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Abstract 
 
 
 
 
 
 
 
 

Life expectancy increase entails the presence of an increasingly aging population in which 
musculoskeletal disorders tend to appear, producing a strong impact in patients’ quality of 
life. New bone regenerative therapies are focused on the use of mesenchymal stem cells 
(MSCs), main effectors of bone regeneration in vivo. MSCs are easy to obtain, present 
immunomodulatory properties and can differentiate into bone cells. These characteristics 
make them ideal candidates for their use in advanced regenerative approaches. Over the 
years, it has been demonstrated that the induction of a pre-differentiated phenotype in vitro, 
prior to MSCs implantation, results in a better capacity for bone tissue regeneration. For 
this purpose, biochemical approaches based on the use of osteogenic differentiation 
medium containing dexamethasone have traditionally been used. These methods are not 
efficient and can induce the appearance of adipogenic cells, which has favoured the use of 
physical methods as an alternative.  
 
Bone is a piezoelectric tissue due to the collagen fibres that conform its extracellular matrix. 
This stimulus has been related to its ability to respond to mechanical stress and self-
regenerate, process in which MSCs play a key role. MSCs find themselves subjected to an 
electroactive environment, and it is hypothesized that these physical signals may influence 
their osteogenic differentiation process and may be used to effectively pre-differentiate 
them in vitro. To test this hypothesis, along this Doctoral Thesis piezoelectric cell culture 
supports have been designed in 2 and 3 dimensions based on the use of the piezoelectric 
polymer poly(vinylidene) fluoride (PVDF) combined with magnetostrictive cobalt ferrite 
oxide (CFO) nanoparticles. This combination allows the stimulation of culture supports by 
applying a magnetic field with a bioreactor. This magnetic field induces the deformation of 
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the magnetostrictive component, which is transmitted to the polymeric matrix, generating a 
deformation and producing an electric field, which is transmitted to the MSCs to study its 
effect on their osteogenic differentiation.  
 
In the first experimental chapter, electroactive PVDF membranes manufactured by the non-
solvent induced phase separation (NIPS) technique were developed and characterized. 
Ethanol was used as a non-solvent, which gave rise to highly porous homogeneous 
membranes. These cell culture supports were crystallized mostly in the g phase, one of 
PVDF’s electroactive phases. Their high porosity and hydrophobicity lead to optimize a 
coating protocol based on the layer-by-layer (LbL) technique, using elastin-like 
recombinamers (ELRs) containing RGD cell adhesion sequences. After optimization of the 
coating protocol, the MSCs initial cellular response was studied and compared with the 
same membranes coated with adsorbed fibronectin. The results revealed that the presence 
of the ELRs was necessary to promote MSCs initial adhesion in this type of supports. 
 
In the second chapter, electroactive PVDF membranes combined with CFO were 
developed by NIPS method but using water as a non-solvent. The membranes presented 
a non-symmetrical structure, with a smooth surface, which was used for cell culture, and a 
porous one, as well as various crystalline phases, but with a majority of b phase, the most 
electroactive one. The technique allowed the effective incorporation of the CFO 
nanoparticles. Membranes were coated by LbL with type I collagen and heparin, creating a 
biomimetic environment for MSCs culture. An initial grafting of amine groups on the surface 
was carried out by means of an alkaline treatment that allowed the first layer of LbL to be 
deposited. Once the coating was characterized, the MSCs behaviour was studied, revealing 
that the coating by LbL was essential for cell proliferation in the case of membranes 
containing magnetic nanoparticles. 
 
Membrane’s high porosity affects MSCs initial adhesion and hinders membrane polarization 
process, which is essential to maximize PVDF electroactive response. For this reason, in 
experimental chapter three, thinner and smoother materials were developed, which would 
facilitate both their polarization and initial cell adhesion. PVDF and PVDF-CFO films 
crystallized in the presence of the ionic liquid [Bmim][Cl] were produced. The presence of 
ionic liquid induced PVDF nucleation in the b phase, despite being obtained from melt, 
which usually generates the non-electroactive a-phase. [Bmim][Cl] was removed once films 
were crystallized and MSCs initial response was analysed, revealing the non-cytotoxicity of 
the films and the ability of the cells to adhere and proliferate. A balanced cell culture medium 
(1:1 osteogenic and adipogenic media) was selected for stimulation experiments, based on 
analysis of focal adhesions. Piezoelectric stimulation experiments were performed using a 
magnetic bioreactor and the selected medium. MSCs responded to stimulation by 
increasing the length of their focal adhesions, as well as reducing the presence of vimentin 
in the cytoplasm. 
 
Finally, piezoelectric culture supports were designed in 3D. To this end, PVDF and PVDF-
CFO microspheres were developed using the electrospray technique. This technique 
allowed to obtain b-phase microspheres, with diameters comprised between 1 and 5 µm 
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and with the correct incorporation of cobalt ferrite oxide. Microspheres were encapsulated 
in gelatin hydrogels together with MSCs to create a biomimetic three-dimensional 
environment. This approach was not cytotoxic for the cells at short or long term, in fact, after 
14 days MSCs presented a completely extended cytoskeleton and fibroblastic morphology 
characteristic of this cell type. These cell culture supports were stimulated using a magnetic 
bioreactor, in combination with osteogenic culture medium. After 7 days, RUNX2 
expression was enhanced in stimulated samples, master regulator of the osteogenic 
signalling pathway.  
 
To summarize, 2D and 3D electroactive cell culture platforms have been developed and 
functionalized for piezoelectric stimulation of MSCs, demonstrating that these cells are 
indeed capable of responding to this physical stimulus. 
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Resumen 
 
 
 
 
 
 
 
 

El aumento de la esperanza de vida conlleva la presencia de una población cada vez más 
envejecida en la que a menudo aparecen problemas muscoloesqueléticos que suponen un 
fuerte impacto en la calidad de vida de los pacientes. La búsqueda de nuevas terapias 
regenerativas óseas pone el foco en el uso de las células madre mesenquimales, MSCs 
por sus siglas en inglés, encargadas de la regeneración del tejido in vivo. Las MSCs son 
fáciles de obtener, presentan propiedades inmunomoduladoras y además son capaces de 
diferenciarse hacia células óseas. Estas características las hacen idóneas para su uso en 
terapias regenerativas. A lo largo de los años se ha demostrado que la inducción de un 
fenotipo prediferenciado in vitro, previo a la implantación de las MSCs, resulta en una mejor 
capacidad de regeneración del tejido óseo. Por eso, habitualmente, se han empleado 
métodos bioquímicos basados en el uso de medios de diferenciación osteogénica que 
contienen dexametasona. Estos métodos son poco eficientes y pueden inducir a la 
aparición de células adipogénicas, por lo que el uso de métodos físicos como alternativa 
está adquiriendo relevancia. 
 
