Leica	 Electronic	Microscopy	 Tissue	 Processing	
(Leica	 EM	 TP)	 processor	to	 carry	 out	 a	 programme	 for	 26	 hours	 and	 25	
minutes.	The	programme	consists	on	different	steps	which	include	staining	the	
sample	using	1%	osmium	and	2%	uranyl,	washing	treatments,	dehydration	and	
finally,	 the	inclusion	in	Spurr	resin	(18306‐4221,	Ted	pella).	The	Spurr	blocks	
containing	 the	 sample	are	 cut	 in	70nm	slices	and	deposited	 in	grids.	 Samples	
were	examined	using	a	Philips	CM‐200	operating	at	an	accelerating	voltage	of	
80kV.	T 

	

y=0.02x+0.07

R2=0.999	
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2.9. Collagen	immunostaining	

In	 order	 to	 know	 if	 collagen	 is	 homogenously	 distributed	within	 the	 final	
nanofibrous	matrix	materials,	 immunostaining	was	 performed.	 A	monoclonal	
anti‐collagen	type	I	antibody	produced	in	mouse	which	reacts	with	bovine	skin	
collagen	 type	 I	 (C2456,	 SIGMA)	was	used.	 	 	 In	 spite	 of	 being	 reactive	 for	 pig,	
bovine,	 deer,	 rat,	 rabbit	 and	 human	 collagen	 type	 I,	 the	 antibody	 does	 not	
recognise	 thermally	 denatured	 molecules	 (gelatin),	 just	 the	 native	 form	 of	
collagen	type	I.		

	
Firstly,	 materials	 were	 imbibed	 within	 tissue	 freezing	 medium	

(14020108926,	 Leica)	 for	 24h	 and	 20µm	 slices	 were	 obtained	 by	 Cryostat	
(LEICA	CM1950)	 at	 ‐20°C.	 The	 slices	were	 kept	 in	 PBS	 and	 refrigerated	 until	
used	within	 (maximum	 one	week).	 To	 carry	 out	 the	 immunostaining,	 two	 or	
three	slices	of	each	type	were	placed	in	48‐well	plates	and	washed	using	200µl	
of	fresh	PBS.	The	samples	were	incubated	for	3	hours	with	a	primary	antibody	
against	collagen	type	I,	dilution	1:4000	in	PBS,	at	36°C.	Then,	the	samples	were	
washed	 twice	 using	 200µL	 PBS	 to	 remove	 unbound	 antibody.	 A	 secondary	
antibody	antimouse	FITC	conjugate	produced	 in	goat	 (F0257,	SIGMA)	(1:300)	
was	used	for	incubation	in	darkness	for	2	hours	at	36°C.	Two	washes	using	PBS	
were	 carried	 out	 for	 five	 minutes.	 The	 samples	 were	 placed	 on	 a	 glass	
microscope	slide	and	water	excess	was	eliminated	using	filter	paper.	A	drop	of	
fluorescence	mounting	medium	(S302380,	Dako)	was	droped	onto	the	samples.	
The	same	procedure	was	performed	for	solutions	without	antibody	as	negative	
controls.	Specimens	were	examined	under	a	confocal	microscope	ZEISS	LSM	7	
DUO	using	 excitation	 and	 emission	wavelengths	 of	 488	 nm	 and	 493‐587	nm,	
respectively.	 Confocal	 three	dimensional	 stacks	were	 reconstructed	by	 taking	
into	account	shifts	along	z	directions	each	7µm.		

	
	

2.10. In	vitro	cell	biocompatibility	study	

2.10.1. Cell	type	source	

Human	Mesenchymal	 Stem	 Cells	 (hMSCs)	 from	 Adipose	 Tissue	 (hMSC‐AT,	
PromoCell)	were	maintained	 in	DMEM	(41965039,	Gibco)	supplemented	with	
4.5	 g/L	 glucose,	 100μM	 sodium	 pyruvate	 (S8636,	 SIGMA),	 1mM	 L‐glutamine,	
10%	 fetal	 bovine	 serum	 (FBS)	 (10500,	 Gibco)	 and	 100U/mL	 P/S	 (P0781,	
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Sigma).	 Cultures	were	 kept	 at	 37°C	 and	 5%	CO2	 in	 a	 humidified	 atmosphere.	
Media	was	changed	twice	a	week.		

Mouse	 Embryogenic	 Stem	 Cells	 (mESCs)	 	 ES‐D3	 cell	 line	 (American	 Type	
Culture	 Collection,	 ATTC)	 were	 subcultured	 in	 ESC	 qualified	 DMEM	 medium	
(SLM‐220‐M,	Millipore)	 supplemented	with	10%	FBS	ES‐	qualified	 (ES‐009‐B,	
Millipore),	1%	nucleosides	(ES‐008‐D,	Millipore),	 	1%	penicillin/streptomycin	
(TMS‐AB2‐C,	 Millipore),	 1%	 non‐essential	 amino	 acids	 100x	 (TMS‐001‐C,	
Millipore),	 	 1%	 L‐glutamine	 solution	 (100x‐200mM)	 (TMS‐002‐C,	 Millipore),	
1%	 2‐mercaptoethanol	 (ES‐007‐E,	 Millipore),	 5	 ml	 LIF	 (ESGRO	 105	 U/ml)	
(ESG1107,	Millipore).	Cultures	were	kept	at	37°C	and	5%	CO2	 in	a	humidified	
atmosphere.	

	
2.10.2. Cell	adhesion	experiments	

The	 materials	 were	 conditioned	 to	 carry	 out	 in	 vitro	 experiments.	 The	
matrix	pieces	were	kept	 in	100%	ethanol	 for	48	hours	at	37°C.	 	The	matrices	
were	transferred	to	non‐treated	polystyrene	96‐well	plates	and	sterilised	using	
150µL	of	ethanol/PBS	in	80/20	volume	ratio.	In	laminar	flow	hood,	decreasing	
ethanol	solutions	in	PBS	were	used	to	rehydrate	the	materials	for	1	hour	each	
solution.	 After	 maintaining	 the	 materials	 in	 PBS	 overnight,	 cell	 media	 was	
added	to	the	wells.	6000	hMSCs	were	seeded	per	material	and	incubated	for	12	
h.	 Then,	 cells	 were	 washed	 once	 with	 PBS	 to	 remove	 non‐attached	 cells,	
followed	by	addition	of	 fresh	medium.	The	media	was	 changed	 twice	a	week.	
DNA	quantification	and	cell	observation	was	carried	out	1,	3	and	7	days	after	
seeding.		

	
The	same	procedure	was	used	for	mESCs	but	10000	cells	were	seeded	per	

material	 and	 incubated	 for	 4	 hours.	 DNA	 quantification	 and	 cell	 observation	
was	carried	out	immediately	after	the	4	hours	and	48	hours	later.		

 

2.10.2.1. PicoGreen	DNA	assay	

Quant‐iT™	 PicoGreen®	 dsDNA	 Assay	 Kit	 (P7589,	 Invitrogen)	 was	
used	to	quantify	cell	numbers	in	the	matrices.	After	washing	treatment	using	
PBS,	 the	 matrix	 pieces	 were	 removed	 from	 the	 96‐well	 plate	 and	 placed	 on	
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another	new	96‐well	plate	 to	discard	non‐adherent	 cells	 and	cells	 adhered	 to	
the	plate.	100µL	lysis	buffer	was	added	to	single	wells	for	10	minutes	at	room	
temperature	 and	 shacked	 at	 100	 rpm.	 Lysis	 buffer	 is	 compounded	 by	 10Mm	
Tris,	 1mM	EDTA	 (15575,	Gibco)	 and	0.2%	Triton	 x100	 (T8787,	 Sigma).	 After	
incubation,	0.1	mL	of	lysate	was	transferred	to	a	clean	96‐well	plate	and	fozen	
at	‐80°C	until	use.		

Picogreen	 kit	 assay	was	 used	 according	 to	 the	manufacturers’	 protocol	 to	
quantify	 double‐stranded	 DNA	 within	 the	 samples.	 20X	 EDTA,	 pH	 7.5	 (TE)	
buffer,	which	is	provided	by	the	kit,	was	diluted	to	1X	in	mQ	water.	PicoGreen	
dsDNA	reagent	was	diluted	200	 times	 in	1X	TE.	 	PicoGreen	assay	was	carried	
out	mixing	30µL	of	the	DNA	solution,	75µL	1xTE	and	45µL	PicoGreen	solution.	
The	plate	was	incubated	in	the	dark	for	5	min,	and	then	fluorescence	emission	
at	538	nm	was	measured	under	excitation	at	480	nm	on	an	Infinite	M200	PRO	
(TECAN)	plate	reader.	Lamda	DNA	standard	solution,	which	is	provided	by	the	
kit,	was	used	to	prepare	a	standard	curve	that	was	measured	at	the	same	time	
as	the	samples.		

	
2.10.2.2. Viability	staining	

Live	cells	were	stained	with	calcein	acetoxymethyl	ester	(Calcein	AM,	C3099,	
Molecular	 ProbesTM).	 	 Non‐fluorescent	 calcein	 AM	 is	 transported	 through	 the	
cellular	 membrane	 into	 live	 cells	 which	 is	 converted	 in	 green‐fluorescent	
calcein	after	acetoxymethyl	ester	hydrolysis	by	 intracellular	esterase.	So,	only	
live	cells	are	 labelled.	0.1µL	Calcein	was	used	for	500µL	media	cells.	150µL	of	
diluted	Calcein	was	added	to	single	well	and	incubated	for	15	minutes	at	37°C.	
Live	 hMSCs	 were	 visualised	 with	 an	 Axiophot	 fluorescence	 microscope.	
Fluorescence	 images	 of	 mESCs	 were	 obtained	 using	 a	 Nikon	 Eclipse	 80i	
microscope.	
	
2.10.2.3. Phalloidin	staining	
	

At	 desired	 time	 points,	 fixative	 solution	 of	 4%	 formaldehyde	 in	 PBS	 was	
used	 to	 fix	 cells	 for	15	minutes.	Then,	 fixative	solution	was	removed	and	PBS	
was	 added	 thrice	 to	 wash.	 Rhodamine	 phallotoxin	 (R415,	 Life	 Technologies,	
diluted	 1:100	 was	 added	 for	 1	 hour	 to	 stain	 actin	 and	 then	 washed	 thrice.	
Finally,	 mounting	 medium	 for	 fluorescence,	 Vectashield	 with	 DAPI	 (H‐1200,	
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Vector	Laboratories),	was	used	to	mount	the	samples.	Images	were	obtained	by	
the	 Axiophot	 fluorescence	 microscope	 for	 hMSCs	 and	 Nikon	 Eclipse	 80i	
microscope	for	mESCs.		

	
	

2.10.3. Osteocalcin	immunofluorescence		
	
At	 days	 14	 and	 21	 of	 incubation	 time,	 hMSCs	 were	 fixed	 using	 a	 fixative	

solution	 of	 4%	 formaldehyde	 (v/v)	 (F/1501/PB17,	 Fisher)	 and	 2%	 sucrose	
(wt/v)	 (S/8600/53,	 Fisher)	 in	 PBS	 for	 15	 minutes.	 After	 removing	 fixative	
solution,	 the	samples	were	washed	twice	with	PBS.	Permeabilising	buffer	was	
prepared	by	mixing	10.3	g	of	sucrose,	0.292	g	of	NaCl,	0.06	g	of	MgCl2,	and	0.476	
g	of	hepes	(10756254,	Fisher)	in	100	mL	PBS	and	adjusted	to	pH	7.2	and	0.5	mL	
triton	x100	(T8787,	Sigma).	For	5	minutes	at	4°C,	samples	were	incubated	with	
permeabilising	buffer.	After	removing	permeabilising	buffer,	the	samples	were	
incubated	with	1%	Bovine	Serum	Albumin	(BSA,	12841630,	Fisher)	in	PBS	for	
15	minutes	at	37°C.	Samples	were	incubated	with	primary	anti‐osteocalcin	(sc‐
73464,	Inisight	Biotech)	antibody	made	in	rabbit	and	diluted	1:50	in	PBS/BSA	
containing	phalloidin	diluted	1:100.	 	After	1	hour	incubation	time	at	37°C,	the	
samples	were	washed	thrice	for	10	minutes	using	0.5%	Tween	20	in	PBS.	Then,	
samples	were	incubated	with	biotinylated	secondary	anti‐rabbit	antibody	made	
in	horse	and	diluted	1:50	(BA‐1100,	Vector	Laboratories)	for	1	hour	at	37°C	in	
darkness.	 After	washes,	 FITC‐conjugated	 streptavidin	 (SA‐5001,	 Vector	 Labs)	
diluted	 1:50	 in	 PBS/BSA	 was	 added	 for	 30	 minutes	 at	 4°C.	 After	 wash	
treatment,	samples	were	mounted	with	Vectashield	with	DAPI.		

	

	

	

3. RESULTS	
	

3.1. “In	vitro”	collagen	fibrils	self‐assembly		

Collagen	self‐assembly	in	vitro	is	a	complex	process	where	many	parameters	
such	 as	 collagen	 monomer	 concentration,	 buffer	 composition,	 incubation	
temperature	 and	 pH	 play	 an	 important	 role	 to	 obtain	 D‐banded	 structured	
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collagen	 fibrils.	 	 In	 this	 study,	 the	observation	 of	 collagen	 fibril	morphologies	
and	D‐periodicity	measurements	were	carried	out	using	STEM	observations.		

	

Figure	3.5.	STEM	images	of	a	reference	material	called	Purified	Collagen	Sponge	(PCS)28	without	staining	(a)	
and	negatively	stained	(b).	

	
A	Purified	Collagen	Sponge	(PCS)	(Kindly	supplied	by	LABRET‐UMA	as	a	gift	

and	 referred	 as	 ME	 Nimni;	 US	 patent	 537453928)	 was	 used	 as	 a	 reference	
material	to	set	the	appropriate	sample	preparation	and	conditions	for	the	STEM	
observations.	STEM	images	of	PCS	are	shown	in	Fig.	3.5.	As	can	be	seen,	D‐band	
periodicity	 can	 be	 observed	 even	 without	 staining	 (Fig.	 3.5a).	 Negatively	
stained	PCS	sample	(Fig.	3.5b)	shows	D‐band	periodicity	more	clearly	resolved.	
The	repeating	broad	dark	and	light	contrast	zones	are	produced	by	preferential	
phosphotungstic	 acid	 staining	 revealing	 the	 characteristic	 alternation	 of	 dark	
(stain	 penetrable)	 and	 light	 (stain	 excluding)	 zones,	 the	 so‐called	 ‘gap’	 and	
‘overlap’	zones9.		The	reported	D‐periodicity	of	67	nm	can	be	measured	on	the	
PCS	 fibrils.	 Besides,	 fibril	 diameter	 with	 a	 range	 from	 90	 nm	 to	 300nm	 and	
150nm	average	diameter	can	be	observed.		

Using	 STEM	 characterisation,	 the	 following	 sections	 show	 the	 results	
obtained	 for	 the	 different	 studied	 variables	 such	 as	 buffer	 composition,	 ionic	
strength,	temperature	and	incubation	time	used	to	perform	the	collagen	fibrils	
self‐assembly.	Each	paragraph	corresponds	to	the	influence	of	varying	a	single	
parameter.		

	

	

200nm	100nm	

a	 b
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3.1.1. Buffer	salt	composition	

Phosphate	 and	 Tris	 buffer	 compositions	 (buffer	 3	 and	 6,	 respectively	 in	
Table	 3.2)	 using	 constant	 ionic	 strength	 (200	 mM),	 temperature	 (34°C)	 and	
incubation	 time	 (24h)	 were	 tested.	 Using	 50	 mM	 Tris	 (Table	 3.3,	 F1E),	 the	
collagen	 monomers	 tend	 to	 associate	 into	 disordered	 molecular	 aggregates.	
This	 diffused	 fibrillar	 shape	 is	 shown	 in	 image	 3.6a‐b	 where	 collagen	 was	
negatively	stained.	However,	using	30mM	phosphate	concentration	(Table	3.3,	
F2AB),	the	collagen	molecules	form	well‐defined	and	homogenous	D‐structured	
fibrils	as	observed	 in	Fig	3.6c‐e.	For	F2AB,	 the	 fibrils	have	diameters	of	about	
150±20	 nm	 showing	 long	 dimensions	 with	 ends	 only	 occasionally	 seen.	 D‐
periodicity	measured	 for	 F2AB	 fibrils	 is	 about	 67±2	 nm.	 The	 results	 indicate	
that	buffer	3	using	phosphate	was	more	effective	for	D‐banded	fibril	formation	
and	was	selected	for	further	experiments.		

	

	
Figure	3.6.	STEM	images	of	collagen	fibril	suspensions	of	samples	negatively	stained	incubated	in	buffer	of	
200mM	 ionic	 strength	 for	 24h	 at	 34°C.	 F1E	 sample	 neutralised	 in	 50mM	 Tris	 buffer	 7(a)	 and	 higher	
magnifications	(b).		F2AB	sample	synthesized	in	30mM	phosphate	buffer	3	(c)	and	higher	magnifications	(d‐
e).		

Table	3.3.	Effect	of	buffer	composition	on	collagen	fibrillogenesis	
Sample	 Buffer	 [PO4‐3]	

	(mM)	
Ionic	Strength	

(mM)		
T	(°C)	 Time	(h)	

F1E	 Buffer	6	 ‐‐‐	 200	 34	 24	
F2AB	 Buffer	3	 30	 200	 34	 24	

c	 d e

	

a	 b
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3.1.2. Buffer	ionic	strength	

Influence	 of	 ionic	 strength	 on	 the	 self‐assembly	 process	 was	 studied	 by	
modifying	 the	amount	of	NaCl	 in	30	mM	phosphate	buffer.	Buffers	1,	2	and	3	
were	 tested	 at	 34°C	 and	 24h	 incubation	 time.	 F2AB	 using	 buffer	 3	 (200mM,	
ionic	 strength)	 reveals	D‐banded	 fibrils	 as	 it	 has	 been	 shown	 in	 the	 previous	
Fig.	 3.6d‐e.	Decreasing	 the	 ionic	 strength	 to	80	mM	(F1A),	 compact	 and	well‐
defined	fibrils	were	obtained	although	no	D‐periodicity	could	be	observed	(Fig.	
3.7a‐b).	 Also,	 these	 fibrils	 are	 smaller	 in	 diameter,	 about	 66±19nm,	 in	
comparison	with	fibrils	reported	for	F2AB.	On	increasing	the	ionic	strength	to	
500	mM	(buffer	2,	sample	F1B),	D‐banded	 fibrils	are	 formed	(Fig.	3.7c‐e).	For	
this	 last	 sample	 (F1B),	 150±20	 nm	 average	 diameter	 is	 obtained	 and	 the	
pattern	 band	 on	 the	 fibrils	 is	 about	 65±3	nm.	 The	 results	 indicate	 that	 using	
34°C	 and	 24	 h	 of	 incubation,	 the	 minimum	 ionic	 strength	 for	 the	 phosphate	
buffer	is	200mM	to	obtain	D‐banded	collagen	fibrils.		

	

	

Figure	3.7.	 STEM	 images	 of	 collagen	 fibril	 suspensions	 of	 samples	 negatively	 stained	 incubated	 in	 30mM	
phosphate	 buffer	 for	 24h	 at	 34°.	 F1A	 sample	 neutralised	 in	 buffer	 1	 (80mM	 of	 ionic	 strength)	 (a‐b).	 F1B	
sample	synthesised	using	buffer	2	(500	mM	of	ionic	strength)	(c‐e).			

Table	3.4.	Effect	of	buffer	ionic	strength	on	collagen	fibrillogenesis	
Sample	 Buffer	 [PO4‐3]		

(mM)	
Ionic	Strength	

(mM)	
T	(°C)	 Time	(h)	

F1A	 Buffer	1	 30	 80	 34	 24	
F1B	 Buffer	2	 30	 500	 34	 24	
F2AB	 Buffer	3	 30	 200	 34	 24	

c	 d e

	

a	 b



 

86 
 

Chapter 3  FCol‐NfGel matrices for Bone Tissue Engineering Applications 

3.1.3. Buffer	phosphate	concentration	

In	 this	 section,	 30	 mM	 and	 16	 mM	 phosphate	 buffer	 concentration	 were	
compared.	The	experiment	was	performed	using	500	mM	ionic	strength	(buffer	
2	and	4),	 temperature	at	34°C	and	24h	 incubation	 time	(Table	3.5).	As	 it	was	
reported	 in	 the	 last	 section,	 F1B	 sample	 prepared	 using	 30	 mM	 phosphate	
(buffer	 2)	 presented	 fibrils	 with	 average	 diameters	 of	 150±20	 nm	 and	 D‐
periodicity	 of	 65±3	 nm	 (Fig	 3.7c‐e).	 Otherwise,	 for	 F1C	 neutralised	 using	 16	
mM	 phosphate	 concentration	 (buffer	 4),	 D‐banded	 fibrils	 are	 observed	
although	 the	 banding	 is	 more	 difficult	 to	 perceive	 (Fig.	 3.8a‐c)	 than	 for	 F1B	
sample.	 Besides,	 filamentous	 substructures	 are	 common	which	 show	 shorter	
length	 and	 smaller	 diameters	 than	 D‐banded	 fibrils.	 These	 filamentous	
substructures	do	not	present	periodicity	and	have	average	diameter	of	17±5nm	
whereas	D‐banded	fibrils	present	average	diameter	of	144±30nm	and	64±2nm	
of	D‐periodicity.	

16	 mM	 buffer	 phosphate	 concentration	 produces	 D‐banded	 structured	
fibrils	 although	 very	 numerous	 smaller	 fibrils	 without	 structure	 were	 also	
obtained.	In	conclusion	30Mm	phosphate	buffer	concentration	produces	more	
structured	fibrils	with	homogenous	diameter.			

 

Figure	3.8.	STEM	images	of	collagen	fibril	suspensions	of	F1C	sample	negatively	stained	incubated	in	16	mM	
phosphate	buffer	(buffer	4)	for	24h	at	34°C	(a)	and	higher	magnifications	(b‐c).			

Table	3.5.	Effect	of	buffer	phosphate	concentration	on	collagen	fibrillogenesis	

Sample	 Buffer	 [PO4‐3]	
	(mM)	

Ionic	Strength	
(mM)	

T	(°C)	 Time	(h)	

F1B	 Buffer	2	 30	 500	 34	 24	
F1C	 Buffer	4	 16	 500	 34	 24	

	

	

a	 b c

A	
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3.1.4. Incubation	time	

24	hours	incubation	time	for	collagen	self‐assembly	process	was	compared	
to	4	hours	using	buffer	2	at	34°C	(Table	3.6).	After	4	hours	of	time	incubation,	
sample	F2B	(Fig.	3.9a‐c)	shows	D‐banded	fibrils	with	diameters	of	117±35nm	
although	 filamentous	aggregation	nets	with	smaller	diameters	of	 about	17	±5	
nm	 and	 no	 D‐banded	 definition	 were	 observed.	 	 The	 results	 indicate	 that	
conditions	of	500	mM	of	ionic	strength	for	the	buffer	phosphate,	34°C	and	4	h	
are	enough	to	generate	D‐structured	fibrils	although	mixed	with	thinner	non	D‐
banded	fibrils	aggregates.		
	