El hueso es un tejido con propiedades piezoeléctricas debido a las fibras de colágeno que 
forman parte de su matriz extracelular. Este estímulo ha sido relacionado con su capacidad 
de responder al estrés mecánico y autoregenerarse, donde juegan un papel importante las 
MSCs. Éstas se encuentran en un entorno electroactivo, y son precisamente estas señales 
físicas las que pueden influir en su proceso de diferenciación osteogénica pudiendo ser 
empleadas para su prediferenciación in vitro de forma efectiva. Para comprobar esta 
hipótesis, en el desarrollo de la presente Tesis Doctoral se han diseñado soportes de cultivo 
piezoeléctricos en 2 y 3 dimensiones basados en el uso del polímero piezoeléctrico 
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polifluoruro de vinilideno (PVDF) combinados con partículas magnetostrictivas de ferrita de 
cobalto (CFO). Esta combinación permite la estimulación de los soportes de cultivo 
aplicando un campo magnético con un biorreactor. Este campo magnético genera la 
deformación del componente magnetostrictivo, que es transmitida a la matriz polimérica, 
deformándola y generando un campo eléctrico. Ésta última es transmitida a las células 
cultivadas en estos soportes para estudiar su efecto sobre la diferenciación osteogénica. 
 
En el primer capítulo experimental se desarrollaron y caracterizaron membranas 
electroactivas de PVDF fabricadas por el método de separación de fases inducida por no-
solventes (NIPS). Se empleó etanol como no-solvente, lo que dio lugar a membranas 
homogéneas altamente porosas. Estos soportes de cultivo cristalizan en fase g, una de las 
fases electroactivas del PVDF. Su alta porosidad e hidrofobicidad hizo necesaria la 
optimización de un recubrimiento basado en la técnica capa a capa (LbL), empleando 
recombinámeros similares a la elastina (ELRs) que contenían secuencias de adhesión 
celular RGD. Tras la optimización del protocolo de recubrimiento, se estudió la respuesta 
celular inicial de las MSCs y se comparó con los mismos soportes recubiertos únicamente 
con fibronectina adsorbida. Los resultados revelaron que la presencia de los ELRs es 
necesaria para promover la adhesión inicial de las MSCs en este tipo de soportes.  
 
En el segundo capítulo se desarrollaron membranas electroactivas de PVDF combinadas 
con CFO, empleado el mismo método de fabricación que en el capítulo anterior, pero 
usando agua como no-solvente. En este caso las membranas presentaban una estructura 
no simétrica, con una superficie lisa, que fue empleada para cultivo celular, y otra porosa, 
así como diversas fases cristalinas, pero con una mayoría en fase b, la más electroactiva. 
La técnica permitió la incorporación efectiva de las nanopartículas. Se recubrieron las 
membranas mediante LbL con colágeno tipo I y heparina, creando un entorno biomimético 
para las MSCs. Se realizó un injerto inicial de grupos amina en la superficie mediante un 
tratamiento alcalino que permitió unir la primera capa del LbL. Una vez caracterizado el 
recubrimiento se estudió el comportamiento de las MSCs, revelando que el recubrimiento 
mediante LbL resultaba esencial para la proliferación celular en el caso de las membranas 
que contenían nanopartículas magnéticas.  
 
La elevada porosidad de las membranas producidas afecta a nivel biológico a la adhesión 
de las MSCs y a nivel físico al proceso de polarización de los soportes de cultivo, 
imprescindible para obtener la máxima respuesta piezoeléctrica. Por ello, en el capítulo 
experimental tres se desarrollaron nuevos materiales más finos y planos, que facilitasen 
tanto su polarización como la adhesión celular inicial. Para ello se produjeron films de PVDF 
y PVDF-CFO cristalizados en presencia del líquido iónico [Bmim][Cl]. La presencia de éste 
indujo la nucleación del PVDF en fase b en los films, a pesar de ser obtenidos desde 
fundido, lo cual suele generar fase a, no electroactiva. El líquido iónico fue eliminado una 
vez producida la cristalización y se estudió la respuesta inicial de las MSC, revelando la no 
citotoxicidad de los films y la capacidad de las células para adherirse y proliferar. Se 
seleccionó un medio de cultivo mixto (1:1 medio osteogénico y adipogénico) para los 
experimentos de estimulación, basado en el análisis de las adhesiones focales. Se 
realizaron ensayos de estimulación piezoeléctrica empleando un biorreactor magnético y 
el medio seleccionado. Las MSCs respondieron a la estimulación incrementado la longitud 
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de sus adhesiones focales, así como reduciendo la presencia de vimentina en el 
citoplasma. 
 
Por último, se diseñaron soportes de cultivo piezoeléctricos en 3D. Para ello se 
desarrollaron microesferas de PVDF y PVDF-CFO mediante la técnica de 
electropulverizado Esta técnica permitió obtener microesferas de entre 1 y 2 µm de 
diámetro, en fase b y con la correcta incorporación de la ferrita de cobalto. Las microesferas 
se encapsularon en hidrogeles de gelatina junto con las MSCs para crear un entorno 
tridimensional biomimético. Esta aproximación no resultó citotóxica para las células, que, 
además, tras 14 días presentaban una morfología completamente extendida, característica 
de este tipo celular. Estos soportes de cultivo se estimularon empleando el biorreactor 
magnético, en combinación con medio de cultivo osteogénico. Tras 7 días, se observó un 
incremento en la expresión del factor de transcripción RUNX2 en las muestras estimuladas, 
eje central de la ruta de señalización osteogénica, demostrando que la estimulación 
piezoeléctrica es capaz de activar en mayor medida la diferenciación de las MSCs.  
 
En resumen, se han desarrollado y funcionalizado plataformas de cultivo electroactivas en 
2D y 3D para la estimulación piezoeléctrica de las MSCs, demostrando que, efectivamente, 
estas células son capaces de responder a este estímulo físico.  

 





 

 XXIII 

Resum 
 
 
 
 
 
 
 
 

L'augment de l'esperança de vida comporta la presència d'una població cada vegada més 
envellida en la que sovint aparèixen problemes muscoloesquelètics que suposen un fort 
impacte en la qualitat de vida dels pacients. La recerca de noves teràpies regeneratives 
òssies posa el focus en l'ús de les cèl·lules mare mesenquimals, MSCs per les sigles en 
anglès, encarregades de la regeneració del teixit in vivo. Les MSCs són fàcils d'obtenir, 
presenten propietats immunomoduladores i a més són capaces de diferenciar-se cap a 
cèl·lules òssies. Aquestes característiques les fan idònies per al seu ús en teràpies 
regeneratives. Al llarg dels anys s'ha demostrat que la inducció d'un fenotip prediferenciat 
in vitro, previ a la implantació de les MSCs, resulta en una millor capacitat de regeneració 
del teixit ossi. Per això, habitualment, s'han emprat mètodes bioquímics basats en l'ús de 
medis de diferenciació osteogènica que contenen dexametasona. Aquests mètodes són 
poc eficients i poden induir l'aparició de cèl·lules adipogèniques, per la qual cosa l’ús de 
mètodes físics com a alternativa està adquirint rellevància.  
 
L'os és un teixit amb propietats piezoelèctriques a causa de les fibres de col·lagen que 
formen part de la seva matriu extracel·lular. Aquest estímul ha estat relacionat amb la seva 
capacitat de respondre a estímuls mecànics i autoregenerar-se, on juguen un paper 
important les MSCs. Aquests es troben en un entorn electroactiu, i són precisament aquests 
senyals físics els que poden influir en el seu procés de diferenciació osteogènica podent 
ser emprats per a la seva prediferenciació in vitro de manera efectiva. Per comprovar 
aquesta hipòtesi, en el desenvolupament de la present Tesi Doctoral s'han dissenyat 
suports de cultiu piezoelèctrics en 2 i 3 dimensions basats en l'ús del polímer piezoelèctric 
polifluorur de vinilidè (PVDF) combinats amb partícules magnetostrictives de ferrita de 
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cobalt (CFO). Aquesta combinació permet l’estimulació dels suports de cultiu aplicant un 
camp magnètic amb un bioreactor. Aquest camp genera la deformació del component 
magnetostrictiu, que és transmesa a la matriu polimèrica, deformant-la i generant un camp 
elèctric. Aquesta última és transmesa a les cèl·lules cultivades en aquests suports per 
estudiar-ne l'efecte sobre la diferenciació osteogènica. 
 
Al primer capítol experimental es van desenvolupar i caracteritzar membranes 
electroactives de PVDF fabricades pel mètode de separació de fases induïda per no-
solvents (NIPS). Es va emprar etanol com a no-solvent, cosa que va donar lloc a 
membranes homogènies altament poroses. Aquests suports de cultiu cristal·litzen en fase 
g, una de les fases electroactives del PVDF. La seva alta porositat i hidrofobicitat va fer 
necessària l'optimització d'un recobriment basat en la tècnica de capa per capa (LbL), 
emprant recombinàmers similars a l'elastina (ELRs) que contenien seqüències d'adhesió 
cel·lular RGD. Després de l'optimització del protocol de recobriment, es va estudiar la 
resposta cel·lular inicial de les MSCs i es va comparar amb els mateixos suports recoberts 
únicament amb fibronectina adsorbida. Els resultats van revelar que la presència dels ELR 
és necessària per promoure l'adhesió inicial de les MSCs en aquest tipus de suports. 
 
Al segon capítol es van desenvolupar membranes electroactives de PVDF combinades 
amb CFO, emprant el mateix mètode de fabricació que al capítol anterior, però usant aigua 
com a no-solvent. En aquest cas les membranes presentaven una estructura no simètrica, 
amb una superfície llisa, que va ser emprada per a cultiu cel·lular, i una altra porosa, així 
com diverses fases cristal·lines, però amb una majoria en fase b, la més electroactiva. 
Aquesta tècnica va permetre la incorporació efectiva de les nanopartícules. Es van recobrir 
les membranes mitjançant LbL amb col·lagen tipus I i heparina, creant un entorn biomimètic 
per a les MSCs. Es va realitzar un empelt inicial de grups amina a la superfície mitjançant 
un tractament alcalí que va permetre unir la primera capa del LbL. Un cop caracteritzat el 
recobriment es va estudiar el comportament de les MSCs, revelant que el recobriment 
mitjançant LbL resultava essencial per a la proliferació cel·lular en el cas de les membranes 
que contenien nanopartícules magnètiques. 
 
L'elevada porositat de les membranes produïdes afecta a nivell biològic a l'adhesió de les 
MSCs i físic al procés de polarització dels suports de cultiu, imprescindible per obtenir la 
màxima resposta piezoelèctrica. Per això, en el capítol experimental tres es van 
desenvolupar nous materials més fins i plans, que en facilitessin tant la polarització com 
l'adhesió cel·lular inicial. Per això es van produir films de PVDF i PVDF-CFO cristal·litzats 
en presència del líquid iònic [Bmim][Cl]. La presència d'aquest va induir la nucleació del 
PVDF en fase b als films, tot i ser obtinguts des de fos, la qual cosa sol generar fase a, no 
electroactiva. El líquid iònic va ser eliminat una vegada produïda la cristal·lització i es va 
estudiar la resposta inicial de les MSCs, revelant la no citotoxicitat dels films i la capacitat 
de les cèl·lules per adherir-se i proliferar. Es va seleccionar un medi de cultiu mixt (1:1 medi 
osteogènic i adipogènic) per als experiments d'estimulació, basat en l'anàlisi de les 
adhesions focals. Es van realitzar assajos d'estimulació piezoelèctrica emprant un 
bioreactor magnètic i el medi seleccionat. Les MSCs van respondre a l'estimulació 
incrementant la longitud de les seves adhesions focals, així com reduint la presència de 
vimentina al citoplasma. 
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Finalment, es van dissenyar suports de cultiu piezoelèctrics en 3D. Per això es van 
desenvolupar microesferes de PVDF i PVDF-CFO mitjançant la tècnica d'electropulveritzat. 
Aquesta tècnica va permetre obtenir microesferes d'entre 1 i 2 μm de diàmetre, en fase b i 
amb la correcta incorporació de la ferrita de cobalt. Les microesferes es van encapsular en 
hidrogels de gelatina juntament amb les MSCs per crear un entorn tridimensional 
biomimètic. Aquesta aproximació no va resultar citotòxica per a les cèl·lules que, a més, 
després de 14 dies presentaven una morfologia completament estesa, característica 
d'aquest tipus cel·lular. Aquests suports de cultiu es van estimular emprant el bioreactor 
magnètic, en combinació amb medi de cultiu osteogènic. Després de 7 dies, es va observar 
un increment en l'expressió del factor de transcripció RUNX2 a les mostres estimulades, 
eix central de la ruta de senyalització osteogènica, demostrant que l'estimulació 
piezoelèctrica és capaç d'activar la diferenciació de les MSCs. 
 
En resum, s'han desenvolupat i funcionalitzat plataformes de cultiu electroactives en 2D i 
3D per a l'estimulació piezoelèctrica de les MSCs, demostrant que, efectivament, aquestes 
cèl·lules són capaces de respondre a aquest estímul físic. 
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[Bmim][Cl] 1-Butyl-3-methyl-imidazolium-chloride  

[Ch][DHP] 2-hydroxyethyl-trimethylammonium dihydrogen 
phosphate 

[Emim][Cl] 1-ethyl-3-methylimidazolium chloride 
2D Two-dimension 
3D Three-dimension 
AFM Atomic force microscopy 
ALP Alkaline phosphatase  
b-TCP b-tricalcium phosphate  
BMP Bone morphogenetic proteins 
BMPR Bone morphogenetic protein receptors  
BSA Bovine serum albumin 
BSP Bone sialoprotein 
CaM Calmodulin 
CaMK Calmodulin-dependent protein kinases  
cAMP Cyclic adenosine monophosphate  
CCFE Capacitively coupled electrical fields  
CCFE Inductive coupling 
CFO Cobalt ferrite oxide 
CNT Carbon nanotubes 
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COL I Collagen type I 
DAB 1,4-diaminobutane dihydrochloride  
DAPI 2-(4-amidinophenyl)-1H-indole-6-carboxamidine 
DC Direct coupling 
DMA Dimethylacetamide 
DMEM Dulbecco’s modified Eagle medium 
DMF Dimethylformamide 
DMSO Dimethyl sulfoxide 
DPBS Dulbecco’s phosphate saline buffer  
DSC Differential scanning calorimetry 
ECM Extracellular matrix 