	
Figure	3.9.	STEM	images	of	collagen	fibril	suspensions	of	F2B	sample	negatively	stained	incubated	in	30	mM	
phosphate	buffer	with	500mM	of	ionic	strength	(buffer	2)	for	4h	at	34°C	(a)	and	higher	magnifications	(b‐c).			

Table	3.6.	Effect	of	time	on	collagen	fibrillogenesis		
	
Sample	 Buffer	 [PO4‐3]	

	(mM)	
Ionic	Strength	

(mM)	
T	(°C)	 Time	(h)	

F1B	 Buffer	2	 30	 500	 34	 24	
F2B	 Buffer	2	 30	 500	 34	 4	

	

	

3.1.5. Temperature	

Effect	of	 temperature	on	 the	collagen	self‐assembly	process	was	studied	 in	
this	 section	 where	 incubation	 temperature	 was	 investigated	 using	 	 34°C	 or	
room	temperature	(~25	°C),	4h	of	incubation	time	and	buffer	2	(Table	3.7).		As	
can	 be	 seen	 in	 Figure	 3.10a‐b,	 using	 25°C	 (F3B),	 fibrils	 are	 less	 successfully	
formed	than	on	the	experiment	performed	at	34°C	(F2B,	Fig.	3.9a‐c).	For	F3B,	
the	 observations	 indicated	 very	 little	 fibrils	 formation	 without	 a	 proper	 D‐
banded	features	definition.		

	

a	 b c

A	
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Figure	3.10.	 STEM	 images	of	 collagen	 fibril	 suspensions	of	F3B	sample	negatively	 stained	 incubated	 in	30	
mM	phosphate	buffer	with	500mM	of	ionic	strength	(buffer	2)	for	4h	at	25°C	(a)	and	higher	magnification	(b).			

	

Table	3.7.	Effect	of	temperature	on	collagen	fibrillogenesis		
	

	
	

The	 following	 Table	 3.8	 summarises	 the	 fibril	 diameter	 and	 D‐periodicity	
parameter	measured	for	all	the	conditions	used	in	the	presented	experiments.	
As	 we	 have	 presented,	 30mM	 phosphate,	 an	 ionic	 strength	 of	 either	 500	 or	
200mM,	 temperature	of	 34°C	and	24	h	 time	 incubation	were	appropriated	 to	
obtain	 homogenous	 D‐banded	 structured	 collagen	 fibrils.	 As	 no	 particular	
improvement	was	measured	for	the	higher	ionic	strength	condition	(500	mM),	
200mM	was	used	for	further	experiments	in	the	processing	of	the	matrix	pieces	
materials.				

Table	3.8.	Diameter	and	D‐periodicity	for	collagen	fibrils	

Sample	 Fibril	diameter	(nm)	 D‐periodicity	(nm)	
F2AB	 150±20	 67±2	
F1A	 66±19	 ‐‐‐	
F1B	 150±20	 65±3	
F1C	 144±30	 64±2	
F2B	 117±35	 65±3	

	

 
 
 

Sample	 Buffer	 [PO4‐3]		
(mM)	

Ionic	Strength	
(mM)	

T	(°C)	 Time	(h)	

F2B	 Buffer	2	 30	 500	 34	 4	
F3B	 Buffer	2	 30	 500	 25	 4	

a	 b
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3.2. Pure	Highly	Ordered	 Collagen	 (PHOC)	matrix	 pieces	
characterisation		
	

Figure	3.11a	shows	final	F2AB‐PHOC	pieces	with	5.8	mm	in	diameter	and	2	
mm	in	height	and	porosity	of	99%.	The	pieces	are	characterised	by	FE‐SEM	in	
Fig.	3.11b‐f.			

	

	
Figure	3.11.	Optical	image	of	the	final	F2AB‐PHOC	pieces	(a).	FE‐SEM	images	of	the	F2AB‐PHOC	piece	surface	
(b)	 and	 higher	magnifications	 (c),	 cross‐section	 (d)	 and	 higher	magnifications	 (e‐f)	 for	more	 detail	 of	 the	
fibrils	and	non	fibrillar‐like	zones.	FE‐SEM	images	of	PCS	(g)	and	higher	magnifications	to	observe	fibrils	(h)	
and	bandage	(i).		
	

FE‐SEM	images	of	the	surface	of	a	F2AB‐PHOC	piece	is	presented	(Fig.	3.11b‐
c)	where	high	porosity	 is	observed.	Although	a	 clear	 filamentous	morphology	
can	be	appreciated	 in	 this	 image,	coalescence	or	sintering	of	 the	polymer	 in	a	

5	mm	 50 µm 5	µm	

c

d	 e

	

a	 b

f

g	 h i
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tissue‐like	 layer	was	 characteristic	 of	 the	 exterior	 surface	parts	 of	 the	pieces.	
The	 F2AB‐PHOC	 fracture	 cross‐sectional	 areas	 presented	 in	 Fig	 3.11d‐f	 show	
also	a	tissue‐like	morphology	although	there	are	zones	where	fibrils	with	sizes	
of	 150	 nm	 on	 average	 are	 observed.	 The	 measured	 fibril	 size	 is	 in	 good	
agreement	with	the	fibril	size	of	the	precursor	suspension	(FAB)	presented	in	
the	previous	section.	This	tissue‐like	aspect	can	be	observed	in	other	collagen	
matrices	 reported	 in	 the	 literature4.	 The	 PCS	 referenced	 material	 was	 also	
analysed	by	FE‐SEM	(Fig.	3.11g‐i).	A	fibrous	network	is	observed	where	fibrils	
appear	 ordered	 and	oriented	 (image	 g,	 h)	with	 150	nm	on	 average	diameter.	
Well	defined	D‐spaced	fibrils	are	observed	for	this	material	(image	i).		

	
Diffraction	 studies	were	 carried	 out	 to	 study	 the	 collagen	 structure	 in	 the	

material	 pieces.	 Firstly,	 PCS	 as	 referenced	 material	 was	 analysed.	 FE‐SEM	
characterisation	has	shown	very	well	defined	D‐spaced	fibrils	for	this	material,	
since	 it	 is	 based	 on	 purified	 animal	 bovine	 tissue	 what	 assures	 good	 fibril	
structure	 preservation.	 The	 PCS	 pattern	 (Fig.	 3.12a)	 shows	 a	 semi‐crystalline	
difractogram	 where	 three	 characteristic	 parts	 can	 be	 differentiated.	 A	 first	
sharp	peak	at	2θ	=	5.5,	a	second	wide	peak	at	2θ	=	7.9	and	finally,	a	broad	band	
from	2θ	=	12‐27	can	be	observed.	The	broad	band	(2θ=	12‐27)	presents	some	
sharp	 peaks	 at	 2θ	 =	 20.1,	 15.2,	 23.0	 and	 23.9.	 None	 of	 these	 peaks	 could	 be	
matched	with	any	compound	using	the	ICCD	database.	In	addition,	some	other	
small	peaks	at	2θ=	31.7	and	32.5	were	identified	according	to	ICCD	database	as	
CaCl2,	NaCl	and	NaO2.	The	EDX	analysis	(Fig.	3.12b)	confirms	the	presence	of	Na,	
Cl	 and	 Ca	 elements	 on	 the	 PCS.	 In	 order	 to	 check	 the	 possibility	 that	 the	
identified	 XRD	 peaks	 could	 proceed	 from	 reactive	 salts	 used	 in	 the	 PCS	
processing	procedure,	a	washing	protocol	was	performed	at	36.5°C	using	dH2O.	
After	 fivefold	 washing	 treatment,	 no	 peaks	 at	 31.7	 and	 32.5	 2θ	 degree	were	
observed	 in	 the	XRD	difractogram	(Fig.	3.12a).	Besides,	 the	elimination	of	 the	
Na,	Cl	and	Ca	elements	after	washing	treatment	was	confirmed	by	XRD	analysis	
(Fig.	3.12b).		None	of	the	residual	peaks	in	the	difractogram	of	the	PCS	could	be	
matched	 with	 any	 other	 compound	 in	 the	 ICCD	 database.	 Therefore,	 we	
propose	that	these	peaks	should	correspond	to	the	collagen	fibrils	structure.			
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Figure	3.12.	WXRD	patterns	of	 the	PCS	pieces	 	before	(black)	and	after	washing	treatment	(blue)	(a).	EDX	
analysis	of	PCS	before	and	after	washing	treatment	(b).			

	

The	first	and	second	peaks	at	2θ	=	5.5	and	7.9	correspond	to	d‐spacing	of	1.6	
and	 1.1,	 respectively	 which	 could	 be	 correlated	 to	 the	 intermolecular	 lateral	
packing30.	Neutron	scattering	experiments	showed	that	the	equatorial	spacing	
between	collagen	molecules	is	about	1.6mm	in	non‐mineralized	wet	fibrils	and	
it	is	reduced	to	1.1nm	in	dried	conditions5.	Otherwise,	d	spacing	of	1.6	nm	has	
been	 correlated	 by	 neutron	 scattering	 experiments	 with	 a	 quasi‐hexagonal	
packing	 scheme	 of	 collagen	 molecules31.	 	 The	 peaks	 on	 the	 broad	 band	
observed	at	2θ=	12‐27	could	be	assigned	to	the	diffraction	signal	produced	by	
the	order	of	the	collagen	single	left‐hand	helix	chain30,32,33.	The	axial	residue‐to‐
residue	spacing	within	the	α‐helix	 is	about	0.286nm6,9.	The	distances	between	
amino	acid	residues	within	the	helical	part	of	the	collagen	molecule	may	not	be	
uniform.	 The	 measured	 minimum	 and	 maximum	 distances	 between	 amino	
acids	 were	 reported	 in	 the	 literature	 as	 0.270	 nm	 and	 0.304	 nm34.	 Similar	
diffraction	patterns	showing	the	sharp	2θ=	7.9	and	the	broad	band	2θ=	12‐27	
have	been	reported	in	the	literature30,32.	

	PHOC	matrices	were	analysed	by	WXDR	in	order	to	study	collagen	structure	
in	the	final	piece	and	DHT	treatment	effect.	Figure	3.13	shows	difractogram	of	
the	F2AB‐PHOC	piece	before	DHT	(black),	after	DHT	(red)	and	after	DHT	and	
washing	 treatment	 (blue).	The	difractogram	of	 the	piece	before	DHT	shows	a	
first	 peak	 at	 5.5	 and	 the	 broad	 band	 at	 2θ	 =	 12‐27	 characteristic	 for	 native	
collagen,	whereas	the	peak	at	7.9	is	hardly	visible.	Peaks	at	2θ	=	31.8	and	45.5	
were	 matched	 to	 NaCl,	 whereas	 the	 peak	 at	 2θ=	 28.5	 correspond	 to	 KCl	
according	 to	 the	 ICCD	 database.	 Besides,	 Na4O7P2	was	 identified	 at	 peak	 2θ=	

a	 b
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33.0.	 	The	EDX	analysis	 (Fig.	3.13b)	 confirms	 the	presence	of	Na,	Cl,	P	and	K.	
Diffraction	patterns	after	cross‐linking	treatment	(Fig.	3.13a,	red)	were	tested	
to	 check	 if	 collagen	 structure	was	 affected	due	 to	 high	 temperatures	 reached	
during	DHT	treatment.	The	difractogram	shows	that	the	material	preserves	the	
majority	of	the	peaks.	After	washing	treatment,	the	peaks	which	were	identified	
previously	as	residual	salts	on	the	difractogram	were	vanished	and	Na,	Cl,	P	and	
K	elements	were	not	 identified	by	EDX	(Fig	3.13b,	blue).	 	The	results	 indicate	
that	 DHT	 treatment	 does	 not	 impair	 major	 effects	 on	 the	 characteristic	
structural	collagen	peaks.	The	main	sharp	peaks	at	2θ	=	5.5	and	the	broad	band	
at	2θ	=	12‐27	appear	very	 clear	 in	 the	difractogram.	This	 result	 indicates	 the	
existence	of	nanostructure	in	the	final	solid	PHOC	synthesised	matrices.		
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Figure	3.13.	WXRD	patterns	 (a)	of	F2AB‐PHOC	matrix	before	DHT	 treatment	 (black),	 after	DHT	 (red)	and	
after	DHT	and	washing	treatment	(blue).	EDX	analysis	of	the	F2AB‐PHOC	matrix	(b)	before	DHT	(black)	and	
after	DHT	and	washing	treatment	(blue).		

	

The	WDRX	diffraction	patter	of	the	 final	F2AB‐PHOC	pieces	is	compared	to	
the	PCS	difractogram	in	Fig.	3.14.	As	can	be	seen,	the	intense	peak	at	2θ	=	7.9	is	
not	very	evident	in	the	F2AB‐PHOC	material	although	very	weak	incipient	peak	
could	be	detected.	The	sharp	peak	at	2θ=	5.5	and	the	broad	band	at	2θ	=	12‐27	
are	 very	 similar	 for	 both	materials.	 Therefore,	 the	 peak	 at	 2θ	 =	 7.9	 could	 be	
correspond	with	the	collagen	molecules	organisation	in	the	fibril.		

	

a	 b
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Figure	 3.14.	 WXRD	 patterns	 of	 PCS	 after	 washing	 treatment	 and	 F2AB‐PHOS	 after	 DHT	 and	 washing	
treatment.	

	

3.3. D‐Structured	Fibrils	of	Collagen‐	Nanofibrous	Gelatin	
(FCol‐NfGel)	matrix	pieces	
	

3.3.1. Collagen	content	determination	in	the	fibril	suspension	
	
In	order	to	quantify	the	real	collagen	content	in	the	final	FCol‐NfGel	pieces,	

Bradford	 analysis	 was	 carried	 out	 to	 the	washing	 liquid	 obtained	 during	 the	
preparation	of	 these	materials.	Table	3.9	 indicates	the	obtained	values	 for	the	
total	collagen	content	in	the	supernatants	and	the	final	value	after	the	washing	
collagen	lost	during	the	preparation	protocol.	33	µg	of	collagen	were	measured	
for	 F2AB	 suspension.	 The	 amount	 of	 lost	 collagen	 during	washing	 treatment	
was	subtracted	to	the	initial	amount	of	collagen	in	the	precursor	solution	(1.55	
mg).	 Therefore,	 final	 collagen	 concentration	 in	 D‐banded	 collagen	 fibril	
suspensions	after	washing	treatment	is	3.57	mg	mL‐1	for	F2AB.	

Table	3.9.	Bradford	assay	to	determine	collagen	concentration	in	D‐banded	fibril	collagen	suspensions	after	
washing	treatment		
	
	Sample	 Buffer	 Collagen	in	supernatant	

(µg)	
Collagen	content	in	FCol‐NfGel	piece	

(mg	mL‐1)	
F2AB	 Buffer	3	 33±21	 3.57	
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3.3.2. FCol‐NfGel	matrix	pieces	characterisation	

Final	FCol‐NfGel	matrices	are	presented	in	Fig	3.15a	where	a	piece	of	6mm	
in	 diameter	 and	 1.5	 mm	 in	 height	 is	 showed.	 The	 total	 porosity	 assessment	
calculated	from	Equations	1	and	2	(Appendix	I)	is	92%.	Collagen	concentration	
in	the	final	FCol‐NfGel	matrices	can	be	calculated	using	F2AB	Bradford	results.	
As	it	was	reported	in	section	2.3,	40	mg	of	gelatin	and	0.3	mL	of	D‐banded	fibril	
F2AB	collagen	suspension	(3.57	mg	mL‐1)	were	mixed	 to	 fabricate	FCol‐NfGel	
matrices.	Therefore,	the	ratio	collagen/gelatin	in	weight	in	the	final	FCol‐NfGel	
matrices	is	2.6/97.4.		

	

Figure	3.15.	Optical	image	of	the	final		FCol‐NfGel	pieces	(a).	FE‐SEM	micrographs	showing	a	cross‐section	of	
the	FCol‐NfGel	55/45	water/ethanol	 (v/v)	 (b)	and	higher	magnifications	 (c,	d),	 cross‐section	of	 FCol‐NfGel	
60/40	 water/ethanol	 (v/v)	 (e)	 and	 higher	 magnifications	 (f,	 g).	 FE‐SEM	 images	 of	 FCol‐NfGel	 60/40	
water/ethanol	(v/v)	piece	top	surface	(h)	and	higher	magnifications	(i).		
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Figure	3.15b‐g	displays	FE‐SEM	images	of	the	fracture	cross‐section	of	FCol‐
NfGel	matrix	 pieces	 using	 different	 ethanol/water	 ratios.	 Fig.	 3.15	 b‐d	 shows	
FCol‐NfGel	matrix	piece	in	55/45	water/ethanol	(v)	ratio	where	homogeneous	
nanofibrils	 can	 be	 observed	 with	 diameter	 of	 94±27nm	 and	 cavities	 of	
0.66±0.34	µm	in	diameter.	Fig.	3.15	e‐g	shows	FCol‐NfGel	matrix	piece	in	60/40	
water/ethanol	(v)	ratio	where	homogeneous	nanofibrils	can	be	observed	with	
diameter	of	77±30	nm	and	cavities	of	0.58±0.25	µm	on	average	diameter.	The	
surface	of	 the	60/40	FCol‐NfGel	matrix	pieces	 is	 shown	 in	Fig.	3.15h,	 i	where	
the	 nanofibrils	 are	 maintained.	 FCol‐NfGel	 matrix	 pieces	 in	 60/40	
water/ethanol	ratio	were	used	 for	 further	experiments	because	 their	stability	
after	feeze‐drying.		

Figure	3.16	shows	WXRD	patterns	for	NfGel	(as	a	control),	F2AB‐PHOC	and	
FCol‐NfGel	matrix	pieces.	NfGel	diffraction	pattern	presents	a	broad	band	from	
12	to	29	2θ	degree.	No	diffraction	peaks	are	observed	for	NfGel,	 indicating	an	
amorphous	 material.	 F2AB‐PHOC	 diffraction	 pattern	 is	 presented	 in	
comparison	 to	FCol‐NfGel	material.	 F2AB	PHOC	and	FCol‐NfGel	difractograms	
show	 the	 characteristic	 collagen	 peaks	 at	 2θ	 =	 5.5	 and	 the	 broad	 band	 with	
peaks	at	2θ=12‐27.		Very	weak	signal	was	also	detected	for	the	2θ	=7.9	collagen	
characteristic	peak	as	 it	was	described	in	section	3.2.	Gelatin	broad	band	may	
contribute	to	the	increase	the	broad	peak	of	the	collagen	described	previously	
at	 2θ=	 12‐27.	 According	 to	 WXRD	 results,	 collagen	 preserves	 the	 structural	
features	 after	 the	 procedure	 to	 obtain	 the	 FCol‐NfGel	 matrix	 pieces.	 In	 this	
respect,	 the	 detection	 of	 the	 characteristic	 collagen	 structural	 features	 by	
WXRD	 is	 very	 relevant	 taking	 in	 consideration	 that	 the	 percentage	 of	 the	
collagen	content	is	just	2.6	(wt%)	which	indicates	a	robust	fibril	nanostructure.	
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Figure	 3.16.	 Difraction	 patterns	 (a)	 and	 FT‐IR	 spectra	 (b)	 for	 NfGel,	 F2AB‐PHOC	 and	 FCol‐NfGel	 matrix	
pieces.		
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The	normalised	FT‐IR	spectra	for	NfGel,	F2AB‐PHOC	and	FCol‐NfGel	matrix	
pieces	 are	 presented	 in	 Fig.	 3.16b.	 All	 samples	 exhibit	 a	 typical	 spectra	 for	
collagenous	material,	 since	 the	 characteristic	 amide‐bands	 A,	 I,	 II	 and	 III	 are	
present35–38.	 	A	reduction	 in	amide	 I,	 II	and	 III	bands	 intensity	 is	observed	 for	
NfGel	and	FCol‐NfGel	matrices	as	compared	to	F2AB‐PHOC.	This	effect	could	be	
explained	 with	 the	 collagen	 denaturation	 process	 occurring	 in	 th	 gelatin	
molecules35,37.			

	
The	amide	A	band	results	from	the	ν	(N‐H)	stretching	vibrations	is	reported	

at	3320	cm‐1.	Amide	A	band	exhibits	broader	for	NfGel	than	for	FCol‐NfGel	and	
F2AB‐PHOC.	This	effect	can	also	been	correlated	to	collagen	denaturation37.	In	
figure	3.16a,	it	can	be	observed	that	the	CH2	stretching	band,	which	is	reported	
at	 about	 2930	 cm‐1,	 merges	 with	 the	 amida	 A	 band	 for	 NfGel.	 Kemp	 et	 al.39		
reported	 that	 Amide	 A	 tends	 to	 merge	 with	 the	 CH2	 stretch	 peak	 when	
carboxylic	acid	groups	exist	in	stable	dimeric	(intermolecular)	associations.	The	
more	merge	the	CH2‐Amide	A	bands,	the	more	loose	of	structure	is	reported37.	

The	 characteristic	 band	 of	 amide	 III	 groups	 are	 due	 to	 ν(C–N)	 stretching	
vibrations	and	δ(N–H)		bending	vibrations	at	1300‐1180	cm−	1	.	Amide	III	band	
has	 been	 associated	 with	 the	 triple	 helical	 structure37.	 Amide	 III	 band	 was	
observed	 at	 1237	cm−	1	 for	 F2AB‐PHOC	matrix,	 1238	 cm‐1	 for	 either	 NfGel	 or		
FCol‐NfGel.		The	ratio	between	the	amide	III	band	and	amide	I	band	was	used	to	
estimate	 the	 loss	 of	 secondary	 structure	 of	 proteins47.	 A	 high	 ratio	 indicates	
denaturation	 of	 secondary	 structure	 of	 collagen.	 Calculated	 values	were	 0.62	
for	 NfGel,	 0.45	 for	 F2AB‐PHOC	 and	 0.56	 for	 FCol‐NfGel	 which	 are	 in	 good	
agreement	with	 the	 expected	 higher	 structural	 features	 for	 the	 bare	 collagen	
F2AB‐PHOC	 (0.45),	 followed	 by	 the	 hybrid	 FCol‐NfGel	 (0.56)	 and	 the	 bare	
gelatin	material	NfGel	(0.62).	