EDC 1-ethyl-3-(3 dimethylaminopropyl) carbodiimide 
hydrochloride  

ELRs Elastin-like recombinamers  
ERK 1/2 Extracellular signal-regulated kinases 1/2  
ES Electrical stimulation 
FA Focal adhesions 
FAK Focal adhesion kinase 
FBS Fetal bovine serum 
FDA Food and Drug Administration  
FESEM Field emission scanning electron microscopy 
FGF Fibroblast growth factor 
FIB Focused ion beam 
FTIR Fourier transform infrared spectroscopy 
GAPDH Glyceraldehyde-3-phosphate dehydrogenase 
GES General electrical stimulation 
GMP Good manufacturing practices 
GO Graphene oxide 
GPCR G-protein coupled receptors  
Grb2 Growth factor receptor bound 2  
HRP Horseradish peroxidase  
Hsp27 Heat shock protein 27 
IC Capacitive coupling 
IFN-g Interferon-gamma 
IL Ionic liquid 
IL-17 Interleukin-17 
IL-b1 Interleukin-beta 1 
ITC Inverse transition cycling 
LbL Layer-by-layer 
M-CSF Macrophage colony stimulating factor  
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MALDI-ToF Matrix-assisted laser desorption/ionization time-of-
flight  

MAPK Mitogen-activated protein kinases  
ME Magnetoelectric 
MNP Magnetostrictive nanoparticles 
MP Membrane potential 
MSCs Mesenchymal stem cells  

MTS 
3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium 

NEAA Non-essential aminoacids 
NHS N-hydroxysuccinimide 
NICD Notch intracellular domain  
NIPS Non-solvent induced phase separation 
NMR Nuclear magnetic resonance  
NS Non-stimulated 
OCN Osteocalcin 
OM Osteogenic medium 
OPN Osteopontin 
OSX Osterix 
P/S Penicillin/Streptomycin 
PANI Polyaniline 
PCL Polycaprolactone 
PDMS Polydimethylsiloxane 
PEDOT Poly(3,4-ethylenedioxythiophene)  
PEFM Pulsed electromagnetic fields 
PFM Piezoresponse force microscopy 
PHB Polyhydroxybutyrate 
PKC Protein kinase C  
PLA Poly-lactic acid  
PLC Phospholipase C  
Ppy Polypyrrole 
PVDF Poly(vinylidine) fluoride 
PVDF-TrFE Poly(vinylidene fluoride-trifluoroethylene) 
RANKL Receptor activator of nuclear factor kappa-b ligand 
ROS Reactive oxygen species 
RUNX2 Runt-related transcription factor 2 
S Stimulated 

SDS-PAGE Sodium dodecyl sulphate polyacrylamide gel 
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1. Bone Tissue 
Bone is a strong connective tissue, which performs several functions within the human 
body. It is responsible for movement and structural support. It also protects diverse organs 
including the bone marrow and regulates mineral homeostasis, constituting calcium 
reservoirs that can be mobilized to the bloodstream under demand. The human skeleton is 
composed by 206 bones, that can be classified, attending to their shape, into long (extremity 
bones such as femur and humerus, in charge of providing support), short (tarsal, carpal and 
vertebrae, providing movement and stability) and flat (skull, ribs, coxal or scapulae, focused 
on organ protection) (Strandring 2008).  
 
Adult bone tissue is constituted by spongy or trabecular and compact or cortical bone, which 
differ in their macroscopic aspect and the way mineralized sheets, or lamellae, are 
organized in their structure. Cortical bone presents a dense aspect and is usually found in 
the peripheral region of mature bones. On the other hand, trabecular bone shows a 
honeycombed structure with interconnected pores and it is located within metaphysis, 
epiphysis, and medullary cavity at the end of long bones, and in short bones as well (Tzelepi 
et al. 2014).  
 
From a structural point of view, in cortical bone, lamellae are organized around the blood 
vessels, conforming closely coupled columns called osteons or Haversian systems, the 
functional unit of bone, as can be seen in Figure 1. Each one of these osteons presents a 
central canal, or Haversian canal, in which the capillaries, post-capillary venules and nerves 
can be found surrounded by a wall formed by several overlapping lamellae. These canals 
are created by bone resorption. Osteoclasts, remodelling cells, are in charge of destroying 
bone tissue, creating cavities that are filled by osteoblasts, bone matrix forming cells. 
Osteoblasts are located in the central canal, close to the blood vessels and are in charge 
of producing new lamellae around it. When they reach a certain stage of maturation, 
osteoblasts become osteocytes and remain trapped in small cavities called lacuna (Figure 
1). Spongy bone can also present Haversian systems in the large trabeculae, whereas 
smaller ones are made of bone lamellae oriented in the same direction as trabeculae. Bone 
marrow is found in the spaces between trabeculae (Tzelepi et al. 2014).  

 
Figure 1. Schematic representation of bone structure. Macroscopic to microscopic view of 
trabecular and compact bone. Adapted from (D. Lopes et al. 2018). 
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1.1. Microstructure of bone  
1.1.1. Bone cell types 

Bone is a highly cellular tissue and despite of its macroscopic structure and the organization 
of its lamellae, cell types are usually conserved.  
 
Osteoblasts are extracellular matrix (ECM) producing cells, responsible for its synthesis and 
calcification. They are derived from the differentiation of osteoprogenitor or mesenchymal 
stem cells (MSCs), spindle-shape cells that can be found in the periosteum (the thin 
connective tissue layer that covers the external surface of bones) and the osteons (Shapiro 
2008).  
 
Mesenchymal stem cells are multipotent stem cells that can be found, apart from bone, in 
many organs and tissues in the human body. These cells were first described by 
Friedenstein in 1974 (Friedenstein 1976). MSCs are characterized by their plastic 
adherence when cultured in standard conditions, the expression of the surface antigens 
CD105, CD73 and CD90, the lack of expression of CD45, CD34, CD14, CD19 and HLA 
class II and their differentiation capacity into osteoblasts, adipocytes and chondroblasts 
(Dominici et al. 2006).  
 
Under physiological conditions, MSCs osteogenic differentiation is a complex and 
orchestrated process which involves the activation of selected signalling pathways and 
leads to the progressive expression of osteogenic-related genes, starting with the key 
integrator transcriptional factor RUNX2 (Runt-related transcription factor 2) (Rahman et al. 
2015). On a first stage of differentiation, MSCs become preosteoblasts, an intermediary 
state from progenitor cells to mature osteoblasts. They are characterized by the expression 
of RUNX2, which in turn activates the expression of the zinc finger transcription factor 
Osterix (OSX). Subsequently, alkaline phosphatase (ALP) and collagen type I (COL I) are 
expressed and can be considered as mid-stage indicators of the differentiation process 
(Figure 2) (Franz-Odendaal, Hall, and Witten 2006). Preosteoblasts show a spindle-shape 
similar to MSCs and are able to proliferate but not to secrete bone matrix, only precursor 
molecules of collagen type I (Cohen 2006). When the differentiation process progresses, 
preosteoblasts acquire a cuboidal shape, and give rise to mature osteoblasts. Although they 
also express ALP and COL I, the expression of bone sialoprotein (BSP), osteocalcin (OCN), 
osteopontin (OPN) and several bone morphogenetic proteins (BMP) may be used to 
differentiate these two cell types, as depicted in Figure 2 (Franz-Odendaal, Hall, and Witten 
2006)  
 
During embryonic development, MSCs osteoblastogenesis can take place by two different 
mechanisms, endochondral and intramembranous ossification, which produce 
microscopically indistinguishable bone structures. While intramembranous ossification is 
basically observed in the formation of flat bones of the skull, endochondral ossification gives 
rise to osteoblasts in the rest of the bones. The difference between these two processes is 
based on the presence of an intermediary cartilaginous tissue that serves as a template to 
produce the bone lamellae (D. Lopes et al. 2018).  
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During endochondral ossification MSCs give rise to chondrocytes and perichondral cells. 
The chondrocytes proliferate and deposit extracellular matrix, rich in proteoglycans and 
collagen type II. In the meantime, the perichondral cells differentiate into osteoblasts which 
deposit mineralized bone generating a centre of ossification in the cartilaginous tissue. The 
chondrocytes undergo hypertrophy and swelling, followed by a secretion of collagen type 
X, matrix mineralization and chondrocyte apoptosis. The cartilage is then slowly resorbed 
and the structure is invaded by blood vessels accompanied by MSCs while the osteoblast 
deposit layers of osteoid along the surface of the cartilage (D. Lopes et al. 2018).  
 