	
TEM	 images	 of	 the	 NfGel,	 F2AB‐PHOC	 and	 FCol‐NfGel	 matrix	 pieces	 are	

presented	 in	 figure	 3.17	where	 the	 D‐periodicity	 fibrils	 are	 confirmed	 in	 the	
final	 FCol‐NfGel	 matrix	 piece	 (a).	 Hence,	 the	 collagen	 ultrastructure	 is	
maintained	 after	 TIPS	 and	 DHT	 treatment. The	 sample	 preparation	 for	 TEM	
observations	may	not	be	the	most	adequate,	therefore	condensed	fibrils	can	be	
observed	 and	 the	 total	 aspect	 of	 the	 sample	 is	 different	 to	 SEM	 images.	 As	
expected,	no	D‐periodicity	 could	be	observed	 for	NfGel	materials	 (Fig.	3.17b).	
F2AB‐PHOC	piece	TEM	image	can	be	observed	in	Fig.	3.17c	where	D‐periodicity	
is	more	difficult	 to	observe	 in	 this	 sample	 than	 in	FCol‐NfGel.	This	 result	was	
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unexpected	 since	 the	 amount	 of	 collagen	 fibrils	 is	 significantly	 lower	 in	 the	
FCol‐NfGel	material	 (only	2.6%).	One	explanation	 for	 this	 effect	 could	be	 that	
the	mixture	 of	 the	 bare	 collagen	 precursor	 fibril	 suspension	with	 the	 gelatin	
phase	 during	 the	material	 processing	 could	 contribute	 to	 the	 collagen	 fibrils	
stabilisation	 and	 collagen	 molecules	 protection	 for	 the	 further	 sample	
treatment	protocols	during	TEM	sample	preparation.			

	

	

Figure	3.17.	TEM	image	of	FCol‐NfGel	(a)	NfGel	(b)	and	F2AB‐PHOC	(c)	matrix	materials.	

	
Collagen	 immunostaining	 images	 to	 study	 the	 collagen	 fibrils	 localisation	

within	 the	gelatin	matrix	are	 shown	 in	Fig.	3.18.	NfGel	 and	FCol‐NfGel	matrix	
slices	 (Fig.	 18a‐b)	 indicate	 that	 the	 functionalised	 matrices	 present	 more	
autoflorescence	 than	 the	 nanofibrous	 gelatin	matrix.	 After	 the	 immunostaing,	
NfGel	 (Fig.	 18c)	 does	 not	 show	 important	 differences	 respect	 to	 the	 control,	
although	 some	 bright	 spots	 can	 be	 observed	 on	 the	 specimen.	 However,	 the	
FCol‐NfGel	 presents	 a	 higher	 signal	 homogenously	 distributed	 in	 all	 the	
observed	area	of	the	sample	material	(Fig.	18d).	Although	the	concentration	of	
collagen	 in	 the	 final	FCol‐NfGel	 is	 low	 (2.6%	 in	weight),	 a	 great	 signal	 can	be	
observed.	 This	 result	 could	 indicate	 a	 high	 homogenous	 collagen	 fibrils	
distributed	 within	 the	 nanofibrous	 gelatin	 matrix.	 A	 three‐dimensional	
reconstruction	of	the	immunostained	FCol‐NfGel	material	presented	in	image	d	
is	shown	in	Fig.	3.18e.		

100	nm	100	nm	

a	 b

100	nm

c
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Figure	 3.18.	 Fluorescence	 image	 of	 NfGel	 before	 (a)	 and	 after	 (b)	 collagen	 immunostaining.	 FCol‐NfGel	
fluorescence	images	before	(c)	and	after	(d)	the	immunostaing	and	its	3D	reconstruction	(e).		

	
Figure	3.19	shows	the	percentage	of	water	uptake	ability	of	 the	FCol‐NfGel	

compared	to	the	bare	NfGel	matrix	pieces.	Water	uptake	measures	the	ability	of	
the	 material	 to	 absorb	 and	 diffuse	 water	 which	 could	 be	 related	 to	 the	
potentiality	of	the	material	to	retain	body	fluid	and	permeate	cell	nutrients	and	
metabolites	in	a	in	vivo	application40.	Both	materials	show	a	major	uptake	in	the	
first	2	hours	which	is	1150%	for	FCol‐NfGel	and	1700%	for	NfGel	matrices.	The	
FCol‐NfGel	 matrix	 reaches	 the	 maximum	 value	 of	 1634%	 after	 96	 hours,	
whereas	NfGel	reaches	2300%.	After	120	hours	a	decrease	in	FCol‐NfGel	matrix	
mass	can	be	observed	which	could	be	related	to	the	material	degradation.	Two	
hypotheses	 are	 presented	 to	 explain	 the	 lower	 water	 uptake	 ability	 for	 the	
hybrid	FCol‐NfGel	matrix	pieces.	Firstly,	collagen	fibrils	can	act	preserving	the	
water	swelling	of	 the	 final	material	 in	the	same	extension	 in	comparison	with	
the	 bare	 gelatin	 material.	 	 Secondly,	 FCol‐NfGel	 matrices	 pieces	 are	 less	
concentrated	in	polymer	(4.1%,	wt/v)	than	NfGel	matrices	(5.4%,	wt/v),	which	
could	contribute	to	the	less	water	uptake	ability	for	the	functionalised	matrices.		
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Figure	3.19.	Water	uptake	ability	for	NfGel	and	FCol‐NfGel	matrix	pieces.	

	

3.3.3. Macroporous	D‐structured	 Fibrils	 of	Collagen	 ‐Nanofibrous	gelatin	
(MFCol‐NfGel)	matrix	pieces	characterisation	

Figure	3.20a	shows	final	MFCol‐NfGel	matrix	pieces	with	5.2	mm	in	diameter	
and	1.8	 in	height	with	a	porosity	of	96%.	A	3D	confocal	 reconstruction	of	 the	
matrix	piece	using	 the	natural	autoflorescence	of	 the	collagen	and	gelatin	can	
be	 observed	 in	 Fig.	 3.20b	 where	 macropores	 are	 observed.	 FE‐SEM	 images	
show	 surface	 (3.20c)	 and	 cross‐section	 (3.20d‐f)	 of	 macroporous	 matrices.	
Macropores	have	an	average	pore	size	of	about	141±32µm	(Fig.	3.20b).	Some	
interconnexion	 among	 macropores	 can	 be	 observed	 what	 could	 be	 due	 to	
ethanol/water	solution	used	for	TIPS	method,	since	PEMA	spheres	are	soluble	
in	 ethanol.	 Collagen‐Gelatin	 nanofibers	 can	 be	 observed	 in	 pore	wall	with	 an	
average	size	of	about	60±0.2	nm.		
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Figure	 3.20.	 Final	 	 MFCol‐NfGel	 pieces	 optical	 image	 (a).	 	 Three	 dimensional	 reconstruction	 by	 confocal	
microscopy	(b).	FE‐SEM	images	of	the	surface	(c)	and	cross‐section	(b)	and	higher	magnifications	(e,f)	of	the	
MFCol‐NfGel	matrix	piece.		

	
MFCol‐NfGel	WXRD	 difractogram	 (Fig.	 3.21a)	 shows	 the	 peaks	 at	 2θ=	 5.5	

and	 the	 broad	 band	with	 peaks	 at	 2θ=	 12‐27.	 The	 second	 peak	 at	 7.9	 is	 not	
noticeable.	These	results	confirm	the	preservation	of	the	collagen	nanofibrilar	
structure	 after	 the	 whole	 material	 preparation	 protocol	 including	 TIPS,	
porogen‐leaching	and	DHT	treatment.		

	
FT‐IR	spectra	comparing	 the	bare	MNfGel	 to	MFCol‐NfGel	are	presented	 in	

figure	 3.21b.	A	 reduction	 in	 amide	 I,	 II	 and	 III	 bands	 intensity	 and	 a	 broader	
amide	 A	 band	 are	 observed	 for	 MNfGel	 as	 compared	 to	 MFCol‐NfGel.	
Furthermore,	CH2	stretching	band	is	closer	to	Amida	A	band	for	MNfGel	than	for	
MFCol‐NfGel.	Therefore,	this	analysis	confirms	higher	level	of	structure	for	the	
MFCol‐NfGel.	Besides,	the	amide	III/	amide	I	intensity	ratio	is	slight	higher	for	
the	NfGel	(0.65)	in	comparison	to	the	MFCol‐NfGel	(0.61).		

	
Figure	 3.21c	 shows	 water	 uptake	 ability	 of	 MNfGel	 and	 MFCol‐NfGel	

matrices.	 As	 can	 be	 observed	 in	 the	 figure,	 after	 96	 hours,	 the	 percentage	 of	
water	 uptake	 was	 about	 1590	 and	 1560%	 for	 MNfGel	 and	 MFCol‐NfGel,	
respectively.	The	functionalised	matrix	shows	a	lower	water	uptake	value	than	
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the	bare	gelatin	matrix,	although	the	difference	is	not	significative	according	to	
the	error	bars.		
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Figure	3.21.		WXRD	difractogram	of	MFCol‐NfGel	(a).		FT‐IR	spectra	(b)	and	water	uptake	ability	for	MNfGel	
and	MFCol‐NfGel	matrix	pieces.		

	
	

3.4. In	vitro	cell	biocompatibility	studies	
	
3.4.1. Human	 Mesenchymal	 Stem	 Cells	 (hMSCs)	 adhesion	 and	 viability	
studies	on	MFCol‐NfGel	matrices	

Macroporous	 matrices	 were	 chosen	 to	 carry	 out	 hMSCs	 adhesion	 and	
differentiation	studies,	since	porosity	 in	 the	macropore	range	 is	necessary	 for	
TE.	To	study	cell	adhesion,	DNA	measurements	was	carried	out	after	1	and	3	
days	 of	 cell	 culture	 and	 calcein	 AM	 and	 phalloidin	 staining	 were	 performed	
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after	1,	3	and	7	days	of	cell	culture	on	the	MFCol‐NfGel	in	comparison	with	the	
bare	gelatin	MNfGel	used	as	a	control	material.		

	
Fig.	 3.22	 displays	 DNA	 measured	 by	 PicoGreen	 per	 material	 piece	 as	 a	

function	 of	 the	 culture	 time.	 The	 first	 day,	 8	 ng	 and	 7	 ng	were	measured	 for	
MFCol‐NfGel	and	MNfGel	respectively,	indicating	no	differences	in	cell	adhesion	
for	both	materials.	On	the	day	3,	the	amount	of	DNA	reaches	14	ng	and	9.4	ng	
for	MFCol‐NfGel	 and	NfGel,	 respectively.	 Therefore,	 the	 cells	 are	 proliferating	
after	 three	days	of	 cell	 culture.	As	 can	be	 seen,	 the	DNA	amount	 significantly	
increases	on	the	collagen	functionalised	material	cultures.			
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Figure	3.22.	DNA	quantification	for		hMSCs	seeded	on	MNfGel	and	MFCol‐NfGel	materials.		

	
Figure	3.23	 shows	calcein	AM	staining	 images	of	 the	hMSCs	 seeded	on	 the	

MNfGel	and	MFCol‐NfGel	matrices	surface	after	1,	3	and	7	days	of	culture.	Live	
cells	are	shown	 in	green	(stained	cytoplasm)	as	are	able	 to	 transform	Calcein	
AM	in	a	fluorescent	molecule41.	After	Calcein‐AM	is	taken	up	into	the	cell,	 it	 is	
converted	 by	 esterases	 into	 calcein40.	 As	 can	 be	 seen	 in	 Fig.	 3.23,	more	 cells	
could	be	observed	on	MFCol‐NfGel	than	on	NfGel	matrices,	particularly	on	day	7	
of	culture.	Some	hMSCs	present	rounded	shape	on	day	1	of	cell	culture	for	both	
types	of	materials.	After	3	days	of	cell	culture,	hMSCs	can	be	observed	spread,	
as	well	as,	after	7	days.			
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Figure	3.23.	Calcein	AM	staining	 for	hMSCs	 seeded	on	MNfGel	 and	MFCol‐NGel	 for	days	1,	 3	 and	7	of	 cell	
culture.		

Cell	 morphology	 and	 spreading	 on	 the	 MNfGel	 and	 MFCol‐NfGel	 matrices	
was	also	studied	by	actin	staining	using	phalloidin	and	DAPI	to	stain	cell	nuclei	
(Fig.	3.24).	On	day	1,	although	the	majority	of	the	cells	appeared	spread	on	the	
matrix	 some	rounded	shape	cells	were	also	 found	on	both	materials.	Besides,	
also	on	day	1	some	cells	seem	to	form	aggregates.	These	aggregates	were	less	
common	on	days	3	and	7	where	the	cells	were	observed	more	isolated.	As	Fig.	
3.24	 shows,	 cells	 seeded	 on	 both	material	matrices	 present	 a	well‐organised	
actin	cytoskeleton.	The	pictures	show	cells	in	different	planes	and	some	of	them	
are	 clearly	 placed,	 inside	 of	 the	 pores	 well	 inwards	 the	 material.	 This	
observation	will	 indicate	 that	 the	material	 porosity	 is	 big	 enough	 for	 cells	 to	
migrate	through	the	material	interconnecting	pores.		

Day7	

Day3	

Day1	

MFCol‐NfGelMNfGel	
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Figure	3.24.	Staining	of	fixed	hMSCs	seeded	on	the	MNfGel	and	MFCol‐NfGel	materials	after	1,	3	and	7	days	of	
cell	culture.	Actin	appears	in	red	and	the	nucleus	in	blue.	

	
	
	
3.4.2. hMSCs	osteogenic	differentiation	studies	on	MFCol‐NfGel	matrices		

After	14	and	21	of	hMSCs	culture,	osteocalcin	immunostaining	was	carried	
out	 to	 determine	 osteogenic	 differentiation	 (green	 fluorescence)	 as	 is	
presented	in	Fig.	3.25.	After	14	days,	although	green	spots	can	be	observed	for	
both	 MNfGel	 and	 MFCol‐NfGel	 more	 signal	 is	 observed	 for	 the	 MFCol‐NfGel	
matrix.	 After	 21	 days	 of	 culture,	 the	 green	 fluorescence	 became	 stronger	 for	
both	MNfGel	 and	MFCol‐NGel.	 Therefore,	 the	 results	 indicate	 that	 hMSCs	 are	
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expressing	osteocalcin	on	MNfGel	and	MFCol‐NGel	matrix	pieces	after	14	and	
21	 of	 cell	 culture.	 It	 could	 be	 thought	 that	D‐structured	 collagen	 fibrils	 could	
accelerate	hMSCs	differentiation.		

 

	

Figure	3.25.	Osteocalcin	immunostaining	(green)	for	hMSCs	after	14	and	21	days	of	culture	on	MNfGel	and	
MFCol‐NfGel.	Actin	(red)	and	nucleus	(blue).	

	

3.4.3. Mouse	Embryonic	Stem	Cells	(mESCs)	adhesion	and	viability	studies		

mESCs	 have	 round	 shape	 with	 diameters	 ranged	 between	 5‐10	 μm	 and	
usually	 grow	 in	 colonies42.	 These	 small	 size	 in	 comparison	 with	 other	 cells	
make	 them	more	 appropriate	 to	 do	 biocompatibility	 experiments	 using	 non‐
macroporous	 matrix	 materials.	 Besides,	 are	 very	 interesting	 cells	 since	 they	
have	the	ability	to	differentiate	into	all	somatic	cell	types42,43.		
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Figure	3.26.	Picogreen	DNA	quantification	(a)	and	Calcein	AM	staining	(b)	of	cells	seeded	on	NfGel	and	FCol‐
NfGel.		

	
Figure	 3.26a	 shows	 DNA	measurements	 for	 4	 and	 48	 h	 of	 cell	 culture	 on	

FCol‐NfGel	 matrices	 compared	 to	 NfGel	 and	 F2AB‐PHOC	 as	 control	 material	
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matrices.	After	seeding	(4h),	DNA	measurements	indicate	6,	9	and	7	ng	of	DNA	
for	 the	NfGel,	FCol‐NfGel	and	F2AB‐PHOC	matrices	 respectively.	After	48	h	of	
cell	 culture,	 FCol‐NfGel	 matrices	 yield	 34	 ng	 of	 DNA,	 whereas	 the	 amount	
quantified	 for	 2AB‐PHO	 and	 NfGel	 matrices	 were	 125	 and	 4	 ng	 respectively.	
Therefore,	 this	 experiment	 confirms	 the	 presence	 of	 collagen	 improves	 cell	
adhesion	and	proliferation.		

	
This	 experiment	 indicates	 a	 correlation	 of	 increasing	 cell	 adhesion	 and	

proliferation	with	increasing	of	the	D‐structured	collagen	amount	in	the	matrix.	
The	mESCs	 viability	 and	 cells	 colony	morphologies	were	 also	 studied.	 Figure	
3.26b	shows	mESCs	 images	after	4	and	48	h	of	cell	culture.	After	4	h,	 isolated	
smaller	 round	 shape	 cells	 could	 be	 observed.	 A	 higher	 cell	 number	 was	
observed	for	materials	containing	collagen.	After	2	days	of	cell	culture,	mESCs	
colonies	were	 observed	 and	 the	 higher	 collagen	 content	 of	 the	materials,	 the	
higher	 cell	 number	 were	 observed.	 The	 shaped	 of	 the	 colonies	 were	
significantly	 smaller	 in	 size	 for	 the	 F2AB‐PHOC	matrix	 in	 comparison	 to	 the	
NfGel	and	FCol‐NfGel	matrices.		
	

	

4. DISCUSSION	
In	 this	 chapter,	 the	STEM	characterisation	performed	 for	 the	evaluation	of	

the	fibrillogenesis	variable	conditions	has	indicated	that	the	30	mM	phosphate	
concentration,	a	minimum	ionic	strength	of	200	mM,	34°C	of	temperature	and	
24	 h	 of	 incubation	 time	 are	 appropriate	 conditions	 to	 obtain	 D‐banded	
structured	 collagen	 fibrils.	 Although	 it	 has	 been	 reported	 that	 D‐banded	
collagen	 fibrils	 can	 be	 obtained	 using	 100‐500	 mM	 Tris	 buffer24,	 in	 our	
experiments	 this	 was	 not	 the	 case	 since	 not	 well	 defined	 filaments	 without	
clear	 D‐banded	 by	 STEM	 was	 obtained.	 Our	 study	 indicates	 that	 phosphate	
concentration	is	an	important	parameter.	In	this	respect,	less	robust	D‐banded	
structure	can	be	resolved	using	the	lower	16	mM	phosphate	concentration.	Our	
results	will	 agree	with	previous	work	 reported	by	Williams	 et	 al.21	 indicating	
that	30	mM	phosphate	 concentration	 is	 an	optimum	value	 to	produce	native‐
like	fibrils	in	vitro.	Likewise,	lower	phosphates	buffer	concentrations	(16	mM)	
produced	 D‐banded	 fibrils	 although	 the	 observed	 bandage	 was	 weaker	 in	
comparison	 with	 the	 experiments	 carried	 out	 using	 30	 mM	 phosphate	
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concetration.	The	importance	of	ionic	strength	has	been	demonstrated	with	the	
comparison	of	the	results	obtained	using	buffers	1	and	3.		Buffer	3	has	the	same	
phosphate	 concentration	 than	 buffer	 1	 (30	mM)	 but	 both	 differs	 in	 the	 ionic	
strength	which	are	200	and	80	mM	respectively.	D‐banded	fibrils	with	150	nm	
on	 average	 diameter	were	 obtained	with	 200	mM	 of	 ionic	 strength,	whereas	
non	D‐banded	 fibrils	with	60	nm	on	average	diameter	were	obtained	with	80	
mM	of	ionic	strength.	Harris	et	al.	(2013)24	reported	that	D‐banded	fibrils	were	
obtained	using	10	mM	phosphate	at	pH	=	7.0	and	NaCl	concentrations	from	200	
to	 500	mM.	 They	 concluded	 that	 for	 in	 vitro	 fibrillogenesis	 of	 	 collagen,	 it	 is	
necessary	to	have		a	neutral	pH	(∼pH	6	to	pH	8)	and	that	chloride	anions	must	
be	present	in	the	incubation	media24.	Mertz	et	al.44	reported	that	NaCl	salt	most	
likely	will	 create	an	 ionic	atmosphere	 inside	 fibrils,	 reducing	 the	binding	 free	
energy.	 On	 the	 other	 side,	 time	 incubation	 indicated	 that	 4h	 time	 incubation	
was	 not	 sufficient	 to	 achieve	 collagen	 fibrillogenesis	 since	 weaker	 D‐banded	
contrast	 structures	 could	 be	 observed	 in	 comparison	 with	 experiments	
performed	using	24	h.	Otherwise,	 longer	times	than	24	h	were	not	essayed	in	
this	work	 as	 Li	 et	 al.	 (2009)12	 reported	 that	 longer	 incubation	 times	 of	 72	 h	
might	produce	 the	 collagen	molecule	denaturation.	Finally,	34°C	was	 selected	
as	the	good	value,	since	non	D‐banded	fibrils	were	obtained	at	25°C	and	partial	
collagen	denaturation	is	reported	for	incubation	temperatures	about	35°C21.		

The	precursor	nanofibrilar	collagen	solution	was	used	successfully	to	obtain	
pure	collagen,	PHOC,	matrix	pieces.	FE‐SEM	observations	of	the	material	cross‐
section	 showed	 the	 typical	 fibrils	 morphology	 although	 some	 areas	 of	
condensed	aggregates	were	also	present.	It	is	interesting	to	note	that	the	fibril	
diameters	 obtained	 in	 these	 synthesised	 F2AB‐PHOC	 materials	 were	 quite	
similar	 to	 that	characterised	 for	 the	PCS	reference	material,	about	150	nm	on	
average	 diameter.	 However,	 unlike	 to	 the	 PCS	 material	 the	 D‐band	 contrast	
periodicity	was	not	possible	to	be	resolved	for	the	PHOC	matrices	by	FE‐SEM.	
However,	 the	D‐band	structure	was	confirmed	 in	 the	synthesised	F2AB‐PHOC	
by	TEM	and	WXRD.	The	two	peaks	at	5.5,	7.9	and	a	broad	band	from	2θ	12	to	
27,	are	observed	for	both	F2AB‐PHOC	and	PCS	although	the	peak	at	2θ	=	7.9		is	
less	intense	for	F2AB‐PHOC	than	for	PCS.	Therefore,	our	view	is	that	this	peak	
is	likely	a	reflexion	due	to	the	supramolecular	collagen	structure.			

The	precursor	D‐structured	collagen	nanofibrils	and	the	gelatin	solution	 in	
water/ethanol	40/60	(v/v)	ratio	were	processed	by	TIPS	to	obtain	successfully	
nanofibrillar	 FCol‐NfGel	matrix	 pieces	 composed	 of	 2.6%	 (w)	 of	D‐structured	
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collagen	 nanofibrils.	 The	 FCol‐NfGel	 materials	 are	 formed	 by	 homogeneous	
nanofibrils	with	diameters	of	77±30	nm	and	pores	of	0.58±0.25µm	size.	Despite	
the	 low	 collagen	 weight	 percentage	 (2.6	 %),	 collagen	 structure	 could	 be	
detected	by	WDRX.	As	a	negative	control,	no	diffraction	peaks	were	confirmed	
for	 the	 bare	 NfGel	 materials.	 In	 addition,	 TEM	 observations	 indicated	 the	
presence	 of	 D‐banded	 collagen	 fibrils	 within	 nanofibrous	 gelatin	 FCol‐NfGel	
matrix	material.	 It	 is	 interesting	 to	point	out	 that,	 in	spite	of	 the	 low	collagen	
content	 for	 the	 FCol‐NfGel	 material,	 D‐structured	 fibrils	 were	 more	 easily	
observed	 than	 for	F2AB‐PHOC	matrix	pieces.	One	hypothesis	 to	explain	 these	
results	could	be	 that	 the	prepared	D‐structured	 fibrils	precursor	solution	will	
be	strongly	stabilised	within	the	gelatin	matrix	and	this	will	assure	the	collagen	
fibrils	 structure	 preservation	 for	 further	 TEM	 sample	 preparation.	 Collagen	
structure	of	 the	FCol‐NfGel	matrix	pieces	were	also	supported	by	FT‐IR.	Some	
structural	information	can	be	extracted	from	the	FT‐IR	spectra	analysis	and	the	
comparison	 between	 the	 NfGel,	 FCol‐NfGel	 and	 F2AB‐PHOC	 materials37,39.	
Hence,	 the	 amide	 III	 and	 amide	 I	 band	 intensities	 ratios	 measured	 for	 the	
studied	materials	were	0.62,	0.56	and	0.45	for	the	NfGel,	FCol‐NfGel	and	F2AB‐
PHOC	 respectively	 indicating	 a	 clear	 correlation	 between	 the	 denaturation	 of	
the	 secondary	 structure	 of	 collagen	 and	 this	 measurable	 FT‐IR	 parameter47.	
According	 to	 WXRD	 and	 TEM	 results,	 the	 synthesised	 collagen	 nanofibrils	
preserve	the	D‐structure	despite	the	treatment	impaired	by	the	TIPS	and	DHT	
cross‐linking	 treatments.	 Other	material	 property	 as	 the	water	 uptake	 ability	
indicates	 a	 capacity	 of	 1634%	 and	 2300%	 for	 FCol‐NfGel	 and	 NfGel,	
respectively.	This	data	will	 indicate	 somehow	stabilisation	 facing	 swelling	 for	
the	FCol‐NfGel	material.				

	
The	 strategy	 of	 using	 porogen‐leaching	 and	 TIPS	 to	 obtain	 Macroporous	

FCol‐NfGel	matrix	pieces	was	successfully	applied.	The	obtained	material	pieces	
showed	 60±0.2	 nm	 nanofibrils	 forming	 big	 cavities	 of	 about	 141±32µm.	 The	
collagen	D‐structure	for	these	materials	MFCol‐NfGel	was	confirmed	by	WXRD	
and	FT‐IR.		

The	 cytocompatibility	 assays	 show	 that	 hMESCs	 and	mESCs	 cell	 adhesion	
and	 proliferation	 are	 promoted	 on	 functionalised	 matrix	 with	 D‐structured	
collagen	 in	 comparison	 to	 nanofibrous	 gelatin	 bare	 matrices.	 This	 may	 well	
correlated	to	the	presence	of	D‐structure	collagen	motifs	for	cell	recognition.	It	
has	been	indicated	that	cells	interpret	and	explore	their	local	environments	by	
responding	 to	 differentially	 positioned	 ligand	 clusters	with	 an	 optimal	 ligand	
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spacing	 which	 coincides	 with	 the	 predicted	 68	 nm	 occurrence	 of	 peptide	
GFOGER	in	the	D‐spacing	of	Type	I	collagen	fibrils45,46.	The	calcein	AM	staining	
assay	confirmed	hMSCs	and	mESCs	viability	on	the	MFCol‐NfGel	and	FCol‐NfGel	
matrices,	 respectively.	 The	 phalloidin	 and	 DAPI	 staining	 for	 hMSCs	 indicated	
the	 cells	 were	 spread	 showing	 a	 well‐organised	 actin	 cytoskeleton	 on	 the	
MFCol‐NfGel	 matrix	 material.	 Finally,	 the	 osteocalcin	 inmunostaining	 after	
hMSCs	 culture	 on	 the	 MFCol‐NfGel	 and	 MNfGel	 matrix	 materials	 indicated	
somehow	 more	 osteocalcin	 expression	 intensity	 signal	 for	 the	 D‐structured	
collagen	fibrils	functionalised	material.		

	

	

5. CONCLUSIONS	
In	 this	 work,	 collagen	 monomers	 in	 acid	 solution	 were	 self‐assembled	 to	

obtain	 D‐structured	 nanofibrils	 of	 67	 nm	 of	 D‐periodicity	 and	 150	 nm	 in	
diameter.	30	mM	phosphate	buffer	concentration,	a	minimum	ionic	strength	of	
200	mM,	34°C	temperature	and	24	h	incubation	time	were	selected	as	the	best	
synthesis	conditions.		
	

Functionalised	 nanofibrous	 gelatin	 matrices	 using	 D‐structured	 collagen	
nanofibrils,	 FCol‐NfGel,	 were	 successfully	 processed	 combining	 collagen	 self‐
assembly	 and	 the	 TIPS	 technique.	 The	 final	 FCol‐NfGel	 materials	 show	 well	
distributed	 D‐structured	 collagen	 nanofibrils	 over	 the	 whole	 piece	 material	
volume	 by	 collagen	 immunostaining.	 WRDX,	 FT‐IR	 and	 TEM	 techniques	
confirmed	 D‐periodic	 supramolecular	 structure.	 Other	 structural	 features	 of	
these	materials	were	77	nm	fibril	diameter	and	cavities	of	0.58	µm.	Besides,	a	
related	 macroporous	 materials	 containing	 pore	 cavities	 of	 140	 µm	 size	 and	
nanofibrils	 of	 60	 nm	 on	 average	 diameter	were	 also	 reproducible	 processed.	
WXRD	and	FT‐IR	characterisation	confirmed	collagen	supramolecular	structure	
on	these	materials.	

	
The	D‐periodic	collagen	fibril	functionalisation	provided	to	the	nanofibrous	

gelatin	matrix	improvement	in	the	attachment	and	proliferation	of	hMSCs	and	
mESCs	and	promotes	somehow	hMSCs	osteogenic	differentiation.		
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1. INTRODUCTION	
	

In	 the	 recent	 years,	 new	 synthesis	 routes	 using	 nanotechnology	 have	
developed	 a	 variety	 of	 biomaterials	 with	 improved	 properties.	 Mesoporous	
silica‐based	 materials	 are	 ordered	 nanoporous	 solids	 with	 very	 high	 pore	
volume	and	surface	area	and	have	emerged	as	promising	materials	 for	use	 in	
drug	 delivery,	 bone	 regeneration,	 and	 nanomedicine1,2.	 In	 bone	 Tissue	
Engineering	 (TE)	 context,	 Mesoporous	 Bioactive	 Glasses	 (MBGs)	 can	 be	
considered	 as	 advanced	 derivatives	 of	 the	 conventional	 (and	 non–ordered‐
nanoporous)	 SiO2‐CaO‐P2O5	 sol‐gel	 glasses1,3	 and	 were	 prepared	 for	 the	 first	
time	 in	 a	 granular	 form	 (microparticles)	 by	 Yan	 et	 al.	 4	 in	 2004.	 Since	 then,	
bioactivity	performance	assays	using	acellular	 in	vitro	 tests	in	Simulated	Body	
Fluid	(SBF)	have	shown	that	MBGs	greatly	enhance	bioactivity	in	comparison	to	
melt	or	conventional	sol‐gel	glasses5. 	

	
Bioactive	Glasses	(BGs)	were	discovered	by	Prof.	Larry	Hench	in	1969	when	

he	found	that	a	particular	glass	composition	(45S5	Bioglass®)	was	able	to	form	
a	 chemical	 bond	 with	 bone6.	 Hench	 defined	 as	 bioactive	 a	 material	 which	
spontaneously	 in	 the	 body	 has	 the	 ability	 to	 bond	 and	 fixed	 with	 the	 living	
tissue	without	the	formation	of	a	fibrous	interface	layer	or	capsule7.	Besides,	in	
vivo	 studies	 have	 shown	 that	 bioactive	 glasses	 bond	with	 bone	more	 rapidly	
and	efficiently	than	others	ceramics5.	Therefore,	these	materials	could	facilitate	
integration	of	osseous	tissue	with	the	implant	and	some	authors	have	indicated	
the	 ability	 to	 promote	 the	 bone	 regeneration8,9.	 Early	 in	 the	 1990s,	 sol‐gel	
processing	 was	 introduced	 for	 the	 synthesis	 of	 bioactive	 glasses10.	 	 Sol‐gel	
processing	 occurs	 at	 room	 temperature	 and	 it	 was	 no	 longer	 necessary	 to	
include	components	intended	to	decrease	the	melting	temperature	(i.e.,	Na2O).	
Sol‐gel	glasses	have	then	a	higher	purity	and	homogeneity	and	also	possess	an	
inherent	 nanoporosity1.	 The	 ordered	 nanopores	 (mesopores)	 are	 created	 by	
introducing	surfactants	which	act	as	structure	directing	agents	templates	in	the	
sol‐gel	process	fabrication3.			

As	 it	was	mentioned,	MBG	properties	such	as	the	improved	bioactivity	and	
textural	features	have	encouraged	an	intensive	research	for	their	application	as	
therapeutic	drug	delivery	 systems	 5,11in	 the	 field	of	bone	TE	 and	orthopedics.	
MBGs	 show	 a	 high	 capacity	 to	 incorporate	 molecules	 and	 also	 molecule	
sustained	release	properties	which	can	be	used	for	locally	drug	delivery	at	the	
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injured	zone	11,12.	In	this	respect,	therapeutic	molecules	as	bone	morphogenetic	
proteins	 to	 promote	 the	 healing	 process	 after	 a	 fracture	 or	 antibiotics	 to	
prevent	infections	have	been	proposed13,14	.	

	
After	a	bone	reconstruction	surgery,	osteomyelitis,	a	chronic	bone	infection,	

has	 a	 great	 incidence	 among	 the	 patients.	 Gentamicin	 is	 a	 broad	 spectrum	
antibiotic	 widely	 used	 for	 the	 treatment	 of	 serious	 infections	 as	 well	 as	
osteomyelitis15.	 In	 conventional	 treatments,	 the	 antibiotic	 is	 administrated	
systemically,	therefore,	the	drug	concentration	in	blood	rises	dramatically	and	
then	 declines	 rapidly.	 These	 treatments	will	 then	 produce	 a	 high	 peak	which	
can	 be	 toxic	 for	 the	 organism.	 In	 addition,	 the	 level	 of	 drug	 delivery	 locally	
could	 be	 below	 the	 minimum	 effective	 level	 in	 plasma.	 To	 overcome	 these	
unwanted	effects,	it	has	been	recognised	that	local	delivery	of	antibiotics	to	the	
infected	site	could	treat	bone	infection	more	efficiently	while	avoiding	systemic	
toxicity	16.	For	these	reasons,	current	efforts	are	focused	on	the	development	of	
local	 drug‐delivery	 implants	 or	 device	 systems	 using	 the	 appropriate	
biomaterials.		
	

In	this	context,	biomaterial	biodegradability	is	also	an	important	property	to	
be	 considered.	 A	 biodegradable	 material	 will	 not	 need	 a	 second	 surgical	
procedure	 to	 be	 removed17.	 Ideally,	 for	 bone	 TE	 applications	 biomaterials	
should	remain	 in	situ	 to	assist	and	promote	new	bone	tissue	 formation,	while	
an	 appropriate	 resorption	 rate	 progression	 would	 be	 timed	 with	 the	 actual	
tissue	regeneration	process9.		Therefore,	the	development	of	biodegradable	and	
bioactive	 systems	with	 application	 as	 local	 and	 controllable	 therapeutic	 drug	
delivery	 to	assist	 in	 the	regeneration	process	have	had	an	 increasing	 interest.	
Table	 4.1	 summarises	 a	 literature	 revision	 of	 gelatin/bioactive	 glass	 systems	
which	 are	 being	 studied	 as	 delivery	 devices	 or	 for	 TE.	 Qu	 et	 al.18	 reported	 a	
nanofibrous	 gelatin	matrix	 where	 the	 fibrils	 were	 covered	 by	 BG	 using	 TIPS	
technique.	The	BG	sol	is	used	as	non‐solvent	for	a	gelatin	solution	in	water.	The	
integration	 of	 BG	 into	 the	 hybrid	 matrix	 significantly	 enhanced	 the	
proliferation,	migration,	differentiation	and	biomineralisation	of	human	Dental	
Pulp	 Stem	 Cells.	 El‐Fiqui	 et	 al.19	 developed	 a	 system	 composed	 by	 MBG	
nanospheres	 within	 gelatin/Polycaprolactone	 (PCL)	 nanofibrils	 processed	 by	
electrospinning	 and	 the	 ability	 to	 load	 and	 delivery	 dexamethasone	 was	
studied.	The	MBG	nanospheres	showed	a	surface	area	of	47.2	m2	g‐1.	Mehrasa	et	
al.20	 have	 reported	 a	 work	 where	 mesoporous	 silica	 nanoparticles	 were	
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incorporated	 into	 a	 poly	 (lactic‐co‐glycolic	 acid) (PLGA)/gelatin	 solution	 and	
the	 mixture	 was	 electrospun.	 The	 incorporated	 nanoparticles	 improve	 the	
attachment	 and	 proliferation	 of	 PC12c	 cells	 in	 contrast	 to	 the	 PLGA/gelatin	
polymer	scaffold.	Noh	et	al.21	reported	the	fabrication	of	microspheres	made	of	
BG	which	were	covered	by	gelatin	nanofibrils	by	TIPS	 technique.	The	 level	of	
MC3T3‐E1	viability	and	alkaline	phosphate	activity	increased	considerably	with	
an	increase	in	silica	content	from	0	wt.%	to	15	wt.%	

	
Table	4.1.	Recent	reported	work	on	gelatin	nanofibrous	biomaterials	and	bioactive	glass	as	drug	delivery	
systems	

Reference	 Composition	 Material	
Surface	area	
(m2	g‐1)	

Qu	et	al.	18	 Gelatin/BG	
Gelatin	and	BG	sol	(as	non‐solvent	phase)	in	

water	solution	by	TIPS	technique	
‐‐‐	

El‐Fiqui,	201519	 PCL/Gelatin/MBG	
Electrospun	(Gelatin/PCL‐NH2‐MBG	

nanoparticles	)	composite	
47.2	

Mehrasa,	201620	 PLGA/Gelatin/Silica	
Electrospun	(PLGA/Gelatin/Mesoporous	

silica	nanoparticles)	composite	
‐‐‐	

Noh,	201621	 Gelatin/BG	
BG	microspheres	covered	by	nanofibrous	

gelatin	by	TIPS	
‐‐‐	

	
In	 this	 chapter,	 new	 hybrid	 material	 devices	 composed	 of	 MBG	

microparticles	 and	 nanofibrous	 gelatin	 matrix,	 as	 the	 only	 biopolymeric	
component,	 were	 processed	 by	 the	 TIPS	 method.	 Both,	 MBG	 particulates	
and	 final	 hybrid	pieces,	 physico‐chemical	 characterisation	was	performed.	
The	 textural	 parameters	 were	 measured	 by	 nitrogen	
adsorption/desorption	 technique.	 The	 bioactivity	 of	 the	 materials,	
according	 to	Hench	definition7,	was	studied	 in	Simulated	Body	Fluid	 (SBF)	
and	 the	 biocompatibility	 of	 the	 prepared	 devices	 was	 assessed	 using	
osteoprogenitors	 cells.	 Finally,	 the	 functionality	of	 the	materials	 as	 a	 local	
delivery	system	was	studied	for	Gentamicin	Sulphate	(GS).		
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2. MATERIALS	AND	METHODS	
	

2.1. Synthesis	 of	 the	 Mesoporous	 Bioactive	 Glass	 (MBG)	
particulate	precursor	

The	 Mesoporous	 Bioactive	 Glass	 (MBG),	 in	 the	 ternary	 composition	 SiO2‐
CaO‐P2O5,	 was	 prepared	 by	 the	 sol‐gel	 method	 according	 to	 the	 method	
reported	by	Yan	et	al.	4	(Fig.	4.1a).	Pluronic®	P‐123	block	copolymer	(435465,	
Sigma‐Aldrich)	was	used	as	structure‐directing	agent	(Fig.	4.1b).	The	synthesis	
route	 is	 summarised	 in	 Fig.	 4.1a.	 Firstly,	 4	 g	 of	 the	 block	 copolymer	 was	
dissolved	in	60	mL	ethanol	absolute	(UN1170,	AnalaR	Normapur)	and	1	mL	HCl	
solution	(PA‐ACS‐ISO,	37%,	Panreac)	under	magnetic	stirring	at	500	r.p.m	for	1	
hour	 at	 room	 temperature.	 Then,	 1.4	 g	 of	 Ca(NO3)2·4H2O	 (C4955,	 Sigma‐
Aldrich),	685	µL	triethyl	phosphate	(TEP,	(C2H5O)3PO,	538728,	Sigma‐Aldrich)	
and	7.125	mL	 tetraethyl	orthosilicate	 (TEOS,	C8H20O4Si,	Alfa‐Aesar	99%)	with	
Si/Ca/P	 molar	 ratio	 of	 80:15:5	 (76:13:11	 weight	 ratio),	 were	 added	
consecutively	 after	 1	 hour	 as	 time	 intervals	 and	 stirred	 at	 room	 temperature	
for	6	hours.	The	mixture	(sol)	was	kept	at	room	temperature	for	48	hours	and	
undergone	 an	 evaporation‐induced	 self‐assembly	 (EISA)	 process22	 to	 form	 a	
gel.	 During	 the	 organic	 solvent	 evaporation	 process,	 the	 block	 copolymer	
concentration	increases	progressively	leading	to	the	self‐assembly	of	the	silica	
based‐surfactant	micelles	composite	 23(Fig.	4.1b).	The	 formed	gel	was	aged	at	
75°C	during	48	hours	to	eliminate	water.	A	final	heating	treatment,	to	eliminate	
the	nitrates	from	the	calcium	reactive	and	the	organic	template,	was	carried	out	
at	700°C	using	a	ramp	of	1°C	min‐1	 to	obtain	the	final	MBG	product.	The	MBG	
was	 ground	 and	 sieved	 to	 have	microparticles	 below	32	µm	as	 final	material	
precursor.	
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Figure	4.1.	MBG	precursor	synthesis	route	(a).	Schematic	drawing	of	the	formation	mechanism	of	the	
mesopores(b).	

	

	

2.2. Processing	 of	 Mesoporous	 Bioactive	 Glass‐
Nanofibrous	Gelatin	(MBG‐NfGel)	hybrid		devices	
	

Initially,	 pieces	 using	 two	different	MBG/Gelatin	 ratios	 (50/50	 and	 75/25,	
wt/wt)	 were	 prepared.	 	 MBG	 particulate	 precursor	 (size	 below	 32µm)	 was	
blended	using	a	5.4%	of	gelatin	(wt/v)	solution	in	50/50	water/ethanol	(v/v)	
(Fig.	4.2a).	Liquid	nitrogen	was	poured	in	an	expanded	polystyrene	box	and	an	
aluminium	sheet	was	placed	inside	the	box.	A	96‐well	plate	was	located	on	the	
aluminium	sheet	to	maintain	the	temperature	inside	the	wells	between	‐25	and	
‐15°C.	 Then	 100µL	 of	 the	MBG	 and	 gelatin/water/ethanol	mixture	were	 cast	
inside	each	well	allowing	the	Thermally	Induced	Phase	Separation	(TIPS).	Then,	
the	 well	 plate	 was	 frozen	 at	 ‐80°C	 (4.2b).	 Further,	 solvent	 exchange,	 low	
temperature	vacuum	drying	(4.2c)	and	DHT	treatment	(4.2d)	were	carried	out	
using	the	same	procedure	as	it	is	described	in	section	2.2	in	chapter	2	for	NfGel	
matrix	 preparation.	 Final	 pieces	 of	 5.9	 mm	 diameter	 and	 1.5	 mm	 thickness	
were	obtained. 	

a	
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Figure 4.2. MBG‐NfGel devices processing by TIPS technique.   
 

	

2.3. Physico‐chemical	 MBG	 particles	 and	 MBG‐NfGel	
devices	characterisation	

Materials	 have	 been	 characterised	 using	 Field	 Emission	 Scanning	 Electron	
Microscopy	(FE‐SEM),	Energy	Dispersive	X‐ray	analysis	(EDX),	X‐ray	Diffraction	
(XRD)and	Fourier	transform	Infrared	(FT‐IR)	Spectroscopy	as	it	is	described	in	
Appendix	 I.	 Likewise,	 particle	 size	distribution	 and	 elemental	 analysis	 for	 the	
MBG	precursor	particulates	were	carried	out	as	it	is	described	in	Appendix	I.		

	

2.4. SBF	bioactivity	assays	

The	 bioactivity	 assay	 was	 carried	 out	 by	 soaking	 the	 pieces	 in	 Simulated	
Body	Fluid	(SBF)24.	 	SBF	has	a	composition	and	 ionic	concentration	similar	 to	
human	 plasma	 at	 pH	 fixed	 at	 7.4.	 SBF	 was	 prepared	 dissolving	 appropriate	
amounts24	 of	 NaCl	 (S7653,	 Sigma),	 NaHCO3	 (31437,	 Sigma),	 K2HPO4·4H2O	
(P5504,	Sigma),	MgCl2·6H2O	(M2670,	Sigma),	Na2SO4	(7757‐82‐6,	Sigma),	buffer	
Tris(hydroxymethyl)‐aminomethane	 (T87602,	 Sigma	 Aldrich)	 and	 CaCl2	

a 

d

b 
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(EC233‐140‐8,	Riedelde	Häen)	 in	 dH2O.	A	 piece	 of	 the	material	 (5.9x1.5	mm)	
was	placed	into	50	mL	Falcon	tubes	on	a	Teflon	platform	as	shown	in	the	Fig.	
4.3.			

	
Figure	4.3.	MBG‐NfGel	and	NfGel	material	pieces	disposition	in	SBF	bioactivity	assays..	