On the other hand, intramembranous ossification is based on the differentiation of MSCs 
into osteoblasts, with no cartilaginous anlage. The osteoblasts begin to synthesize bone 
matrix that will mineralize, entrapping the cells that will become osteocytes (D. Lopes et al. 
2018).  
 

 
Figure 2. Schematic representation of cell types that conform bone tissue, including 
mesenchymal and hematopoietic progenitors. Mesenchymal stem cells (MSCs) differentiate 
into pre-osteoblasts that later become osteoblasts. Some of them proliferate and remain in 
the bone surface while others become osteocytes and get trapped in the bone matrix. 
Hematopoietic stem cells (HSC) differentiate into pre-osteoclasts that after fusion give rise to 
multinucleated osteoclasts and finally mature osteoclasts. Figure adapted from (D. Lopes et 
al. 2018). 
 
Once an osteoblast is entrapped in the mineralized bone matrix it is considered an 
osteocyte. Osteocytes are the most numerous cell type in the bone, with a presence of 
almost 95 % among all cell types. Their phenotype is characterized by the presence of 
numerous dendrites extended along the bone matrix that allow their communication and 
their ability to sense mechanical stimuli. Upon mechanical stimulation osteocytes influence 
the activity of MSCs, osteoblasts and osteoclasts that can respond by remodelling bone 
mass. They can also sense changes in ion concentration and trigger the ion exchange 
between bone matrix and extracellular fluid (Tzelepi et al. 2014).  
 



Introduction 

 6 

Osteoclasts are multinucleated giant cells with the ability to remodel the bone matrix by 
resorbing bone. Unlike osteoblasts and osteocytes, osteoclasts are derived from the 
hematopoietic lineage. The fusion of preosteclasts, originated from the differentiation of 
mononuclear hematopoietic progenitor cells, gives rise to osteoclasts, as can be seen in 
Figure 2. Osteoclasts can be found in Howship’s lacunae or resorption pits, spaces they 
create due to their catalytic activity. The secretion of hydrogen ions leads to the acidification 
of the bone microenvironment dissolving the mineral extracellular matrix. Cathepsin K is 
also secreted to enzymatically digest the collagen type I that conforms the insoluble fraction 
of the matrix. Osteoclast maturation is regulated by osteoblasts and MSCs that produce 
receptor activator of nuclear factor kappa-b ligand (RANKL) and macrophage colony 
stimulating factor (M-CSF) (Boyle, Simonet, and Lacey 2003).  
 
Osteoblast, osteocyte and osteoclast activities are tightly regulated and influenced by each 
other through the secretion of diverse factors. This regulation should be balanced to 
maintain the equilibrium between bone formation and bone resorption, which disruption can 
produce bone pathologies such as osteoporosis.   
 

1.1.2. Bone extracellular matrix  
All these cell types are immersed in an extracellular matrix (ECM) composed by organic 
and inorganic components.  
 
Bone organic ECM represents 30 % of bone’s dry weight and it basically contains 
collagenous proteins (90 %). Most of this collagen is organized in type I fibres formed by 
two a1 chains and one a2 chain which are assembled into a triple helix. Collagen is 
produced by osteoblasts and organized in layers where collagen fibres are highly oriented 
and patterned. Other non-collagenous proteins are present although in a small proportion 
(Nair et al. 2013). Osteocalcin, osteopontin, osteonectin, fibronectin and bone sialoprotein 
II are either produced by osteoblast or concentrated from the serum and are involved in 
bone’s mineralization (Shapiro 2008).  
 
A major part of bone ECM is composed by inorganic components. They represent 
approximately 60-70 % of its composition. Hydroxyapatite [Ca10(PO4)6(OH)2] is the most 
common bone mineral and mineralizes in the gaps left by the organization of collagen fibrils. 
This association generates a scaffold responsible for bone’s stiffness and strength (Shapiro 
2008).  
 
Bone’s extracellular matrix not only provides structural support but it plays a major role in 
bone homeostasis. It is able to retain growth factors, such as BMP, that will regulate cellular 
functions and intervene in bone growth and regeneration. Also, the presence of adhesion 
sequences in some of the proteins that conform its organic matrix mediate the interaction 
between bone cells and bone matrix through adhesion molecules. Moreover, some of its 
constituents provide physical cues to bone residing cells.  
 

1.2. Bone’s adaptative and regenerative potential 
Bone is a dynamic tissue with the ability to repair and self-regenerate. Many fractures heal 
without further complications in a process that resembles many events that take place 
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during embryonic development. Fracture-healing may be considered as a truly regenerative 
process, since the outcome results in a new bone tissue with the same structure, cellular 
composition and biological function as the pre-injured one (Einhorn and Gerstenfeld 2015).  
 
Bone regeneration after injury follows a four-step process. Immediately after the damage is 
produced, a hematoma is formed to contain the bleeding. This hematoma is infiltrated by 
platelets, macrophages and other inflammatory cells that generate an inflammatory state 
by secreting cytokines and growth factors. These factors promote the recruitment of 
mesenchymal stem cells, specially from the periosteum and bone marrow, in a process 
called homing. Mesenchymal stem cells are key players in in vivo bone regeneration, their 
presence is essential for the process. The following steps are similar to endochondral 
ossification, in most cases. First, a fibrocartilage template is formed by chondrocytes 
derived from mesenchymal progenitors. This structure is called soft callus and serves to 
provide mechanical support to the fracture. After, MSCs differentiate into osteoblasts in the 
presence of osteogenic factors, especially members of the BMP family. Osteoblasts deposit 
a mineralized bone matrix in a process known as primary bone formation and soft callus is 
gradually removed and replaced by a hard callus. Finally, the woven bone is remodelled 
into cortical or trabecular bone configuration. Osteoclasts take part in the final step of the 
process (Schindeler et al. 2008; Einhorn and Gerstenfeld 2015). 
 
This regeneration process takes place when the fracture does not exceed a critical size. 
Critical-sized bone defects require further clinical intervention and will be discussed in 
subsequent sections.  
 
Bone dynamics also include the ability to adapt to mechanical stress. In the 19th century 
Julius Wolff proposed what later would be called Wolff’s Law; bone is remodelled to meet 
its mechanical demands. In other words, bone is deposited and reinforced in the regions 
where a mechanical stress is applied. A great example that confirms it is the loss of bone 
mass by astronauts that have been on a mission for long time or the increased bone density 
of diverse athletes such as tennis players or weightlifters (J. H. Chen et al. 2010).  
 