	
	
Previously	to	the	assay,	 the	samples	were	 incubated	overnight	 in	10	mL	of	

70/30	(v/v)	ethanol/water	 to	be	sterilised.	Then,	 the	next	steps	were	carried	
out	in	a	laminar	flux	cabinet	(flow	hood)	and	the	solutions	were	filtered	using	
0.2	µm	bacteriostatic	filter	(Biofil)	to	avoid	microorganism	contamination.	The	
pieces	 were	 soaked	 for	 two	 hours	 respectively	 in	 50/50	 and	 20/80	 (v/v)	
ethanol/water	 solutions	 and	 finally	 pure	 dH2O	 to	 exchange	 completely	 the	
ethanol	from	the	sterilisation	protocol	to	water.	After	sterilisation,	the	material	
pieces	were	soaked	in	15	mL	SBF	solution	containing	1%	(v)	gentamicin	(10mg	
mL‐1)	(1419,	SIGMA)	and	incubated	for	4h,	24h,	48h	and	21	days	at	36.5°C	and	
60	r.p.m.	of	shaking.	The	SBF	volume	(Vs)	was	calculated	using	the	Equation	4.1	
according	 to	 Kokubo´s24	 protocol.	 For	 porous	materials,	 it	 is	 established	 that	
the	SBF	volume	should	be	greater	than	the	calculated	Vs,	therefore	the	double	
volume	of	the	calculated	Vs	was	used.			
	

																																																																																																																			Equation	4.1	

	
where	Vs	 is	the	volume	of	SBF	(mL)	and	Sa	is	the	apparent	surface	area	of	the	
essayed	specimen	(mm2).	After	soaking,	the	specimens	were	removed	from	the	
fluid	and	washed	twice	in	10	mL	of	dH2O	to	remove	water‐soluble	salts.	Finally,	
the	specimens	were	frozen	and	freeze‐dried.	The	phosphate	phase’s	formation	
on	 the	materials	was	 characterised	 by	 FE‐SEM,	WXRD	and	 FT‐IR.	 In	 order	 to	
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analyse	 the	 inner	part	of	 the	pieces	by	FE‐SEM,	 the	pieces	were	 transversally	
cut	in	two	halves.	
	
	

2.5. In	vitro	Collagenase	degradation	assay	
	
Collagenase	 digestion	 experiments	 were	 carried	 out	 according	 to	 a	

protocol	 previously	 described	 in	 the	 literature	25.	 Materials	 were	 weighted	
before	 the	 degradation	 assay	 and	 incubated	 at	 36.5°C	 with	 1	mL	 of	 PBS	
containing	 60	mg	mL‐1	 of	 Collagenase	 from	Clostridium	 histolyticum	 (C0130,	
SIGMA)	 for	0.5,	1.5,	4,	8	and	24	hours.	PBS	was	used	due	to	 the	necessity	of	
calcium	 ions	 for	 collagenase	 activity.	 The	 used	 collagenase	 product	 is	 a	
mixture	 of	 enzymes	 secreted	 by	C.	 histolyticum	 (Enzyme	 Commission	
Number	3.4.24.3).	After	the	times	of	incubation	the	pieces	were	washed	
in	 dH2O	 and	 freeze‐dried	 immediately.	 Matrix	 degradation	 was	
determined	 from	 the	 weight	 of	 residual	 matrix,	 and	 expressed	 as	 a	
percentage	of	the	original	weight.	

	
 

2.6. Gentamicin	uptake	and	delivery	analysis	
	

Gentamicin	 is	 a	 mixture	 of	 aminoglycoside	 antibiotics	 closely	 related		
produced	 by	 Micromonospora	 purpurea	 whose	 main	 components	 are	
gentamicins	 	 C1,	C1a,	C2,	C2a	and	C2b	26	 (Fig.	4.4a).	The	size	of	a	gentamicin	
molecule	has	been	reported	0.5	×	1.5 nm2	27.	Gentamicin	acts	by	inhibiting	the	
protein	 synthesis	 binding	 to	 the	 30S	 ribosomal	 subunit28,29.	 The	 antibiotic	 is	
usually	presented	as	gentamicin	sulphate	(GS)	being	a	soluble	and	stable	salt	in	
a	wide	range	of	temperature	and	pH.	Methods	to	chemically	modify	(derivatise)	
gentamicin,	 such	 as	 o‐phthaldialdehyde	 (OPA),	 are	 usually	 used	 to	 carry	 out	
analytical	 analysis30,31.	 OPA	 method	 was	 reported	 first	 by	 Samphta32	 but	
modified	 afterwards	 by	 Zhang33.	 As	 Fig.	 4.4b	 shows,	 the	 OPA	 molecule	 in	
conjunction	 with	 reduced	 sulfhydryl	 groups	 reacts	 with	 primary	 amines	 to	
form	 fluorescent	 moieties	 (isoindoles)	 at	 room	 temperature	 which	 are	
measured	by	UV‐visible	spectroscopy34.	
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Figure	4.4.	Gentamicin	sulphate	molecule	26	(a).	OPA	reaction	with	gentamicin	in	presence	of	sulfhydryl	
groups	35	(b).	

	
In	order	to	perform	the	GS	analysis,	OPA	reagent	solution	was	prepared	by	

adding	 0.223g	 of	 o‐phtaldialdehyde	 (P1378,	 Sigma)	 to	 5.58	 mL	 methanol	
(34885,	 Sigma)	 in	 a	 brown	 bottle	 and	 magnetic	 stirring	 at	 500	 rpm	 for	 5	
minutes.	50	mL	0.04M	sodium	tetraborate	(221732,	Sigma)	solution	and	0.286	
mL	2‐mercaptoethanol	were	added.	The	OPA	reagent	was	adjusted	to	pH	10.4	
using	0.5	mg	mL‐1	NaOH	solution.	The	reagent	was	stored	in	darkness	at	4°C	for	
at	least	24	h	before	use.	The	solution	was	stable	for	5	days.	The	0.04	M	sodium	
tetraborate	 solution	 used	 to	 prepare	 OPA	 reagent	 was	 prepared	 as	 follows.	
0.822	g	sodium	tetraborate	were	added	to	80	mL	dH2O	and	magnetic	stirred	at	
1000	rpm	for	8	hours	at	 room	temperature	 in	a	closed	recipient.	The	pH	was	
adjusted	 to	 10.4	 using	 0.5	mg	mL‐1	NaOH	 solution	 and	 the	 final	 solution	was	
brought	to	100	mL	using	dH2O.	The	solution	was	filtered	using	0.2	µm	filter	to	
eliminate	particles	due	to	tetraborate	aggregates.		

	
GS	 was	 measured	 adding	 the	 GS	 solution	 to	 isopropanol	 (221090‐1611,	

Panreac)	and	OPA	reagent	solution	in	equal	volume	proportions	(300	µL)	and	
vigorously	 shaken.	 Isopropanol	 was	 added	 to	 avoid	 precipitation	 of	 the	
products	 formed32.	 The	 mixed	 was	 incubated	 at	 room	 temperature	 for	 30	
minutes	 and	 the	 absorbance	 value	 was	 determined	 by	 UV/Vis	 spectroscopy	

b	

a	
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(Perkin‐Elmer	 Uv/Vis	 spectrophotometer)	 at	 the	 wavelength	 of	 333	 nm	 at	
which	 the	 gentamicin–OPA	 complex	 showed	 an	 absorbance	 maximum.	 The	
calibration	curve	was	performed	using	GS	solutions	in	carbonate	buffer	(pH	9.6,	
loading	 buffer)	 and	 PBS	 (7.4,	 release	 buffer)	 from	 8	 to	 30	 µg	 mL‐1.	 	 No	
differences	 were	 observed	 depending	 on	 the	 buffer	 composition.	 The	
calibration	curve	is	presented	in	Fig.	4.5.		
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Figure	4.5.		GS	calibration	curve	using	OPA	method.		

	

2.6.1. Gentamicin	uptake	
	
To	carry	out	 the	GS	 loading,	 the	pieces	were	sterilised	by	UV	 light	on	both	

sides	of	the	piece	for	10	minutes	each	side	in	a	flux	laminar	cabinet.	250	mL	of	
10mM	 carbonate	 buffer	 aqueous	 solution	 was	 prepared	 using	 0.072	 g	 of	
NaHCO3	(31437,	Sigma)	and	0.058g	of	Na2CO3	(31432,	Sigma)	and	the	pH	was	
adjusted	 to	 9.6.	 The	 carbonate	 buffer	 was	 used	 to	 prepare	 a	 10	mg	mL‐1	 GS	
(G1914,	Sigma)	solution	which	was	filtered	using	a	0.2	µm	bacteriostatic	filter	
(Biofil)	 in	 a	 flux	 laminar	 cabinet.	 10	 mg	 of	 MBG‐NfGel	 material	 was	 used	 to	
study	 the	 ability	 to	 load	 and	 release	 the	 antibiotic.	 Besides,	 10	 mg	 of	 MBG	
particulate	<32µm	and	4	mg	(the	weight	of	a	whole	piece	of	this	type	material)	
of	the	bare	NfGel	matrix	were	also	used	as	controls.	In	Eppendorf	tubes,	a	ratio	
of	1.5	mL	GS	solution	was	added	per	10	mg	of	the	material.		The	materials	were	
kept	 under	 1.5	 rpm	 rotary	 shaking	 at	 room	 temperature	 for	 48	 h.	 Then,	 the	
samples	 were	 centrifuged	 at	 3000	 r.p.m	 for	 3	minutes	 and	 the	 supernatants	
were	 withdrawn.	 Afterward,	 the	 samples	 were	 washed	 twice	 with	 1	 mL	 of	
buffer	solution	and,	finally,	freeze‐dried.		

y=0.030x‐0.017

R2=0.9999	
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The	 amount	 of	 loaded	 gentamicin	 (LG)	 was	 measured	 by	 the	 depletion	
method	according	to	the	change	of	concentration	before	(CA)	and	after	loading	
(CB),	using	the	following	formula:	
	

∗ ∗
																																																																				Equation	4.2	

	
where	 VA,	 VB,	 VW1,	 VW2	 and	ms	 are	 the	 volumes	 of	 the	 gentamicin	 solution	

before	 and	 after	 loading,	 the	 washing	 solution	 volumes	 and	 the	 mass	 of	 the	
sample.		
	
2.6.2. In	vitro	gentamicin	release	
	
For	 the	 study	 of	 the	 gentamicin	 release,	 GS‐loaded	 MBG‐NfGel,	 NfGel	 and	

MBG	 particles	 were	 sterilised	 by	 UV	 light	 for	 10	 minutes	 in	 a	 flux	 laminar	
cabinet.	Also,	in	flux	laminar	cabinet,	1	mL	of	filtered	phosphate	buffer	solution	
(PBS)	(pH	7.4)	was	added	per	10	mg	of	GS‐loaded	material.	The	materials	were	
kept	 under	 60	 rpm	 rotary	 shaking	 at	 36.5°C.	 The	 release	 medium	 was	
withdrawn	 every	 12	 h,	 replaced	 with	 filtered	 fresh	 soaking	 medium	 and	
analysed	by	the	OPA	method.		

	

2.7. Antibacterial	 properties	 of	 GS‐loaded	 MBG‐NfGel	
devices		

The	 antibacterial	 assays	 have	 been	 performed	 at	 The	 Institute	 of	
Biomedicine	of	Seville	(Instituto	de	Biomedicina	de	Sevilla	‐	IBiS)	by	the	Group	
of	“Estrés	y	Evolución	Bacteriana”	headed	by	Prof.	Jesús	Blázquez	Gómez.		

2.7.1. Antibacterial	activity	diffusion	assay	

After	 incubation	 overnight	 of	 Acinetobacter	 baumannii	 (ATCC	 19606),	
Pseudomonas	 aeruginosa	 (ATCC	 27853)	 and	 Staphylococcus	 aureus	 (ATCC	
29213)	 strains	 in	 the	 Mueller‐Hinton	 Broth	 media	 (1214,	 Conda)	 at	 37°C,	 a	
cotton	 bud	 was	 submerged	 in	 the	 culture	 medium	 and	 the	 suspension	 was	
spread	over	the	MH	agar	(1058,	Conda)	surface	in	three	directions	to	cover	the	
entire	 surface.	 After	 few	minutes,	 the	MBG‐NfGel	 devices	without	 gentamicin	
(negative	control)	and	GS‐loaded	pieces	were	deposited	on	the	inoculated	agar.	
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Besides,	 a	 6mm	 diameter	 cellulose	 paper	 discs	 (Whatman,	 3030917)	
impregnated	 using	 a	 40mg	 mL‐1	 pharmacological	 gentamicin	 solution	
(999037.4,	 Normon)	 were	 employed	 as	 positive	 control.	 	 Incubation	 of	 the	
inoculated	plates	was	performed	overnight	at	37°C	and	then	 the	 images	were	
taken.	 The	 inhibition	 zone	was	measured	 to	 assess	 the	 antimicrobial	 activity	
against	the	bacteria	strains.		
	
2.7.2. Broth	microdilution	method	
	

GS‐loaded	 MBG‐NfGel	 devices	 were	 tested	 against	 Escherichia	 coli	 (ATCC	
25922)	and	A.	baumannii	by	broth	microdilution	method.	Firstly,	the	GS‐loaded	
MBG‐NfGel	 devices	 (0.15	mg)	were	 immersed	 in	 1	mL	 of	 the	Mueller‐Hinton	
(MH)	medium	to	release	the	antibiotic.	After	1	h	of	time	incubation	at	37°C,	the	
medium	 was	 extracted	 and	 was	 replaced	 with	 1	 mL	 of	 fresh	 medium.	 The	
process	 was	 repeated	 for	 24,	 48,	 72	 and	 96	 hours	 of	 time	 incubation.	 As	 a	
positive	control,	50	mL	of	a	64	µg	mL‐1	pharmacological	gentamicin	solution	in	
MH	medium	was	prepared	and	incubated	at	37°C	during	the	experiment.	1mL	
of	 the	pharmacological	gentamicin	solution	was	extracted	at	 the	same	time	as	
for	 the	 immersed	 devices.	 As	 a	 negative	 control,	MH	medium	was	 employed.	
Secondly,	the	released	gentamicin	from	the	MBG‐NfGel	devices	in	the	extracted	
media	was	 tested	 against	Escherichia	coli	 (ATCC	25922)	 and	A.	baumannii	by	
the	broth	microdiluition	method	in	96‐well	plate.		

	
200	 µL	 of	 the	 extracted	 media	 from	 the	 gentamicin‐loaded	 MBG‐NfGel	

devices	were	added	to	the	first	well	of	a	96‐well	plate	and	2‐fold	serial	dilutions	
in	 MH	 were	 carried	 out.	 10	 µL	 of	 the	 final	 bacteria	 culture	 of	 E.	 coli	 and	 A.	
baumanni	 in	MH	medium	was	added	 to	 each	well.	The	plates	were	 incubated	
overnight	 at	 37°C.	 The	 process	was	 repeated	 for	 the	 extracted	media	 for	 the	
positive	control	 to	determine	 the	MIC	 for	either	E.	coli	or	A.	baumannii	 to	 the	
gentamicin.	MIC	was	defined	as	the	lowest	concentration	of	extract	at	which	no	
visible	growth	could	be	detected36.	MIC	values	were	assessed	when	no	visible	
bacterial	growth	could	be	detected.	The	initial	concentrations	of	the	extracted	
media	 are	 calculated	 according	 to	 the	number	 of	 dilutions	 and	 the	 calculated	
MIC	for	the	corresponding	bacteria	strain.	
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2.8. In	vitro	citocompatibility	study	

2.8.1. Cell	type	sources	
	

Mouse	pre‐osteoblastic	MC3T3‐E1	cell	line	was	obtained	from	the	European	
Collection	of	Cell	Cultures,	catalogue	number	99072810.	MC3T3‐E1	cells	were	
maintained	 in	 DMEM	 (41965‐039,	 Gibco)	 supplemented	 with	 1%	
penicillin/streptomycin	 (P/S)	 (P0781,	 Sigma)	 and	 10%	 fetal	 bovine	 serum	
(FBS)	(10500,	Gibco).	Cultures	were	kept	at	37°C	and	5%	CO2	 in	a	humidified	
atmosphere.		
	

Mouse	 Embryogenic	 Stem	 Cells	 (mESCs)	 ES‐D3	 cell	 line	 (American	 Type	
Culture	 Collection,	 ATTC)	 were	 subcultured	 in	 ESC	 qualified	 DMEM	 medium	
(SLM‐220‐M,	Millipore)	 supplemented	with	10%	FBS	ES‐	qualified	 (ES‐009‐B,	
Millipore),	 1%	 nucleosides	 (ES‐008‐D,	 Millipore),	 1%	 P/S	 (TMS‐AB2‐C,	
Millipore),	1%	non‐essential	amino	acids	100x	(TMS‐001‐C,	Millipore),	 	1%	L‐
glutamine	 solution	 (100x‐200mM)	 (TMS‐002‐C,	 Millipore),	 1%	 2‐
mercaptoethanol	 (ES‐007‐E,	 Millipore),	 5	 mL	 LIF	 (ESGRO	 105	 U/mL)	
(ESG1107,	Millipore).	Cultures	were	kept	at	37°C	and	5%	CO2	 in	a	humidified	
atmosphere. 

2.8.2. Cell	adhesion	experiments	

The	materials	were	conditioned	to	carry	out	in	vitro	experiments.	NfGel	and	
MBG‐NfGel	 devices	 were	 kept	 in	 100%	 ethanol	 for	 48	 hours	 at	 37°C.	 	 The	
devices	 were	 transferred	 to	 a	 non‐treated	 polystyrene	 96‐well	 plate	 and	
sterilised	using	150µL	of	 ethanol/PBS	 in	80/20	volume	ratio.	 In	 laminar	 flow	
hood,	decreasing	ethanol	solutions	in	PBS	were	used	to	rehydrate	the	materials	
for	1	hour	each	solution.	After	PBS	overnight	incubation,	cell	media	was	added	
into	 the	 wells.	 10000	 cells	 were	 seeded	 per	 material	 and	 incubated	 for	 4	 h.	
Then,	cells	were	washed	once	with	PBS	to	remove	non‐attached	cells,	followed	
by	 addition	 of	 fresh	 medium.	 The	 media	 was	 changed	 twice	 a	 week.	 DNA	
quantification	 and	 cell	 observations	were	 carried	 out	 after	 4	 and	 48	 h	 of	 cell	
culture.		

	
2.8.2.1. 	PicoGreen	DNA	assay	

Quant‐iT™	 PicoGreen®	 dsDNA	 Assay	 Kit	 (P7589,	 Invitrogen)	 was	
used	 to	 quantify	 cell	 numbers	 attached	 to	 the	 matrices.	 After	 washing	
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treatment	using	PBS,	 the	matrix	pieces	were	 removed	 from	 the	96‐well	 plate	
and	placed	on	another	new	96‐well	plate	to	discard	non‐adherent	cells	and	cells	
adhered	 to	 the	 plate.	 100	 µL	 lysis	 buffer	 was	 added	 to	 single	 wells	 for	 10	
minutes	 at	 room	 temperature	 and	 shacked	 at	 100	 rpm.	 Lysis	 buffer	 is	
compounded	of	10Mm	Tris,	1mM	EDTA	(15575,	Gibco)	and	0.2%	Triton	x100	
(T8787,	 Sigma).	 After	 incubation,	 0.1	mL	 of	 lysate	was	 transferred	 to	 a	 clean	
96‐well	plate	and	kept	at	‐80°C	until	use.		

Picogreen	 kit	 assay	was	 used	 according	 to	 the	manufacturers’	 protocol	 to	
quantify	 double‐stranded	 DNA	 within	 the	 samples.	 20X	 EDTA,	 pH	 7.5	 (TE)	
buffer,	which	is	provided	by	the	kit,	was	diluted	to	1X	in	mQ	water.	PicoGreen	
dsDNA	reagent	was	diluted	200	 times	 in	1X	TE.	 	PicoGreen	assay	was	carried	
out	mixing	30	µL	of	the	DNA	solution,	75	µL	1xTE	and	45	µL	PicoGreen	solution.	
The	plate	was	incubated	in	the	dark	for	5	min,	and	then	fluorescence	emission	
at	538	nm	was	measured	under	excitation	at	480	nm	on	an	Infinite	M200	PRO	
(TECAN)	plate	reader.	Lamda	DNA	standard	solution,	which	is	provided	by	the	
kit,	was	used	to	prepare	a	standard	curve	that	was	measured	at	the	same	time	
as	the	samples.		

	
2.8.2.2. Viability	staining	

Live	 cells	 were	 stained	 with	 Calcein	 acetoxymethyl	 ester	 (Calcein	 AM,	
C3099,	Molecular	ProbesTM).		Nonfluorescent	calcein	AM	is	transported	through	
the	 cellular	membrane	 into	 live	 cells	which	 is	 converted	 in	 green‐fluorescent	
calcein	after	acetoxymethyl	ester	hydrolysis	by	 intracellular	esterase.	So,	only	
live	cells	are	 labelled.	0.1µL	Calcein	was	used	for	500µL	media	cells.	150µL	of	
diluted	Calcein	was	added	to	single	well	and	incubated	for	15	minutes	at	37°C.	
Fluorescence	images	were	obtained	using	a	Nikon	Eclipse	80i	microscope.	

	
2.8.2.3. Phalloidin	staining	
	

At	 desired	 time	 points,	 fixative	 solution	 of	 4%	 formaldehyde	 in	 PBS	 was	
used	 to	 fix	 cells	 for	15	minutes.	Then,	 fixative	solution	was	removed	and	PBS	
was	 added	 thrice	 to	 wash.	 Rhodamine	 phallotoxin	 (R415,	 Life	 Technologies,	
diluted	 1:100	 was	 added	 for	 1	 hour	 to	 stain	 actin	 and	 then	 washed	 thrice.	
Finally,	 mounting	 medium	 for	 fluorescence,	 Vectashield	 with	 DAPI	 (H‐1200,	
Vector	Laboratories),	was	used	to	mount	the	samples.	Images	were	obtained	by	
the	Nikon	Eclipse	80i	microscope.		
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3. RESULTS 
	

3.1. Mesoporous	 Bioactive	 Glass	 (MBG)	 particulate	
precursor	characterisation	

Particle	 size	 distribution	 of	 the	MBG	 particulate	 precursor	 after	 sieving	 in	
size	below	32	µm	is	shown	in	Fig.	4.6a.	The	plot	shows	a	bimodal	distribution	
(black)	and	was	deconvoluted	using	a	Gaussian	function	by	the	Origin	software.	
Deconvolution	results	(blue)	showed	two	distributions	with	maximum	at	6	and	
26	 μm	 with	 relative	 areas	 of	 30	 and	 70%	 (volume),	 respectively.	 Fig.	 4.6b	
shows	a	FE‐SEM	representative	image	of	the	MBG	particulate.		
	

	
	
	
	
	
	
	
	
 

Figure	4.6.	Particle	size	distribution	(a)	and	FE‐SEM	image	(b)	of	the	MBG	precursor	particulate.		

Figure	4.7	shows	FE‐SEM	images	of	the	microstructure	of	the	MBG	particles.	
A	 transversal	 section	 perpendicular	 to	 the	 longitudinal	 nanochannels	 can	 be	
observed	 in	 the	 image	4.7a.	Otherwise,	Fig.	 4.7b	 shows	 the	 channels	oriented	
parallel	 to	 their	high	 longitudinal	 length.	 In	both	 figures,	 the	pore	size	can	be	
measured	 as	 4.1	 nm.	 The	 EDX	 analysis	 in	 the	 image	 4.7b	 confirms	 the	
composition	of	the	synthesized	MBG	showing	the	peaks	corresponding	to	Si,	P,	
Ca	and	O.		
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Figure	4.7.	FE‐SEM	images	of	the	MBG	precursor	particles	showing	highly	ordered	two‐dimensional	channels	
observed	in	either	transversally	(a)	or	longitudinally	(b)	sections.	EDX	analysis	showing	the	detection	of	Si,	P	
and	Ca	elements	(b).		

	
Powder	Small‐angle	X‐ray	Diffraction	(SXRD)	pattern	of	the	MBG	particulate	

shows	a	diffraction	peak	in	the	small	angle	regime	at	1.28	(Figure	4.8a)	which	
indicates	 the	 existence	 of	 a	 mesostructure	 (ordered	 nanopores).	 Similar	
patterns	 have	 been	 reported	 for	 this	 type	 of	 materials	 and	 2D	 ordered	
hexagonal	 structure	 (P6mm)	 has	 been	 assigned23,37.	 The	 Wide	 angle‐XRD	
(WXRD)	 (Fig.	 4.8b)	 study	 confirms	 that	 the	MBG	particulates	 are	 amorphous,	
since	no	diffraction	peaks	are	observed	except	 a	broad	band	between	18	and	
40°	(2θ)	reported	previously23,37.		
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Figure	4.8.	SXRD	(a)	and	WXRD	(b)	patterns	of	the	MBG	precursor	particulate. 
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Nitrogen	adsorption/desorption	isotherms	and	pore	size	distribution	curves	
of	 the	MBG	 particulate	 are	 shown	 in	 Fig.	 4.9a.	 The	 sample	 exhibits	 a	 type	 IV	
isotherm	with	 type	H1	hysteresis	 loop	which	 is	 characteristic	of	 independent	
cylindrical	slim	pore	channels	with	narrow	pore	size	distribution	in	accordance	
with	the	P6mm	mesostructure	of	the	MBG	materials23,37.	A	surface	area	of	343	
m²	g‐1,	pore	size	diameter	of	4.1	nm	and	total	pore	volume	of	0.34	cm3	g‐1	were	
assessed	for	the	MBG	material.		

The	Thermo	Gravimetric	(TGA)	and	Differential	Scanning	Calorimetry		(DSC)	
analysis	of	the	MBG	particulate	are	presented	in	Fig.	4.9b.	In	the	TGA	diagram,	a	
mass	loss	of	2%	which	corresponds	to	the	moisture	removal	of	the	material	is	
observed.	No	other	 important	mass	 loss	 indicates	 there	 is	no	residual	species	
derived	from	the	synthesis	reactive	salts	 in	the	final	materials.	DSC	shows	the	
typical	endothermic	event	characteristic	of	the	glass	transition	temperature	at	
580°C.	The	quantitative	 analysis	of	 the	MBG	performed	using	XRF	 indicates	a	
real	 final	 composition	 of	 87SiO2/10CaO/3P2O5	percentage	 in	weight,	whereas	
the	nominal	starting	reactive	composition	was	76SiO2/13CaO/11	P2O5.	
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Figure	 4.9.	 Nitrogen	 adsorption‐desorption	 isotherm	 and	 BJH	 pore	 size	 distribution	 (inset)	 of	 the	 MBG	
precursor	particulates	(a).	TGA	and	DSC	curves	for	the	MBG	precursor	particulates	(b).			

	

The	 FT‐IR	 analysis	 (Fig.	 4.10)	 shows	 the	 expected	 absorption	 bands	
corresponding	to	the	chemical	functional	groups	of	the	glass	components.	The	
spectrum	 presents	 a	 major	 band	 at	 1085	 cm‐1	 attributable	 to	 the	 Si‐O‐Si	
asymmetric	 stretching	mode,	while	 the	 800	 cm‐1	 vibration	 is	 associated	with	
symmetric	 Si‐O‐Si	 stretching	 or	 vibration	modes	 of	 the	 silica	 ring	 structures.	
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The	peak	at	467	cm‐1	is	assigned	to	the	Si‐O‐Si	bending	mode38.	In	addition,	the	
low‐intensity	 band	 registered	 at	 about	 577	 cm‐1	 could	 be	 attributable	 to	
stretching	vibrations	of	phosphate	groups	in	an	amorphous	environment.	
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Figure	4.10.		FT‐IR	spectra	of	the	MBG	precursor	particulates.	

	

3.2. Mesoporous	 Bioactive	 Glass‐Nanofibrous	 Gelatin	
(MBG‐NfGel)	hybrid		devices		
	
3.2.1. Physico‐chemical	characterisation	of	the	MBG‐NfGel	devices	

An	 image	 of	 the	 final	 MBG‐NfGel	 devices	 consisting	 of	 MBG	 particulate	
distributed	within	a	nanofibrous	gelatin	matrix	with	5.9	mm	 in	diameter	 and	
1.5	mm	 in	 thickness	 is	presented	 in	Fig.	4.11a.	The	 total	porosities	calculated	
using	equations	1	and	2	(Appendix	I)	for	the	two	type	of	prepared	devices	were	
85	and	87%	for	75/25	and	50/50	MBG‐NfGel	devices,	respectively.	Figure	4.11	
shows	FE‐SEM	images	of	75/25	MBG‐NGel	devices	either	fracture	cross‐section	
of	the	piece	(4.11b‐e)	or	the	top	surface	(4.11g,	h)	of	the	final	piece.	The	cross‐
section	shows	a	concave	shape	with	a	central	part	with	about	1mm	in	thickness	
and	 an	 external	 area	 of	 2mm	 in	 thickness	 (Fig.	 4.11b).	MBG	 particles	 can	 be	
visualised	within	 the	gelatin	matrix	(Fig.	4.11c)	and	the	higher	magnifications	
(4.11d)	 of	 the	 cross‐section	 show	 the	 fine	 nanofibrous	 gelatin	 network	 with	
fibrils	 presenting	 170	 nm	 on	 average	 diameter.	 The	 cavities	 within	 the	
nanofibrous	network	have	diameters	between	0.2	and	1.6	µm	with	an	average	
diameter	of	0.75	µm.	Fig.	4.11f	shows	the	MBG‐NfGel	devices	 in	50/50	weight	
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ratio,	 as	 expected	 less	 MBG	 particles	 than	 for	 75/25	 ratio	 can	 be	 observed	
within	 the	 gelatin	matrix.	 The	 images	 performed	 of	 the	 surface	 of	 the	 75/25	
piece	 (Fig.	 4.11	 g‐h)	 indicate	 the	 presence	 of	 MBG	 particles	 within	 the	
nanofibrils	 in	 a	 similar	way	 as	 obtained	 in	 the	 cross‐section	 analysis.	 On	 the	
surface	of	the	75/25	MBG‐NfGel	devices	(g‐h),	some	MBG	particles	and	gelatin	
nanofibrils	can	be	observed.	

	

Figure.	4.11.	 Optical	 image	 of	 the	 final	MBG‐NfGel	 devices	 (a).	 FE‐SEM	 images	 of	 the	 cross‐section	 of	 the	
75/25	MBG‐NfGel	in	weight	ratio	piece	(b)	and	higher	magnifications	(c‐e).	FE‐SEM	image	of	the	cross‐section	
of	 the	 50/50	 MBG‐NfGel	 piece	 (f).	 FE‐SEM	 images	 of	 the	 surface	 of	 the	 75/25	 piece	 (g)	 and	 higher	
magnifications	(h).		
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In	Fig.	4.12	MBG	particles	can	be	visualised	within	 the	nanofibrous	gelatin	
matrix	using	FE‐SEM	and	EDX	analysis	for	the	75/25	MBG‐NfGel	material	cross‐
section.	A	high	magnification	corresponding	to	the	silicon	element	mapping	 is	
shown	 in	 Fig.	 4.12a,	 b	 where	 the	 MBG	 particles	 are	 visualised.	 At	 lower	
magnification	showing	the	entire	material	cross‐section,	Si,	Ca	and	P	analysis	is	
shown	(Fig.	12c‐e).	Both	the	FE‐SEM	morphological	observations	and	chemical	
EDX	analysis	indicate	that	MBG	particles	are	homogenously	distributed	within	
the	whole	device	piece.		

Figure	 4.12.	 FE‐SEM	 and	 EDX	 analysis	 of	 the	 cross‐section	 of	 the	 75/25	 MBG‐NfGel	 device.	 High	
magnification	to	visualize	MBG	particles	(a)	and	EDX	mapping	showing	Si	in	red	(b).	Low	magnification	(c‐e)	
showing	the	whole	piece	cross‐section	to	visualise	Si	(red),	Ca	(green)	and	P	(blue).			

	

N2	 adsorption/desorption	 isotherms	 of	 particulate	 MBG,	 NfGel	 matrix,	
75/25	and	50/50	(wt/wt)	MBG‐NfGel	devices	are	compared	in	Fig.	4.13a.	The	
textural	 parameters	 are	 listed	 in	 Table	 4.2.	 The	 MBG	 isotherm	 has	 been	
analysed	 previously	 in	 section	 3.1.	 NfGel	 isotherm	 indicates	 that	 the	 bare	
gelatin	matrices	have	not	mesopores.	The	textural	parameters	for	this	material	
were	 12	m2	 g‐1	 of	 BET	 surface	 area	 and	 a	 total	 pore	 volume	 of	 0.03	 cm3	 g‐1.	
Finally,	 the	 MBG‐NfGel	 devices	 present	 the	 type	 IV	 isotherm	 with	 type	 H1	
hysteresis	 characteristic	 of	 the	 MBG	 particulates.	 The	 two	 type	 composition	
75/25	and	50/50	MBG‐NfGel	materials	show	a	surface	area	of	197	and	158	m2	
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g‐1	 and	 a	 pore	 volume	 of	 0.20	 and	 0.16	 cm3	 g‐1,	 respectively.	 The	 pore	 size	
distribution	indicates	a	maximum	of	the	distribution	area	corresponding	to	4‐
4.1	nm	for	the	two	MBG‐NfGel	devices.	Slightly	higher	BET	and	pore	volume	for	
the	 75/25	 device	 correlates	 to	 the	 higher	 particulate	 MBG	 content	 in	 this	
device.	The	SXRD	difractogram	in	Fig.	4.13c	confirms	the	existence	of	ordered	
nanosized	 channels	 of	 the	 hexagonal	 mesostructure	 (P6mm)	 from	 the	 MBG	
particulates.		
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Fig.	 4.13.	 N2	 adsorption/desorption	 isotherms	 (a),	 BJH	 adsorption	 branch	 pore	 size	 distribution	 (b)	 and	
WXRD	analysis	 (c)	 for	 the	MBG	precursor	particulates,	NfGel	bare	matrix,	 and	 the	75/25	and	50/50	MBG‐
NfGel	devices.			

	

Table	4.2.	Textural	parameters	for	MBG	precursor	particulates,	NfGel	bare	matrix	and	the	75/25	and	50/50	
MBG‐NfGel	devices.			

	 MBG	 NfGel	 75/25	MBG‐NfGel	 50/50	MBG‐NfGel	
BET	(m2	g‐1)	 343	 12	 197	 158	

Pore	volume	(cm3	g‐1)	 0.31	 0.03	 0.20	 0.16	

a	 b
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The	75/25	MBG‐NfGel	devices	were	selected	for	further	experiments	due	to	
their	textural	properties.	The	higher	specific	surface	and	pore	volume	obtained	
for	these	devices	indicate	a	higher	ability	to	incorporate	molecules.		

Fig.	4.14a	presents	the	FT‐IR	spectra	of	the	MBG	precursor	particulate,	NfGel	
and	 75/25	 MBG‐NfGel.	 The	 peaks	 at	 1085	 cm‐1,	 800	 cm‐1	 and	 467	 cm‐1	 are	
attributable	 to	 the	 Si‐O‐Si	 and	 577	 cm‐1	 to	 phosphate	 groups	 in	 the	 powder	
MBG	spectra,	as	it	was	reported	in	section	3.1	in	this	chapter.	As	it	was	reported	
in	chapter	2,	NfGel	presents	the	characteristic	amide‐bands	A,	I,	II	and	III.	MBG‐
NfGel	 includes	 a	 spectra	with	 characteristic	 spectral	 bands	 related	 to	 gelatin	
and	MBG.	The	amide	peaks	can	be	observed	and	their	intensity	is	lower	than	for	
NfGel	matrix.	The	amide	A	band	at	3315	cm−1	is	attributable	to	N–H	stretching.		
The	amide	I	shows	a	peak	at	1654	cm−1	for	C‐O	stretching.	The	amide	II	and	III	
show	the	peaks	at	1545	and	1238	cm−1	for	N–H	deformation	and	N‐H	bending	
vibration,	 respectively.	 Besides,	 MBG	 bands	 at	 467,	 800	 and	 1085cm‐1	 are	
shown	for	the	hybrid	device.		

The	stress‐strain	graphic	for	the	75/25	MBG‐NfGel	and	NfGel	matrix	pieces	
is	 presented	 in	 Fig.	 4.14b	 where	 the	 stress‐strain	 data	 under	 a	 compressive	
load	 are	 represented.	 The	 materials	 present	 the	 typical	 response	 of	 highly	
porous	 polymer	 scaffolds	 as	 it	 has	 been	 reported	 for	 collagen	 and	 gelatin	
materials39,40.	 For	 the	 both	 materials,	 the	 stress	 increases	 quickly,	 then	 the	
slope	 is	 reduced	 importantly	 until	 a	 rapid	 increase	 is	 finally	 observed.	 The	
calculated	Young´s	moduli	indicate	a	high	increase	from	5.2	KPa	for	the	NfGel	to	
50KPa	measured	for	the	MBG‐NfGel	device.		

	
Fig.	 4.14c	 shows	 the	 TGA	 and	 DSC	 diagrams	 of	 the	 NfGel	 and	 MBG‐NfGel	

pieces.	 	 NfGel	 presents	 a	 burning	 temperature	 at	 250°C	 and	 the	 sample	 is	
entirely	 burnt‐out	 at	 434°C.	 	 In	 the	 case	 of	 MBG‐NfGel	 devices,	 the	 burning	
temperature	of	 the	gelatin	 is	 slightly	high	at	277°C	and	about	 the	70%	of	 the	
mass	 was	 maintained	 which	 corresponds	 to	 the	 percentage	 of	 MBG	 content.	
DSC	 diagram	 of	 the	 MBG‐NfGel	 devices	 shows	 the	 endothermic	 event	
characteristic	of	the	glass	transition	temperature	at	570°C.	
	

Figure	4.14d	 shows	 the	percentage	of	water	uptake	 ability	of	75/25	MBG‐
NfGel	 devices	 compared	 to	NfGel	matrix	pieces.	 Both	materials	 show	a	major	
uptake	in	the	first	2	hours	which	is	324%	for	MBG‐NfGel.	The	material	is	almost	
saturated	from	first	24	hours	of	incubation	showing	an	uptake	of	400%	at	the	
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end	of	 the	experiment	 (120	hours).	NfGel	matrix	 shows	a	 significantly	higher	
water	 uptake	 value	 of	 2300%	 after	 120	 hours	 of	 experiment.	 In	 comparison	
with	the	bare	gelatin	material,	the	addition	of	MBG	particulate	ceramic	reduce	
importantly	the	amount	of	water	uptake	of	the	piece	which	is	accompanied	of	a	
better	maintenance	of	the	shape	and	geometry	in	a	wet	environment.			
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Fig.	4.14.	 FT‐IR	 spectra	 of	MBG	 precursor	 particulates,	 NfGel	 and	 75/25	MBG‐NfGel	 	 pieces.	 Compressive	
stress‐strain	 curves	 (b),	 TGA	 and	 DSC	 (c)	 and	 water	 uptake	 ability	 (d)	 for	 NfGel	 and	 75/25	 MBG‐NfGel	
devices.		

	

3.2.2. 	Bioactivity	and	degradability	assays	of	the	MBG‐NfGel	devices	

The	 in	vitro	bioactivity	of	the	materials	was	tested	by	soaking	the	pieces	in	
SBF	 and	 monitoring	 the	 formation	 of	 phosphate	 calcium	 deposits	 on	 the	
material	as	a	function	of	time.	Fig.	4.15	presents,	the	FE‐SEM	and	EDX	analysis	
of	 the	 NfGel	 matrices	 and	 MBG‐NfGel	 devices	 soaked	 in	 SBF	 for	 4	 hours,	 24	
hours,	 48	 hours	 and	 21	 days.	
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Fig.4.15.	FE‐SEM	images	of	NfGel	matrices	and	MBG‐NfGel	devices	after	soaking	in	SBF.	
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NfGel	 matrices	 were	 performed	 as	 a	 control	 to	 compare	 to	 MBG‐NfGel	
devices	after	SBF	incubation.	This	experiment	shows	that	SBF	test	using	NfGel	
matrices	do	not	present	 any	bioactive	 response	 and	only	 some	NaCl	deposits	
can	be	detected	on	the	surface	of	the	material	by	EDX	analysis	after	21days	of	
soaking	time.	For	MBG‐NfGel	devices,	both	the	surface	and	the	 fracture	cross‐
section	were	observed	by	FE‐SEM	and	EDX.		After	4h	of	soaking	in	SBF,	almost	
the	entirely	surface	is	covered	by	small	particles	and	the	presence	of	Ca,	P	and	
O	can	be	confirmed	by	EDX	analysis.	The	relative	intensities	of	Si/Ca	and	Si/P	
after	4	h	of	soaking	time	are	0.9	and	0.7.	The	Si/Ca	and	Si/P	ratio	for	the	piece	
before	 soaking	 in	 SBF	 were	 7.3	 and	 28.9.	 After	 soaking	 in	 SBF	 for	 24	 h,	 the	
characteristics	 needle‐shaped	 crystals	 characteristic	 of	 hydroxyapatite	 (HA)	
formations	 have	 entirely	 covered	 the	 surface	 of	 the	 MBG‐NfGel	 devices.	 The	
relative	intensities	of	Si/Ca	and	Si/P	by	EDX	analysis	are	0.2	and	0.1	after	24	h	
of	 soaking	 time.	Besides,	EDX	analysis	 indicates	 the	presence	of	 some	Mg,	Na	
and	Cl	on	the	surface	of	the	hybrid	materials	(elements	also	included	in	the	SBF	
soaking	solution).	The	presence	of	these	needle‐like	crystals	increase	from	48h	
to	21	days	of	soaking	time	as	well	as	the	calcium	phosphate	phase	deposited	on	
the	surface	increases	in	thickness	as	a	function	of	time	incubation.	The	values	of	
the	 Si/Ca	 and	 Si/P	 relative	 intensities	 by	 EDX	 are	 maintained	 (0.2	 and	 0.1,	
respectively)	from	48	h	to	21	days	of	soaking	time.		

Figure	4.15	also	shows	the	fracture	cross‐section	of	the	MBG‐NfGel	devices	
after	 soaking	 time.	 Some	 spherical	 shaped	particles	 can	be	 observed	on	MBG	
particles	on	the	piece	cross‐section	after	4	h	in	SBF	incubation.	Higher	amount	
of	 these	 particles	 can	 be	 observed	 as	 a	 function	 of	 soaking	 time,	 likewise	 a	
growth	in	the	longitudinal	axe	to	form	needle‐like	crystals	is	also	observed	with	
increasing	soaking	time.	The	presence	of	Ca	and	P,	which	is	confirmed	by	EDX,	
increases	as	a	function	of	soaking	time.		

Fig.	 4.16	 shows	 both	 the	 surface	 and	 the	 cross‐section	 of	 the	 MBG‐NfGel	
devices	after	21	days	of	soaking	time	in	SBF.	The	surface	is	entirely	covered	by	
aciculate	crystals	with	nanometric	size	(image	a)	and	the	cross‐section	shows	
the	needle‐shaped	crystals	within	the	gelatin	nanofibrils	(image	b).			
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Fig.	4.16.	Surface	(a)	and	cross‐section	(b)		of	the	MBG‐NfGel	devices	after	21	days	in	SBF.		

The	formation	of	HA	on	the	surface	of	the	MBG‐NfGel	devices	was	confirmed	
by	 XRD	 analysis	 and	 is	 presented	 in	 Fig.	 4.17a.	 The	 MBG‐NfGel	 shows	 two	
incipient	diffraction	peaks	at	28.4	and	32.2	2	theta	degrees	after	4h	of	soaking	
time	which	can	be	associated	to	calcium	hydrogen	phosphate	according	to	ICCD	
database	 (JCPDS	 00‐044‐0810).	 After	 24	 h	 of	 treatment,	 the	 deposited	
amorphous	phase	was	becoming	to	crystallise.	The	diffractogram	shows	a	well‐
defined	 crystalline	 compound	with	 sharp	diffraction	peaks	 and	matched	with	
the	 pattern	 of	 hydroxyapatite	 (HA)	 phase	 according	 to	 ICCD	database	 (JCPDS	
046‐0905)	 for	 24h	 of	 soaking	 time.	 The	 broad	 asymmetric	 peak	 with	 high	
intensity	around	30–35	2θ	may	consist	of	four	overlapping	peaks,	which	could	
be	 assigned	 to	 the	 HA	 characteristic	 triplet	 for	 reflections	 (211),	 (112),	 and	
(300),	with	the	(202)	reflection	appearing	as	a	faint	shoulder	at	33.9	2θ	37,41.	
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Fig.	4.17.	WXRD	(a)	and	FT‐IR	(b)	of	the	MBG‐NfGel	devices	after	4	h,	24	h,	48	h	and	21	days	in	SBF.	
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FT‐IR	 analysis	 was	 also	 carried	 out	 to	 evaluate	 the	 growth	 of	 HA	 on	 the	
surfaces	 of	 the	MBG‐NfGel	 devices	 as	 a	 function	 of	 soaking	 time	 in	 SBF	 (Fig.	
4.17b).	 A	 peak	 at	 560	 cm‐1	 can	 be	 observed	 after	 4h	 of	 soaking	 time	 in	 SBF	
corresponding	 to	 a	 P‐O	 vibrational	 band.	 That	 new	 peak	 indicates	 that	 an	
amorphous	 phosphate	 phase	 has	 grown	 on	 the	 MBG‐NfGel	 device14.	 The	
vibrational	peak	at	560	cm‐1	is	more	intense	as	a	function	of	soaking	time	and	
split	 into	 dual	 peaks	 at	 560	 and	 606	 cm‐1	 indicating	 that	 the	 amorphous	
phosphate	phase	has	become	crystallized.	Another	peak	at	1080	cm‐1	also	due	
to	P‐O	vibrational	band	can	be	observed	after	21	days	in	SBF.		