As main effectors of bone regeneration and growth, osteoblasts, osteocytes and their 
mesenchymal progenitors should be involved in this response to mechanical stress. How 
these cell types are able to perceive forces has been a matter of debate. Since the discovery 
of bone piezoelectric properties, this property was proposed as a mechanism by which 
osteoblast, osteocytes and MSCs could detect mechanically stressed areas within the 
bone. 
 

1.3. Bone’s piezoelectricity 
Piezoelectricity is defined as the generation of electricity due to the asymmetric 
displacement of ions or charges and the subsequent change in the electric polarization 
produced by a mechanical deformation. In other words, it is the conversion of the 
mechanical strain into electrical output. Piezoelectric materials can also display a converse 
piezoelectric effect, a mechanical deformation is produced when a voltage is applied (Z. L. 
Wang 2007). 
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Bone’s piezoelectricity was first described by Yasuda in 1954. After the discovery, studies 
on boiled bone revealed that the observed piezoelectric properties were not ascribable to 
living cells. Therefore, the response should had been produced by some other component 
of bone’s structure (Fukada and Yasuda 1957). Piezoelectric properties were attributed to 
the presence of the collagen fibres that form the organic component of its extracellular 
matrix. Collagen fibres are organized in a-helices within bone’s ECM forming a right-handed 
coil, as can be seen in Figure 3I. The -CO- and -NH- units present in the amide bonds of 
the backbone amino acids of the protein can act as permanent dipoles (Figure 3I). The 
positively and negatively charged centres are aligned in the helical structure of the a-helix 
and cause significant permanent polarization. When the collagen fibres slip past each other 
under tension or compression, the distortion of the dipoles generates a surface charge (T. 
Zheng et al. 2020; Rajabi, Jaffe, and Arinzeh 2015).  
 
This hypothesis was confirmed by measuring the piezoelectricity of single collagen fibres 
using a piezoresponse force microscopy (PFM), a modification of atomic force microscopy 
(AFM) where an electric field is applied through the sample and the deformation due to the 
piezoelectric effect is detected by the AFM tip. The measurements revealed that collagen 
fibrils showed lateral piezoresponse along the fibril axis, revealing the unidirectional 
polarization (Minary-Jolandan and Yu 2009). AFM and PFM images are shown in Figure 
3II. 
 

 
Figure 3. I. Illustration of a collagen a-helix molecule present in bone’s organic extracellular 
matrix, responsible for the piezoelectricity due to the permanent dipoles associated to the -
CO- and -NH- units present in the amide bonds. Adapted from (Guillot-Ferriols et al. 2022) II. 
High resolution piezoresponse force microscopy images showing piezoelectric heterogeneity 
in single collagen fibrils. (a) Topography image showing a collagen fibril on Au-coated Si 
surface; (b) PFM piezoresponse amplitude image showing the variation in piezoresponse in 
the gap and overlap regions (Minary-Jolandan and Yu 2009).  
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As soon as piezoelectric properties of bone were described they were suggested as a 
potential mechanism to explain bone’s capacity to adapt to mechanical stress. The applied 
stress generates local potential gradients along the collagen fibres providing a stimulus 
sensed by bone-forming cells.  
 
This hypothesis has been a matter of debate since there are some dissimilarities between 
the way strain potential is generated in dry and wet bone. While in dry bone piezoelectricity 
is considered as the main mechanism, in wet bone its role is less clear and streaming 
potential was more accepted. Ahn an Grodzinsky proposed an hypothesis combining both 
mechanisms where surface charge density of collagen fibers is increased by 
piezoelectricity, which leads to an increase in zeta potential, intensifying the streaming 
potential (Ahn and Grodzinsky 2009).  

 
2. MSCs as main candidates for bone regeneration therapies 
Bone self-regeneration allows fracture healing without additional difficulties. Nevertheless, 
when the defect exceeds a critical size due to trauma, tumour resection or infection, 
challenging medical interventions are required (Roddy et al. 2018). Injuries longer than 2 
cm are not usually resolved spontaneously in humans (Nauth et al. 2011).  
 
An autogenous bone graft from the iliac crest is the gold standard treatment nowadays since 
it possesses osteogenic, ostoinductive and osteoconductive properties, is histocompatible 
and has no disease transmission risk. However, it involves some associated drawbacks 
such as increased patient morbidity, lack of vascularization or the limited quantity and 
availability of healthy tissue (Tang et al. 2016; Oryan et al. 2014). Donor site morbidity was 
reviewed by Younger and Chapman in 243 autogenous bone graft procedures and reported 
major complications in 8.6 % of the studied cases and minor complications in 20.6 % 
(Younger and Chapman 1989). Other options, including allografts or xenografts, can be 
related to disease transmission, immune rejection and may fail to be osteoinductive in 
humans (Jamjoom and Cohen 2015).  
 
MSCs-based therapies have been proposed as a potential alternative for bone 
regeneration. Mesenchymal stem cells are the obvious choice due to their self-renewal and 
differentiation capacity to osteoblasts, among other cell types such as chondrocytes, 
adipocytes and hematopoiesis supporting-stroma cells (Bianco et al. 2001). Their 
immunomodulatory properties and the fact that they are easy to obtain make them perfect 
candidates to attain suitable clinical outcomes (Uccelli, Moretta, and Pistoia 2008).   
 
For bone reconstruction purposes, different therapeutic approaches including the use of 
MSCs have been developed. These approaches cover the use of undifferentiated or pre-
differentiated MSCs combined or not with a biomaterial that serves as a matrix.  
 
The easiest approach consists of the obtainment of the bone’s marrow mononuclear 
fraction that contains the MSCs in a small proportion, by means of an aspirate. The aspirate 
is injected percutaneously in the injured site and MSCs are expected to differentiate into 
osteoblasts to contribute to the bone regeneration process. The outcome is determined by 
the MSCs concentration in the aspirate, which can be concentrated prior to injection, but 
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also by their differentiation capacity (Hernigou et al. 2006). Decreased bone formation can 
be observed in old bone marrow cells due to their age reduced osteogenic differentiation 
potential.  
 
MSCs, previously selected from the mononuclear bone marrow fraction, can also be 
combined with synthetic or natural osteo-conducting matrices before implantation. Calcium-
phosphate ceramics are the most common osteoconductive materials used for bone 
replacement although they lack to be osteogenic nor osteoinductive. They are usually 
combined with hydroxyapatite and tricalcium phosphate granules (Laurencin, Khan, and El-
Amin 2006).    
 
These techniques rely on MSCs potential to differentiate at the injured site. Although the 
number of pre-clinical studies using MSCs and biomaterials to treat bone defects has 
increased in the recent years, the approaches that made their way into clinical studies, with 
low number of patients, show non consistent results (Perez et al. 2018; Gómez-Barrena et 
al. 2015). These inconsistent results may be related with MSCs limitations regarding cell 
selection, association of cells and biomaterials, MSCs susceptibility to compromised 
microenvironments and the lack of osteogenic differentiation of the implanted cells. MSCs 
are highly sensitive to harsh environments, which can be one of the reasons for their 
inefficient osteogenic differentiation once implanted. The altered homeostasis of the stem 
cell niche at the injured site may not provide the right cues to initiate the osteogenic 
differentiation cascade in MSCs.  
 