The	important	differences	in	bioactivity	of	the	two	types	of	materials	NfGel	
and	 MBG‐NfGel	 is	 also	 confirmed	 by	 the	 pH	 monitorisation	 during	 the	 SBF	
experiment.	The	pH	changes	produced	in	the	SBF	as	a	function	of	soaking	time	
of	 the	 material	 pieces	 are	 shown	 in	 Fig.	 4.18.	 The	 pH	 presents	 a	 high	
dependence	on	the	temperature	and	the	samples	were	measured	between	35.1	
and	35.9°C.	 In	 the	 case	 of	MBG‐NfGel,	 the	pH	 increase	occurs	during	 the	 first	
two	 days	 and	 then	 it	 is	 kept	 at	 7.51.	On	 the	 day	 14,	 it	 decreases	 to	 7.48	 and	
finally,	it	increases	to	reach	7.51	on	the	day	14	of	incubation.		For	NfGel	pieces,	
the	 pH	 is	 practically	 constant	 around	 7.4	 for	 all	 the	 incubation	 period.	 The	
cation	exchange	(Ca2+)	 from	the	MBG	particles	with	protons	from	the	solution	
may	produce	the	pH	increase42,43.		
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Fig.	4.18.	pH	monitorisation	as	a	function	of	time	in	the	SBF	bioactivity	assay.		

The	percentage	of	degradation	of	NfGel	and	MBG‐NfGel	matrix	pieces	after	
collagenase	 digestion	 assay	 are	 shown	 in	 Fig.	 4.19.	 In	 order	 to	 compare	 the	
biodegradation	rates	between	the	two	types	of	materials,	a	high	concentration	
of	 collagenase	 (60µg	 mL‐1)	 was	 chosen.	 As	 indicative	 physiological	 data,	 the	
concentration	of	metaloproteinase‐2,	which	are	composed	by	gelatinase	4	and	
collagenase	 4	 and	 5,	 has	 been	 reported	 to	 be	 around	 140	 pg	mL‐1	 in	 human	
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plasma44.	 Figure	 4.19a	 displays	 the	 percentage	 of	 material	 degradation	 as	
function	of	time.	For	NfGel	pieces,	the	degradation	was	about	the	65%	after	30	
minutes	of	incubation	with	collagenase	and	the	material	was	almost	completely	
solubilised	after	1	hour	and	30	minutes.	In	the	case	of	MBG‐NfGel	matrix	pieces,	
the	 percentage	 of	 degradation	 was	 about	 the	 24%	 after	 30	 minutes	 of	
incubation	 time.	 After	 24	 hours	 of	 time	 incubation,	 the	 material	 is	 still	 non‐
solubilised	in	a	25%.	The	presented	data	here	indicate	that	MBG‐NfGel	matrices	
are	more	 resistant	 to	 collagenase	degradation	 than	NfGel	matrices.	 Images	of	
the	 material	 piece	 appearance	 as	 a	 function	 of	 the	 incubation	 time	 are	
presented	 in	Fig.	4.19b.	The	 images	 show	that	 the	NfGel	matrix	piece	 lost	 the	
shape	 before	 the	 total	 degradation	 and	 after	 1	 hour	 and	 30	 minutes	 of	
incubation	 it	 is	 almost	 completely	 degraded.	 A	 slower	 and	 progressive	
degradation	 can	 be	 observed	 for	 the	 MBG‐NfGel	 devices	 and	 a	 little	 piece	 is	
presented	in	the	image	after	24	hours	of	incubation.	The	collagenase	degrades	
the	gelatin	compound	but	the	MBG	is	dissolved	in	aqueous	media	depending	on	
the	pH	and	the	ion	concentration	of	the	media.	Zhang	et	al.45	has	reported	that	a	
MBG	composed	by	80SiO2/15CaO	in	molar	ratio,	experimented	a	weight	loss	of	

10%	after	10	days	in	PBS	(pH = 7.4).  

 

Fig.	4.19.	Percentage	of	degradation	of	NfGel	and	MBG‐NfGel	matrix	pieces	(a)	and	a	picture	of	their	
appearance	(b)	after	collagenase	incubation.		
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3.2.3. In	vitro	gentamicin	uptake	and	release	of	the	MBG‐NfGel	devices	

The	 ability	 to	 incorporate	 gentamicin	 for	 the	 different	 materials	 is	
summarised	in	Table	4.3.	As	can	be	seen	in	the	Table,	the	incorporation	of	MBG	
in	the	bare	gelatin	device	increases	importantly	the	antibiotic	loading	capacity	
of	the	final	device.		

Table	4.3.		Gentamicin	uptake	of	the	studied	materials.		

Loaded	GS	 MBG	pariculate	 NfGel	 MBG_NfGel	
Expressed	per	material	mass	(µg	mg‐1)	 157.0±0.4	 75.1±0.1	 128.9±0.6	
Expressed	per	material	piece	(µg)	 ‐‐‐	 300	 1935	

	

Figure	 4.20	 shows	 the	 cumulative	 release	 profile	 of	 gentamicin	 in	 PBS	 for	
the	GS‐loaded	MBG‐NfGel	delivery	devices	 in	 comparison	with	 the	particulate	
MBG	material	and	the	bare	gelatin	NfGel	devices.	For	NfGel,	the	80%	of	the	total	
loaded	gentamicin	 is	 released	 in	 the	 first	12	hours,	being	completely	released	
(100%)	after	only	36	h.	In	contrast,	MBG	and	MBG‐NfGel	materials	show	a	more	
sustained	 drug	 released.	 In	 addition,	 these	 materials	 show	 a	 different	
behaviour.	 A	 fast	 release	 of	 GS	 is	 observed	within	 the	 firsts	 72	 h	 reaching	 a	
released	 value	 of	 38	 and	 27%	 for	 MBG	 and	 MBG‐NfGel,	 respectively.	
Furthermore,	a	slower	release	stage	occurs	late	releasing	only	up	to	62	ad	39%	
of	 the	 drug	 for	 the	 MBG	 and	 MBG‐NfGel,	 respectively,	 after	 216	 hours	 of	
experiment.		
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Fig.	4.20.	 In	vitro	 release	behavior	of	 the	GS‐loaded	materials.	Cumulative	GS	release	profiles	 in	phosphate	
buffer	solution	(a)	of	NfGel	(black),	MBG	particulate	(red)	and	MBG‐NfGel	(blue).	Higuchi	square	root	of	time	
plot	for	the	release	of	GS	from	the	MBG‐NfGel	devices	(b).		
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The	 release	 results	 were	 fitted	 to	 the	 Higuchi	 model14.	 Higuchi	 model	
explains	 the	delivery	of	a	water	soluble	drug	 incorporated	 in	a	solid	matrix46.		
When	 the	 release	 process	 is	 dependent	 on	 Fickian	 diffusion	 model	 which	
indicates	that	a	solute	will	move	from	a	region	of	high	concentration	to	a	region	
of	low	concentration	across	a	concentration	gradient,	the	release	of	the	drug	is	
dependent	on	the	square	root	of	time	following	the	next	equation:		

/ 																																																																																																								Equation	4.3	

where	 Q	 is	 the	 amount	 of	 drug	 released	 in	 time	 t	 and	 k	 is	 the	 Higuchi	
dissolution	constant.			

In	Fig.	4.20b,	the	Higuchi	square	root	of	time	plot	for	the	MBG‐NfGel	material	
is	shown.	This	plot	presents	a	deviation	of	the	overall	linearity	after	72	h	of	the	
experiment,	a	change	 to	a	slow	release	of	 the	drug	can	be	observed.	Previous	
reported	 work	 on	 gentamicin27	 and	 other	 biomolecules47	 release	 from	
mesoporous	materials	 have	 attributed	 and	 initial	 burst	 release	 to	 the	weakly	
held	molecules	located	on	the	outer	surface	and	the	windows	of	the	nano‐pore	
channels	 whilst	 followed	 for	 a	 slow	 drug	 release	 which	 was	 assumed	 to	 be	
related	 to	 the	 molecules	 more	 strongly	 adsorbed	 inside	 the	 nano‐pores.	
Besides,	the	GS	adsorbed	to	the	gelatin	contributes	to	the	initial	burst	release.		

	

3.2.4. Antibacterial	properties	of	the	GS‐loaded	MBG‐NfGel	devices		

These	experiments	were	performed	in	collaboration	with	the	Group	“Estrés	
y	evolución	bacteriana”	headed	by	Professor	Jesús	Blázquez	at	the	Institute	of	
Biomedicine	of	Seville	(IBIS).	Fig.	4.21	shows	the	antibacterial	activity	diffusion	
assay	 for	 gentamicin‐loaded	 MBG‐NfGel	 devices	 on	 agar	 plate	 against	 A.		
baumannii,	 P.	 aeruginosa	 and	 S.	 aureus.	 As	 expected,	 no	 bacterial	 inhibition	
zone	was	observed	around	the	free‐GS	devices	(negative	control,	A)	on	the	agar	
plate.	 For	 GS‐loaded	 MBG‐NfGel	 devices,	 an	 inhibition	 zone	 around	 the	
materials	was	 observed	 for	 the	 three	 types	 of	 bacteria	which	 indicates	 all	 of	
them	 are	 sensitive	 to	 gentamicin.	 Bacterial	 inhibition	 zone	 depends	 on	 the	
amount	 of	 released	 GS	 and	 is	 directly	 correlated	 to	 the	 amount	 of	 killed	
bacteria,	so	the	diameter	of	the	inhibition	zone	depends	on	the	sensitivity	of	the	
bacteria	 to	 the	 antibiotic.	 Diameter	 inhibition	 zones	 measured	 for	 the	 GS‐
loaded	devices	are	summarised	in	Table	4.4.	This	assay	confirms	the	GS‐loaded	
MBG‐NfGel	 devices	 maintain	 the	 gentamicin	 functionality	 for	 local	 delivery	
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applications.	 GS‐loaded	 paper	 discs,	 as	 positive	 control	 (Fig.	 4.21c),	 present	
significantly	higher	inhibition	zones	than	gentamicin‐loaded	MBG‐NfGel	devices	
which	can	be	due	to	the	faster	release	of	the	gentamicin	form	the	paper	discs.		

	

 

Figure	4.21.	Antibacterial	diffusion	assay	for	a	free‐loaded	MBG‐NfgGel	devices	(a),	gentamicin‐loaded	MBG‐
NfGel	 devices	 (b)	 and	 gentamicin‐loaded	piece	 of	 filter	 paper	 (c)	 against	A.	Baumanii,	P.	aeruginosa	and	S.	
aureus.		

Table	4.4.		diameter	of	the	inhibition	zone	around	the	MBG‐NfGel	devices	on	inoculated	agar	plate	

	 A. baumannii	 P.	aeruginosa	 S.	aureus	

Diameter	(mm)	 18.4	 29	 12	
	

The	results	of	the	broth	microdilution	method	are	presented	in	Fig.	4.22.	The	
released	 GS	 from	 the	 MBG‐NfGel	 devices	 was	 tested	 against	 E.	 coli	 and	 A.	
baumannii.	 The	 MICs	 obtained	 in	 this	 experiment	 were	 0.5	 µg	 mL‐1	 of	
gentamicin	for	E.	coli	and	8	µg	mL‐1	for	A.	baumannii.	According	to	Fig.	4.22,	no	
differences	 were	 observed	 in	 the	 released	 GS	 from	 the	 MBG‐NfGEL	 devices	
depending	on	the	bacteria	type.	For	the	 first	hour,	512	µg	of	gentamicin	were	
released,	as	well	as,	after	24h	of	time	incubation.	After	48,	72	and	96	hours	the	
released	 gentamicin	 was	 128,	 64	 and	 22	 µg	 mL‐1.	 The	 broth	 microdilution	
method	 indicates	 higher	 values	 of	 released	 GS	 than	 using	 OPA	 method.	
However,	according	to	the	error	using	broth	method	(the	double	and	the	half	of	
the	 given	 value)	 the	 values	 obtained	 by	 OPA	method	 are	 in	 the	 range	 of	 the	
broth	method.	The	released	GS	values	calculated	by	OPA	method	are	262,	85,	
68,	56	and	36	µg	mL‐1.	

c	

b	

a	
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Fig.	 4.22.	 Broth	 microdilution	 method	 to	 test	 the	 delivered	 GS	 from	 MBG‐NfGel	 against	 E.	 coli	 and	 A.	
Baumannii.		

 

3.2.5. In	vitro	cell	biocompatibility	studies	of	the	MBG‐NfGel	devices	

Figure	4.23	shows	DNA	measurements	by	PicoGreen	for	MC3T3	and	mESCs	
after	 4h	 and	 48h	 of	 cell	 culture	 on	 NfGel	 and	MBG‐NfGel	 pieces.	 After	 4h	 of	
MC3T3‐E1	culture	 (Fig.	4.23a),	DNA	measurements	 show	10.2	and	4.7	ng	per	
piece	for	NfGel	and	MBG‐NfGel,	respectively.	DNA	measurements	indicate	11.2	
and	 8.9	 DNA	 ng	 after	 48h	 of	 MC3T3‐E1	 culture	 on	 NfGel	 and	 MBG‐NfGel,	
respectively.	The	cells	proliferate	on	MBG‐NfGel,	duplicating	 the	DNA	amount	
from	4h	to	48h	of	cell	culture.		
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Fig.	4.23.	DNA	quantification	for	MC3T3‐E1	(a)	and	mESCs	(b)	seeded	on	NfGel	and	MBG‐NfGel	devices.	
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For	mESCs,	DNA	quantification	after	4h	of	cell	culture	is	about	6.1	and	4.2	ng	
of	DNA	for	NfGel	and	MBG‐NfGel	pieces,	respectively	(Fig.	4.23b).	After	48h	of	
cell	culture,	NfGel	and	MBG‐NfGel	present	3.7	and	9.5	ng	of	DNA,	respectively.	
mESCs	proliferation	is	observed	for	the	cells	seeded	on	MBG‐NfGel	from	4h	to	
48h	 of	 culture,	 whereas	 a	 decrease	 of	 DNA	 quantity	 is	 observed	 for	 NfGel	
matrix	 pieces.	 Therefore,	 the	 results	 indicate	 that	 cell	 adhesion	 to	 the	 hybrid	
materials	 is	 lower	 than	 to	 bare	 gelatin	 pieces	 but	 the	 proliferation	 is	
potentiated	after	48	h	of	cell	culture	for	both	cell	types.	

	

Figure	4.24.	DNA	quantification	for	MC3T3‐E1	(a)	and	mESCs	(b)	seeded	on	NfGel	and	MBG‐NfGel	after	4	and	
48	h	of	cell	culture.		
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Figure	 4.24	 shows	 viability	 assays	 for	 MC3T3‐E1	 cells	 and	 mESCs	 after	
staining	 using	 calcein	 AM.	 	 Light	 green	 cells	 are	 observed	 for	 both	 cell	 types	
seeded	on	NfGel	and	MBG‐NfGel	indicating	live	cells.	For	MC3T3‐E1	after	4h	of	
culture,	 more	 cells	 are	 observed	 on	 NfGel	 than	 MBG‐NfGel	 devices	 in	
accordance	 with	 DNA	 measurements.	 For	 both	 materials,	 the	 cells	 are	 not	
widely	spread	after	4h	and	even,	cells	show	a	rounded	geometry	on	the	MBG‐
NfGel	materials.	After	48	h,	cells	are	more	spread	on	both	materials.		

	
In	 the	 case	 of	 mESCs,	 after	 4h,	 the	 cells	 are	 observed	 to	 appear	 isolated	

forming	groups	of	only	2	or	3	cells	on	this	earl	time.	After	48	h,	bigger	mESCs	
colonies	are	observed	 for	both	NfGel	and	MBG‐NfGel	devices.	However,	 lower	
size	cell	aggregates	are	formed	on	the	MBG‐NfGel	materials.		

	

	

Figure	4.25.	Fluorescent	microscopy	images	of	MC3T3‐E1	after	4	and	48	hours	of	culture	on	NfGel	and	MBG‐
NfGel	matrix	pieces,	showing	nuclei	in	blue	and	actin	in	red.			

	

	

48	h	

4	h	

MBG‐NfGelNfGel

50	µm	

50	µm	

50	µm
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The	 morphology	 of	 MC3T3‐E1	 cells	 on	 NfGel	 and	 MBG‐NfGel	 after	 cell	
culture	 for	 4	 and	 72	 hours	 is	 shown	 in	 image	 4.25	 after	 actin	 and	 nuclei	
staining.	After	4	hours	of	cell	culture,	MC3T3‐E1	appear	spread	on	NfGel	piece,	
whereas	 their	 shape	 is	 round	 on	 MBG‐NfGel.	 However,	 after	 48h,	 actin	
cytoskeleton	appears	more	spread,	indication	a	higher	adhesion	to	the	material	
surface.		

These	results	will	indicate	that	MBG‐NfGel	materials	are	biocompatible	with	
osteoprogenitor	cells	in	terms	of	adhesion	and	proliferation.		

	

	

4. DISCUSSION		
MBG	 particulates	 with	 a	 final	 composition	 of	 87%SiO2/10%CaO/3%P2O5	

have	 been	 synthesised.	 Physico‐chemical	 characterisation	 has	 shown	 the	
obtention	 of	 an	 ordered	 nanoporous	 amorphous	 material	 showing	 a	 BET	
surface	area	of	343	m²	g‐1,	a	nano	pore	size	diameter	of	4.1	nm	and	total	pore	
volume	of	0.34	cm3	g‐1.	
	

The	 strategy	 to	 blend	 MBG	 particulates	 and	 a	 gelatin	 solution	 in	 a	
preparation	slurry	processed	using	TIPS	has	produced	reproducible	materials	
consisting	 of	 MBG	 micro	 particles	 homogenously	 distributed	 within	 a	
nanofibrous	biopolymer	matrix.	The	MBG	particles	(with	size	below	32	µm)	are	
clearly	 visualised	 by	 FE‐SEM	 within	 the	 gelatin	 matrix	 which	 is	 formed	 by	
fibrils	with	 an	 average	 diameter	 of	 170	nm	and	 cavities	 between	 0.2	 and	1.6	
µm.		The	SXRD	and	N2	adsorption‐desorption	analysis	indicate	that	the	original	
textural	 properties	 of	 the	MBG	 precursor	 particles	 are	well	 preserved	within	
the	 nanofibrous	 matrix.	 Specific	 surface	 area	 of	 197	 m2	 g‐1	 and	 total	 pore	
volume	of	0.2	cm3	g‐1	were	measured	for	the	MBG‐NfGel	pieces.	FT‐IR	analysis	
confirms	 the	 hybrid	 composition	 of	 the	 devices	 showing	 the	 characteristic	
functional	groups	peaks	for	gelatin	and	MBG.	The	Young´s	modulus	of	the	final	
pieces	increased	from	5.2	KPa	to	50KPa	when	75%	(wt)	of	MBG	particulate	is	
incorporated	 to	 the	 bare	NfGel	matrix.	 The	water	 uptake	 ability	 of	 the	MBG‐
NfGel	material	(400%)	compared	to	the	bare	NfGel	(2300%),	indicate	that	MBG	
particulate	 contribute	 significantly	 to	 control	 the	 amount	 of	 water	 uptake,	
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keeping	 the	 shape	 and	 geometry	 of	 the	 piece	 which	 can	 be	 critical	 to	 avoid	
excessive	swelling	of	the	piece	for	in	vivo	applications.		

	
It	 has	 been	 accepted	 that	 the	 bioactive	 properties	 of	 the	 materials	 (their	

ability	to	bond	with	living	bone)	can	be	measured	as	their	tendency	to	form	an	
hydroxyapatite	phase	 layer	on	 their	 surface	either	 in	vitro	 or	 in	vivo7.	On	 this	
base,	 the	 in	 vitro	 SBF	 assay	 of	 the	 MBG‐NfGel	 devices	 has	 shown	 a	 highly	
bioactive	response.	After	4h	of	soaking	time,	the	entirely	surface	of	the	hybrid	
material	was	covered	by	a	calcium	phosphate	phase.	After	24	h,	the	surface	of	
the	 material	 was	 completely	 covered	 by	 crystalline	 phase	 which	 has	 been	
identified	as	hydroxyapatite	(HA)	by	WXRD.	 In	good	agreement,	aciculate	HA‐
like	crystal	morphologies	are	observed	 in	 the	 inner	parts	of	 the	devices	parts	
after	 24	 h	 of	 soaking.	 The	 HA	 deposited	 layer	 on	 the	 surface	 was	 shown	 to	
increase	 in	 thickness	 as	 a	 function	 of	 the	 incubation	 time.	 It	 is	 important	 to	
point	 out	 here	 that	 the	 bare	 gelatin	materials	 did	 not	 show	 any	 positive	 SBF	
reaction	indicating	that	this	bare	material	is	not	bioactive.		Therefore,	it	is	clear	
from	 these	 results	 that	 the	 incorporation	 of	 the	 MBG	 particulates	 to	 gelatin	
hydrogels	promotes	the	bioactive	properties	of	the	final	hybrid	materials.		

During	 the	 SBF	 experiment	 the	 pH	 of	 the	 MBG‐NfGel	 soaking	 solution	
increases	 since	 the	 Ca2+	 cations	 exchange	 with	 protons	 from	 the	 solution	
contributes	 to	 the	 increase	 in	 pH42,43.	 Otherwise,	 MBG	 particles	 decrease	 the	
degradation	 rate	 for	 the	 devices	 by	 collagenases.	 NfGel	matrices	 are	 entirely	
solubilized	 in	 a	 60	 µg	 mL‐1	 collagenase	 solution	 after	 1h	 and	 30	 minutes	 of	
incubation	whereas	MBG‐NfGel	devices	keep	still	at	a	75%	of	their	initial	mass.	
Therefore,	 MBG	 particles	 incorporated	 to	 the	 gelatin	 matrix	 decrease	
importantly	 the	 rate	 of	 the	 material	 degradation	 using	 a	 very	 high	 (non‐
physiological)	concentration	collagenase	assay.		

Moreover,	 the	 greater	 Gentamicin	 Sulphate	 (GS)	 loading	 efficiency	 of	 the	
MBG‐NfGel	 devices	 is	mainly	 attributed	 to	 its	 large	 nanopore	 volume	 coming	
from	 the	 MBG	 particles.	 Gentamicin	 molecules	 of	 1.5	 nm	 x	 0.5	 nm27	 contain	
hydroxyl	and	amino	groups,	which	allow	the	Si‐OH	and	P‐OH		functional	groups	
at	the	MBG‐NfGel	material	surface	to	establish	hydrogen	bonding	interactions,	
more	strongly	inside	the	confined	space	of	the	4.1nm	ordered	nano‐pores48.	In	
this	respect	gentamicin	will	exist	as	a	cationic	specie	at	the	physiological	pH	(pI	
11.3628)	 and	 thus	will	 form	 a	 polyionic	 complex	with	 the	 negatively	 charged	
MBG‐NfGel		material.	Since,	the	pIs	of	the	MBG	and	gelatin	are	3‐5	and		4.9‐5.249,	



 

153 
 

Chapter	4	MBG‐NfGel	devices	with	antibiotic	delivery	properties

respectively.		These	electrostatic	interactions	will	slow	diffusion	and	can	serve	
as	the	basis	of	a	controlled	delivery	system.		
	

The	 gentamicin	 delivery	 from	 the	 MBG‐NfGel	 devices	 shows	 a	 sustained	
release	behaviour	since	a	35%	of	the	total	loaded	gentamicin	is	still	remaining	
after	 240	 hours	 (10	 days)	 of	 the	 in	 vitro	 experiment.	 The	 delivery	 profile	
presents	 two	 steps	 described	 previously	 for	 mesoporous	 materials8,27,30.	 The	
initial	burst	release	until	72	h	of	drug	delivery	which	has	been	associated	to	the	
weakly	held	GS	molecules	located	on	the	outer	surface	and	the	windows	of	the	
nano‐pore	 channels.	 Besides,	 the	 weakly	 GS	 adsorbed	 onto	 the	 gelatin	
nanofibrils	contributes	also	to	the	amount	of	molecules	released	 in	this	 initial	
burst	 as	 can	 be	 easily	 inferred	 from	 the	 comparison	 with	 the	 bare	 NfGel	
delivery	experiments.	On	the	other	side,	the	observed	second	GS	lower	release	
step	is	attributed	to	the	molecules	which	are	more	strongly	adsorbed	inside	the	
nano‐pores.	 The	 MBG‐NfGel	 presents	 a	 slower	 GS	 delivery	 rate	 than	 the	
precursor	MBG	particulates	material,	which	may	be	due	 to	 the	 fact	 that	MBG	
particles	 encapsulated	 within	 the	 biopolymer	 network	 are	 less	 diffusional	
exposed.		

	
The	 antibacterial	 assays	 performed	 against	 common	 pathogenic	 bacteria	

bone	 infections	demonstrate	 the	activity	of	 the	 loaded	GS	 is	 stable	and	active	
for	functional	delivery	of	the	MBG‐NfGel	devices.	The	diameter	of	the	inhibition	
zone	 around	 the	 MBG‐NfGel	 devices	 on	 an	 inoculated	 agar	 plate	 for	 A.	
baumannii,	P.	aeruginosa,	S.	aureus	 are	18.4,	 29	 and	12	mm	respectively.	 The	
broth	microdilution	assay	of	GS‐loaded	MBG‐NfGel	devices	against	E.	coli	and	A.	
baumanni	indicates	higher	values	in	comparison	with	the	OPA	method	analysis.	
However,	according	to	the	accepted	standard	error	using	the	broth	method	(the	
double	and	the	half	of	the	given	value)	the	values	obtained	using	both	methods	
will	be	 in	good	agreement.	These	 results	 indicate	a	good	correlation	between	
the	two	used	methodologies	confirming	the	 functional	properties	of	 the	MBG‐
NfGel	 for	 their	 application	 as	 antibiotic	 local	 delivery	 devices.	 The	 released	
gentamicin,	 measured	 by	 OPA,	 indicates	 that	 the	 first	 GS	 burst	 release	
comprises	 a	 concentration	 from	 175	 to	 22	 µg	 mL‐1	 for	 the	 firsts	 72	 hours.	
Further	 release	 up	 to	 the	 72	 hours	 of	 experiment	 undergoes	 a	 lower	 and	
sustained	release	with	measured	values	between	18	and	6	µg	mL‐1.	The	MICs	of	
gentamicin	for	E.	coli	and	S.	baumannii,	which	have	been	obtained,	0.5	and	8	µg	
mL‐1	 respectively,	 are	 still	 reached	 after	 168	 hours	 (7	 days)	 of	 our	 in	 vitro	
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delivery	experiment.	Besides,	the	MIC	for	S.	aeruginosa	and	S.	aureus,	which	are	
1	 and	 0.25‐0.15	 µg	 mL‐1	 respectively50,	 are	 still	 reached	 in	 our	 delivery	
experiment	in	vitro	after	10	days.	The	high	initial	release	values	observed	will	
be	 appropriate	 to	 fight	 for	 the	 possibility	 of	 infection	 just	 after	 an	 operation	
whilst	the	additional	sustained	amount,	for	more	than	10	days,	above	MIC,	will	
provide	with	more	effective	infection	prevention.			

	
The	 cytocompatibility	 assays	 show	 the	 initial	 cell	 adhesion	 to	 MBG‐NfGel	

devices	is	lower	in	comparison	to	NfGel	after	4h	of	cell	culture.	However,	more	
cell	growth	is	observed	for	either	MC3T3‐E1	cells	or	mESCs	on	the	MBG‐NfGel	
devices	 after	 4h	 and	 48h	 of	 cell	 culture	 by	 measuring	 DNA.	 Ca	 and	 Si	 ions	
released	 from	MBG	devices	may	stimulate	cell	 responses31.	The	viability	assay	
using	calcein	AM	staining	shows	both	MC3T3‐E1	cells	and	mESCs	alive	on	the	
MBG‐NfGel	material	surface.	The	mESCs	present	distinctive	growth	morphology	
in	smaller	colonies	on	MBG‐NfGel	in	comparison	to	the	NfGel	matrices	after	48	
h	of	cell	culture.	The	cell	morphology	study	using	phalloidin	and	DAPI	staining	
for	 MC3T3‐E1	 cells	 indicates	 the	 cells	 are	 spread	 on	 the	 MBG‐NfGel	 devices	
after	48	of	cell	culture.		

	
	
	

5. CONCLUSIONS	
In	 this	 chapter,	 it	 is	 demonstrated	 the	 successful	 fabrication	 of	 devices	

composed	 of	 MBG	 microparticles	 homogeneously	 distributed	 within	 a	
nanofibrous	 gelatin	 matrix.	 MBG	 high	 textural	 parameters	 provide	 to	 the	
devices	improved	GS	antibiotic	loading	capacity.		

	
The	incorporation	of	MBG	particles	to	the	nanofibrous	gelatin	matrix	(MBG‐

NfGel)	 improves	 the	 bioactivity	 of	 the	 bare	 gelatin	 hydrogels	 and	 decreases	
their	degradation	rate	in	high	concentration	of	collagenase	in	in	vitro	assays.		

	
The	MBG‐NfGel	devices	have	demonstrated	not	only	a	high	capacity	to	load	

GS	but	 the	effective	post‐delivery	 sustained	 functionality	 in	vitro.	The	devices	
antibacterial	 assays	 indicate	 that	 gentamicin	 activity	 is	well	 preserved	 in	 the	
loaded	devices	for	further	delivery	application.	The	MIC	for	S.	aeruginosa	and	S.	
aureus,	which	are	1	and	0.25‐0.15	µg	mL‐1	respectively,	are	still	reached	in	our	
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delivery	 experiment	 in	 vitro	 after	 10	 days.	 The	 devices	 still	 delivery	 a	 GS	
amount	of	6	µg	mL‐1	after	10	days.		

	
The	MBG‐NfGel	devices	cytocompatibility	assays	using	MC3T3‐E1	cells	and	

mESCs	 indicate	 cell	 proliferation	 after	 4h	 and	 48h	 of	 culture.	 Ca	 and	 Si	 ions	
released	from	MBG	devices	may	stimulate	cell	responses31	and	the	gelatin	may	
contribute	the	cells	to	recognise	cell	adhesion	domains.		

	

Therefore,	 the	 MBG‐NfGel	 devices	 have	 demonstrated	 a	 high	 loading	
capacity	to	incorporate	GS,	functionality	for	GS	delivery	in	vitro,	bioactivity	and	
cytocompatibility	using	osteoprogenitor	cells.	All	these	results	indicate	that	the	
MBG‐NfGel	materials	are	very	promising	candidates	for	its	further	development	
as	local	antibiotic	devices	for	bone	surgery	interventions.		
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The	results	obtained	in	this	Thesis	work	are	summarised	
in	the	following	main	conclusions:	
	
 In	 this	 work	 a	 variety	 of	 nanofibrous	 gelatin	 based	 biopolymer	

materials	 have	 been	 synthesised	 and	 processed.	 The	 analysis	 and	
characterisation	 of	 the	 prepared	 materials	 has	 allowed	 identify	 and	
select	the	appropriate	processing	parameters.	Based	on	the	performed	
work,	 the	 selected	 main	 process	 parameters	 can	 be	 listed	 as	 5.4%	
(wt/v)	 of	 biopolymer	 concentration,	 50/50	water/ethanol	 (v/v)	 ratio	
and	38°C	for	the	conditioning	temperature	treatment	before	quenching.	
Using	 these	 parameters,	 reproducible	 homogeneous	 nanofibrous	
biopolymer	network	materials	(NfGel)	of	170	nm	in	nanofibril	diameter	
has	been	obtained.	The	cavities	among	the	fibrils	have	been	measured	
as	 1.1	 µm	 on	 average	 diameter.	 A	 related	 macroporous	 material	
(MNfGel)	processed	using	a	porogen	agent	has	been	also	reproducibly	
processed	 consisting	 of	 140	 µm	 cavities	 surrounded	 by	 a	 60	 nm	
nanofibibrils	 network.	 The	 materials	 have	 been	 proved	 stable	 as	
hydrogels	 matrices	 in	 aqueous	 saline	 media	 and	 physiological	
temperature.	Therefore,	the	observed	characteristics	as	the	nanofibrilar	
structural	 features,	 hydrophilicity	 and	 in	 vitro	 stability	 in	 the	
physiological	media	are	promising	results	for	further	biological	studies.				

	
 Homogeneous	D‐structured	collagen	nanofibrils	of	67	nm	D‐periodicity	

and	 150	 nm	 in	 diameter	 have	 been	 synthesised	 by	 the	 self‐assembly	
process.	 This	 work	 selected	 synthesis	 variables	 can	 be	 listed	 as	 a	
neutralising	 buffer	 solution	 composed	 of	 30	 mM	 phosphate	 buffer,	 a	
minimum	ionic	strength	of	200	mM,	a	pH	value	of	7.4,	and	34°C	and	a	
minimum	 of	 24	 h	 incubation	 time.	 D‐structured	 fibrils	 of	 collagen	 to	
functionalise	 nanofibrous	 gelatin	 matrices,	 FCol‐NfGel,	 were	
successfully	 processed	 combining	 collagen	 self‐assembly	 and	 the	TIPS	
technique.	 The	 final	 FCol‐NfGel	 materials	 show	 well	 distributed	 D‐
structured	 collagen	 nanofibrils	 over	 the	whole	 piece	material	 volume.	
WRDX,	 FT‐IR	 and	 TEM	 techniques	 confirmed	 D‐periodicity	
supramolecular	 structure.	Other	 structural	 features	 of	 these	materials	
were	77	nm	fibril	diameter	and	cavities	of	0.58	µm	in	diameter.	Besides,	
a	 related	 macroporous	 materials	 containing	 pore	 cavities	 of	 140	 µm	
size	 and	 nanofibrils	 of	 60	 nm	 on	 average	 diameter	 were	 also	
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reproducible	 processed.	 WXRD	 and	 FT‐IR	 characterisation	 confirmed	
collagen	 supramolecular	 structure	 on	 these	materials.	 The	 D‐periodic	
collagen	 fibrils	 functionalisation	 provided	 to	 the	 nanofibrous	 gelatin	
matrix	 improvements	 for	 cell	 attachment	 and	 proliferation	 and	
promoted	somehow	hMSCs	osteogenic	differentiation.	

	
	
 Successful	 fabrication	 of	 hybrid	MBG‐NfGel	 devices	 consisting	 of	MBG	

microparticles	homogeneously	distributed	within	a	nanofibrous	gelatin	
matrix	has	been	performed.	The	 incorporation	of	MBG	particles	 to	 the	
nanofibrous	gelatin	matrix	 improves	the	bioactivity	of	the	bare	gelatin	
hydrogels	 and	 decreases	 its	 degradation	 rate	 in	 high	 concentration	
collagenase	assays	in	vitro.		The	MBG	high	textural	parameters	provide	
to	 the	 hybrid	 devices	 improved	 GS	 antibiotic	 loading	 capacity	 and	 an	
effective	post‐delivery	sustained	functionality	in	vitro.	The	antibacterial	
assays	indicate	that	gentamicin	activity	is	well	preserved	in	the	loaded	
devices	for	further	delivery	application.		The	devices	still	delivery	a	GS	
amount	 of	 6	 µg	 mL‐1	 after	 10	 days.	 The	 MIC	 for	 S.	 aeruginosa	 and	 S.	
aureus	are	1	and	0.25‐0.15	µg	mL‐1	respectively.	The	high	initial	release	
values	observed	could	well	be	appropriate	to	fight	for	the	possibility	of	
infection	just	after	an	operation	whilst	the	additional	sustained	amount,	
for	 more	 than	 10	 days	 above	 MIC,	 will	 provide	 with	 more	 effective	
infection	 prevention.	 The	MBG‐NfGel	 devices	 cytocompatibility	 assays	
using	MC3T3‐E1	cells	and	mESCs	 indicated	cell	proliferation	after	48h	
of	culture.	Ca	and	Si	ions	released	from	MBG	devices	may	stimulate	cell	
responses	and	the	gelatin	biopolymer	fibrils	may	contribute	the	cells	to	
recognise	 cell	 adhesion	 domains.	 The	 MBG‐NfGel	 devices	 have	
demonstrated	 a	 high	 loading	 capacity	 to	 incorporate	 GS,	 functionality	
for	 in	 vitro	 GS	 delivery,	 bioactivity	 and	 cytocompatibility	 using	
osteoprogenitor	 cells.	 All	 these	 results	 indicate	 that	 the	 MBG‐NfGel	
materials	are	very	promising	candidates	for	its	further	development	as	
local	antibiotic	devices	for	bone	surgery	interventions.	
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APPENDIX	 I:	 CHARACTERISATION	 TECHIQUES	 AND	
METHODS	

		
1. Porosity	analysis	
	

The	 total	 porosity	 ( )	 of	 the	matrix	pieces	was	 calculated	using	 the	 relative	
density	 ( )	 of	 the	 materials	 as	 equation	 1	 shows.	 The	 relative	 density	
depends	 on	 the	 density	 of	 the	matrix	 ( ),	 which	 is	 determined	 from	 the	
mass	 and	 dimensions	 of	 the	 final	 material	 pieces,	 and	 the	 density	 of	 the	 solid	
( ).		

	

1 1 		 	 	 	 	 					Equation	1	

	
The	ρsolid	was	estimated	using	the	proportions	of	the	each	component	and	the	

solid	 density	 values	 for	 the	 gelatin	 (ρgelatin	 =	 1.037	 g	 cm‐3)1,	 ρcollagen=1.3432	 and	
MBG	(ρMBG	2.3208	g	cm‐3),	using	equation	2.		

	
∗ ∗ 																																																																																				Equation	2	

	
The	density	of	the	MBG	was	also	estimated	using	the	quantitative	analysis	of	

the	each	component,	the	solid	density	values	for	the	silica	(ρSiO2	=	2.2	g	cm‐3)3,	the	
calcium	oxide	(ρCaO	=	3.35	g	cm‐3)4,	and	phosphorous	pentoxide	(ρP2O5	=	2.3	g	cm‐

3)4	and	the	equation	2.	

	
	
2. Field	 Emission	 Scanning	 Electron	 Microscopy	 and	
Energy	Dispersive	X‐ray	analysis	
	

The	surface	or	the	fracture	cross‐section	of	the	material	pieces	were	coated	
with	 carbon	using	EMITECH	K950	 carbon	evaporator	using	60	A	of	 voltage	 for	
three	 times.	 Samples	were	 examined	 using	 an	 HITACHI	 S‐4800	 Field	 Emission	
Scanning	 Electron	 Microscope	 (FE‐SEM)	 working	 at	 an	 accelerating	 voltage	 of	
2kV.	The	microscope	 is	 equipped	with	a	detector	 for	 transmitted	electrons	and	
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with	 the	 Bruker	 X	 Flash	Detector	 4010	 Energy	Dispersive	 X‐Ray	 (EDX)	 system	
(133	eV	of	resolution)	for	chemical	analysis.	EDX	spectra	were	collected	at	10	kV.	

	
	
3. X‐Ray	Diffraction	analysis	
	

Wide	 Angle	 X‐ray	 diffraction	 (WXRD)	 and	 Small	 Angle	 X‐ray	 diffraction	
(SWRD)	analysis	have	been	carried	out.	

	
WXRD	 analysis	 were	 performed	 with	 a	 PANanalytical	 X´Pert	 PRO	

diffractometer	 equipped	 with	 a	 X´Celerator	 detector	 and	 a	 monochromator	 of	
graphite	 using	 Cu‐Kα	 radiation	 (λ	 =	 0.154187	 nm).	 The	 diffractometer	 was	
operated	at	45	kV	and	40	mA.	The	difractograms	were	obtained	from	2θ=	5	to	70	
with	0.02°	of	step	and	800s	exposition	time.	Both,	material	pieces	or	particulate	
samples	 were	 placed	 on	 an	 amorphous	 silicon	 holder.	 Any	 crystalline	 phases	
present	 were	 identified	 using	 JCPDS	 (Joint	 Committee	 for	 Powder	 Diffraction	
Studies)	 standard	 diffraction	 patterns.	 The	 use	 of	 Bragg´s	 Law	 has	 allowed	
determine	the	interplanar	spacing	among	family	of	planes	(hkl),	dhkl.		

	
2 																																																																																																		Equation	3	

	
where	n	is	a	positive	integer,	λ	is	the	wavelength,	θ	is	the	diffraction	angle	and	dhkl	
is	the	interplanar	spacing.		

	
SXRD	 were	 performed	 with	 a	 PANanalytical	 X´Pert	 PRO	 diffractometer	

equipped	 with	 a	 PIXcel	 detector	 operating	 at	 voltage	 of	 45kV	 and	 40Mm	 of	
intensity	using	a	CuKα1,2	radiation.	Measurements	were	carried	out	using	a	step	
size	of	0.01°	and	2s	exposure	time.		
	
		
4. N2	adsorption–desorption	measurements	
	

The	 textural	 parameters	 were	 analysed	 by	 N2	 adsorption–desorption	
measurements	on	a	Micromeritics	TriStar	II	surface	area	and	porosity	analyser	at	
77	 K,	 after	 degassing	 the	 sample	 at	 523	 K	 (250°C)	 for	 2	 hours	 in	 a	 nitrogen	
stream.	 The	 specific	 surface	 area,	 pore	 volume	 and	 the	 mean	 pore	 size	 were	
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derived	 from	 the	 adsorption	 branch	 of	 the	 isotherm.	 The	 surface	 area	 was	
calculated	 from	 Barrett–Emmett–Teller	 (BET)	 method	 using	 adsorption	 data	
with	a	relative	pressure	range	from	0.05	to	0.2.	The	nanopore	size	was	calculated	
using	the	Barrett–Joyner–Halanda	(BJH)	method	and	the	total	pore	volume	was	
obtained	 from	 the	 amount	 adsorbed	 at	 the	 0.99	 relative	 pressure.	 For	 hybrid	
samples	MBG‐NfGel,	the	degassing	conditions	were	at	200°C	for	2	hours.		

	

	
5. Fourier	transform	infrared	(FT‐IR)	spectroscopy	
	

The	 FT‐IR	 analyses	 were	 carried	 out	 by	 JASCO	 FT/IR‐6200	 IRT‐5000	
spectrometer	 in	 transmission	configuration.	Therefore,	 the	pieces	were	cut	 into	
little	pieces,	dispersed	into	pellets	of	potassium	bromide	(KBr)	and	compressed	
under	 8	 tonnes	 to	 obtain	 disks.	 The	 spectra	 were	 recorder	 in	 the	 absorption	
mode	at	4	cm‐1	interval	in	the	4000‐300	cm‐1	range.		

	
	
6. Elemental	Analysis	
	

The	compositional	analysis	of	the	MBG	was	measured	by	X‐Ray	Fluorescence	
(XRF)	using	the	Spectrometer	Panalytical	(AXIOS	model).		100mg	of	the	samples	
were	mixed	with	6	mg	of	wax	and	the	mixture	was	placed	on	an	acid	boric	holder.	
The	mixture	on	 the	holder	was	 compressed	under	160	MPa	 to	obtain	disks	 for	
measurements.	

	
	
7. Thermal	analysis	
	

Thermo	 Gravimetric	 (TG)	 and	 Differential	 Scanning	 Calorimetry	 (DSC)	
analyses	were	 carried	 out	 simultaneously	 using	 an	 automatic	 thermal	 analyser	
system	TA	 Instruments	 	SDT	Q600	which	 is	 connected	 to	an	air	 flow	system	of	
100	 cm3	min‐1.	 The	 heating	 rate	was	 5°C/min	 and	 the	 sample	was	 placed	 in	 a	
platinum	holder	with	0.6	cm	in	diameter.		
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8. Water	uptake	

The	 water	 uptake	 ability	 of	 each	 piece	 was	 performed	 in	 4mL	 PBS	 pH	 7.4	
(NaCl,	 KCl,	 NaPO4,	 KHPO4,	 SIGMA)	 for	 6	 days	 at	 36.5°C.	 The	 weight	 of	 dried	
scaffolds	 (Wd)	 was	 recorded	 prior	 to	 the	 immersion	 in	 PBS.	 After	 different	 of	
immersion	times,	the	pieces	were	taken	out	and	the	bulk	water	was	removed	by	
blotting	the	scaffolds	with	a	piece	of	filter	paper,	after	which	they	were	weighed	
immediately	 (Ww).	 The	 percentage	 of	 water	 uptake	 was	 calculated	 using	 the	
following	equation:	
	

	 	 % ∗ 100																																																															Equation	4	

	
	

9. Mechanical	characterisation	
	

The	strain‐stress	test	of	pieces	with	a	thickness	between	3‐4	mm	was	carried	
out	using	the	MicroTest	EM1/50/FR	with	a	500	N	load	cell	at	a	cross‐head	speed	
of	0.5	mm	min5.		The	slope	of	the	plot	of	the	stress‐strain	curve	was	determined	
between	 strains	 of	 2	 and	 5%,	 resulting	 in	 a	 Young’s	 Modulus	 value	 for	 each	
scaffold5.	

	
	

10. Particle	size	distribution		
	
The	particle	size	distribution	of	the	MBG	particulate	was	measured	using	

the	 laser	 scattering	 method.	 A	 MalvernSizer	 Laser	 Diffraction	 (LD)	 instrument	
using	active	beam	length	of	2.4	mm	and	a	300‐RF	lens	was	used.		

	

11. Image	analysis	

The	 image	 analysis	 was	 performed	 using	 Image	 J	 software.	 At	 least	 50	
measures	of	pore	or	 fibril	diameters	were	carried	out	to	determine	the	average	
on	FE‐SEM	images.		
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