These drawbacks can be solved by means of priming or pre-differentiation approaches.    
 

2.1. Mesenchymal stem cells priming 
The priming concept can be considered as a pre-condition or preparation of the cells for 
some specific function or lineage-specific differentiation to enhance their therapeutic 
potential. It may involve cell activation, molecular signalling, genetic or epigenetic 
modifications and phenotypic changes (Noronha et al. 2019). Originally, this term was used 
in the immunology field to refer to cells that had been licensed or pre-conditioned with pro-
inflammatory molecules (Y. Zhou, Tsai, and Li 2017), nevertheless, it has been adapted for 
the stem cell pre-conditioning scope. Priming approaches exploit the best properties of 
MSCs and prepare them for an inhospitable microenvironment in vivo.  
 
Some examples of priming techniques for MSCs are hypoxia treatment, 3D culture 
(spheroids), growth factors, cytokines, genetic modification, pharmacological or chemical 
agents and physical cues. Although the final aim of these pre-conditioning methods is to 
enhance MSCs therapeutic potential, different methods improve different MSCs 
characteristics. Regarding the scope, three categories can be described:  
 

• Pre-condition treatments that aim to enhance MSCs therapeutic potential by 
improving their immunomodulatory properties. 

• Priming approaches that alter survival characteristics such as migratory, anti-
apoptotic and angiogenic properties. 

• Pre-differentiation approaches that enhance MSCs fate determination. 
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Since MSCs-based therapies have emerged as an option for bone regeneration, priming 
should be focused on improving MSCs engraftment and osteogenic differentiation potential 
when pursuing the treatment of bone disorders.  
 
As a general picture, priming approaches related with the enhancement of 
immunomodulatory MSCs properties are usually based on the use of pro-inflammatory 
cytokines. MSCs priming with cytokines improves the immunosuppressive function by 
increasing their secretion of anti-inflammatory and immunomodulatory factors. Usually, 
once obtained, MSCs are cultured in the presence of interferon-gamma (IFN- g), tumour 
necrosis factor-alpha (TNF-a), interleukin-beta1 (IL-b1) or combinatory strategies of the 
aforementioned cytokines to increase their immunomodulatory potential (Noronha et al. 
2019). Although cytokines are not usually used to determine MSCs fate, the results about 
this topic are conflicting. Some authors have reported the use of interleukin-17 (IL-17) to 
promote human MSCs osteogenic differentiation and inhibition of adipogenic differentiation 
(Shin, Shin, and Noh 2009). Nevertheless, Chang et al. (Chang et al. 2013), have shown a 
suppression in osteoblastogenesis in murine MSCs while Mojsilović et al. (Mojsilović et al. 
2011) claim to observe no effect in the differentiation potential of murine MSCs. This type 
of priming, then, is usually applied for MSCs used in inflammatory disease therapies.  
MCSs have also been primed with hypoxia, in vitro low oxygen concentrations (1-7 %), that 
resemble the ones found in the bone marrow (Fehrer et al. 2007). Hypoxia pre-condition 
increases resistance to oxidative stress which improves the engraftment, survival in 
ischemic microenvironments and angiogenic potential (Noronha et al. 2019). Nevertheless, 
the use of hypoxia on determining MSCs fate has a controversial role in literature. Some 
authors have reported a significant impairment of osteogenic differentiation when cells were 
cultured under hypoxia (P. Zhang et al. 2017; Malladi et al. 2006; Potier et al. 2007; Volkmer 
et al. 2010), others have reported enhanced osteogenic differentiation (Grayson et al. 2006; 
Lennon, Edmison, and Caplan 2001; Boyette et al. 2014) or even equal differentiation 
potential of MSCs cultured under both normoxia and hypoxia (Y. Hu et al. 2018; Holzwarth 
et al. 2010; J. Liu et al. 2015). These diverse data are associated to a variation in the 
experimental design among studies. The moment when hypoxia is introduced can vary, the 
studies generally involving expansion in normoxia and cells differentiation under hypoxia or 
expansion in hypoxia and differentiation in normoxia.  
  

2.2.  Priming approaches for MSCs osteogenic fate determination 
The most common approach for determination of MSCs osteogenic fate in vitro is based on 
biochemical induction. MSCs are usually cultured with osteogenic medium (OM) containing 
dexamethasone, ascorbic acid and glycerophosphate.  
 
The experimental results support the use of pre-differentiated MSCs for bone regeneration 
therapies against pristine MSCs. Peters et al. (Peters et al. 2009) demonstrated that MSCs 
cultured in osteogenic medium prior to transplantation showed a better healing in delayed 
bone healing than non-pre-differentiated MSCs. Non-pre-differentiated MSCs, in fact, 
showed the same outcome than the Sham group, contrary to what was expected at first.  
 
The stage of commitment in which MSCs are delivered also plays an important role. 
Castano-Izquierdo et al. (Castano-Izquierdo et al. 2006) showed that MSCs cultured in 
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osteogenic medium for 4 days retained the highest regenerative potential compared to 10 
and 16 days of culture and MSCs cultured in basal medium. 4-day pre-differentiated MSCs 
were not osteoblasts and kept a strong proliferation potential that allow them to increase 
their number after implantation. At the same time, the short exposure may have already 
initiated their osteoblastic differentiation promoting their healing capacity.   
 
Yoshikawa et al. (Yoshikawa, Ohgushi, and Tamai 1996) compared the efficiency of MSCs 
primed in basal or osteogenic medium containing dexamethasone seeded on a ceramic 
scaffold by implanting them at syngeneic rat subcutaneous sites. One week after the 
implantation, primed scaffolds showed histologically new bone formation while non-primed 
did not show it. These results are supported by Ye et al. (X. Ye et al. 2012). Whose work 
demonstrated that pre-differentiated MSCs seeded on b-tricalcium phosphate (b-TCP) were 
more efficient in the formation of ectopic bone in athymic mice than non-pre-differentiated 
MSCs delivered on the same scaffold or non-pre-differentiated MSCs without matrix. This 
work corroborates that ectopic osteogenesis is more dependent on the pre-differentiation 
treatment prior to implantation than on the matrix cells are delivered together with. Also, 
osteo-differentiated MSCs hold the highest potential concerning in vivo bone regeneration. 
 
Although most of the approaches for MSCs osteogenic priming are based on the use of 
dexamethasone, it can produce the undesired guidance of MSCs towards the adipogenic 
lineage besides inducing osteogenic differentiation (Ghali et al. 2015). Moreover, MSCs 
osteogenic phenotype induced by biochemical pre-treatment is reversible after stimuli 
deprivation unless cells are deployed with an extracellular matrix resembling environment 
(Hoch et al. 2016). 
 
Due to the reduced specificity of this type of biochemical approach, biophysical cues have 
been investigated as possible candidates to direct MSCs differentiation in bone tissue 
engineering strategies, since their precise action has been demonstrated by metabolomic 
techniques (Hodgkinson et al. 2021). Recent evidence for biophysical control of MSCs 
differentiation has been described using cyclic mechanical strain, shear fluid stress, matrix 
stiffness and topography, microgravity or electrical stimulation (Halim et al. 2020). 
 
Electrical stimulation (ES) has gained attention since bone piezoelectric properties were 
described and was correlated with the bone’s capacity to adapt to mechanical stress and 
self-regenerate (Fukada and Yasuda 1957; Ahn and Grodzinsky 2009; Yasuda 1953). From 
then on, hundreds of articles appeared in the scientific literature describing the effects of 
electrical stimulation on bone healing. Basset, Pawluk & Pilla (Basset, Pawluk, and Pilla 
1974) were among the first to prove the therapeutic effect of inductively coupled 
electromagnetic fields in canine osteotomies in 1974. Later, many clinical studies reported 
successful outcomes in the treatment of non-union fractures (Simonis et al. 2003; Traina et 
al. 1991; Gupta, Srivastava, and Avasthi 2009), osteoporosis (Tabrah et al. 1990; H. F. Liu 
et al. 2013) or osteonecrosis (Massari et al. 2006; Cebrián et al. 2014) in humans, delivering 
ES by means of capacitively coupled electrical fields (CCFE) or pulsed electromagnetic 
fields (PEMF). This led to the production of medical devices able to provide electrical cues 
for clinically treating indicated bone defects, the first of which was approved by the US Food 
and Drug Administration (FDA) in 1979. 
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The satisfactory clinical outcomes of ES at tissue-level encouraged the scientific community 
to try to explain the underlying cellular mechanism. Mesenchymal stem cells are key players 
in in vivo bone regeneration being the main effectors in different stages of bone repair. 
These different stages of bone repair take place in the bone niche, where MSCs find 
themselves subjected to an electrically active environment due to the presence of the 
collagen fibres that conform the organic component of bone’s ECM. This physical stimulus 
together with other biochemical cues may play a role in MSCs differentiation towards the 
osteogenic lineage, supporting the regeneration of bone tissue and enhancing the results 
of regenerative therapies. It can be useful for inducing MSCs commitment or priming in 
bone tissue engineering strategies when combined with the appropriate scaffolds, 
recapitulating aspects of the in vivo niche.   
 
3. In vitro MSCs electrical stimulation 
Different approaches have been used to try to induce osteogeblastogenesis in MSCs using 
electrical stimulation. The different methods can be classified in general electrical 
stimulation (GES) and substrate mediated electrical stimulation, where conductive and 
piezoelectric materials can be found.  
 

3.1. General electrical stimulation  
General electrical stimulation is based on the application of an electric field to cells cultured 
either on tissue culture plates or on non-conductive scaffolds, with the electrical stimulus 
transmitted through the culture medium. Three main methods of delivering this cue have 
been described: Direct Coupling (DC), Capacitive Coupling (CC) and Inductive Coupling 
(IC) (Thrivikraman, Boda, and Basu 2018; C. Chen et al. 2019; Balint, Cassidy, and Cartmell 
2013). 
 

3.1.1. Direct coupling 
In the direct coupling method conductive electrodes are placed inside the cell culture wells 
or stimulation chamber in direct contact with the cell culture medium and the MSCs. Few 
authors have described this approach to exploring MSCs differentiation towards the 
osteogenic lineage. Electrical fields ranging from 2 to 3300 V/m have been used (Balint et 
al. 2013; Leppik et al. 2018; Mobini, Leppik, and Barker 2016; Mobini et al. 2017; 
Srirussamee et al. 2021; Hronik-Tupaj et al. 2011; Tandon et al. 2009; Hammerick et al. 
2010; Z. Zhao et al. 2011). A schematic representation of direct coupling method can be 
found in Figure 4. 

Figure 4. The three main techniques to deliver general electrical stimulation, direct, capacitive 
and inductive coupling. Adapted from (Balint, Cassidy, and Cartmell 2013). 
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Barker’s group made an in-depth study of the effect of DC on MSCs differentiation by means 
of a stimulation chamber composed of platinum electrodes coupled to a 6-well plate lid. 
Their studies showed that DC ES of 100 V/m for 1 hour/day, combined with osteogenic 
medium upregulated genes related to the osteogenic differentiation process (RUNX2, OPN 
and COL I). However, it also activated different cellular mechanisms in MSCs from different 
sources (bone marrow and adipose tissue) (Mobini et al. 2017).  
 
This stimulation combined with b-TCP scaffolds, enhanced ALP activity, as well as 
Transforming growth factor-b1 (TGF-b1), BMP-2 and OPN expression to a greater extent 
than cells cultured on tissue culture plates. Interestingly enough, calmodulin (CaM) was 
also up-regulated compared to the control, suggesting the involvement of the 
calcium/calmodulin pathway in the ES mediated differentiation process (Leppik et al. 2018).  
 
The combination of ostoinductive factors with direct coupling stimulation has also been 
explored by Hronik-Tupaj et al. (Hronik-Tupaj et al. 2011). Cells electrostimulated in OM 
supplemented with BMP-2 showed upregulated ALP and COL I expression compared to 
non-stimulated cells cultured in OM plus BMP-2. Stress markers such as heat shock protein 
27 (Hsp27) were also upregulated, although the relationship between stress markers, 
osteogenic markers and ES is not yet fully understood.  
 
This approach has certain disadvantages, including the production of reactive Faradic by-
products from the electrochemical reactions (hydrogen peroxide, hydroxyl ions and other 
free radicals), changes in the pH or the oxidation of bare metallic electrodes, which can 
liberate traces into the cell culture medium. Also, the cells closest to the electrodes can 
suffer morphological changes (Mobini, Leppik, and Barker 2016). Concerned about these 
facts, Srirussamee et al. (Srirussamee et al. 2021) studied the effect of the H2O2 produced 
by platinum electrodes used for DC electrical stimulation in MSCs differentiation. 
Surprisingly, H2O2 produced by ES enhanced MSCs proliferation, without causing oxidative 
damage, but did not have any influence on their differentiation. However, by-products other 
than H2O2 enhanced OPN expression in electrically stimulated cells.  
 
To overcome these issues some researchers have used different setups consisting of 
isolated chambers connected via agar salt bridges to external Ag/AgCl electrodes 
immersed in Steinberg’s solution. In this approach short stimulation times (only 2 hours at 
the beginning of the culture) have demonstrated that MSCs can migrate towards the anode, 
but the short stimulation time neither increases or reduces their osteogenic potential based 
on calcium deposition analysis using OM (Z. Zhao et al. 2011). Reduced expression of 
osteogenic related gene OPN was found in the presence of growth medium (Tandon et al. 
2009). Longer times and continued stimulation may be needed to induce osteogenic 
differentiation, as described by Hammerick et al. (Hammerick et al. 2010), in which 6 h/day 
stimulation enhanced ALP, COL I and OPN expression, probably due to the increased 
cytosolic free-calcium and reduced cyclic adenosine monophosphate (cAMP).  
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3.1.2. Capacitive coupling 
Capacitive coupling is a non-invasive electrical stimulation method in which an electric field 
is created between two parallel conductive layers, capacitor plates, connected to a 
generator. These are on the edges of the cell culture chamber or cell culture well, usually 
above and below the cell culture medium, but not in contact with it. A small gap of air is left 
between the upper conductive layer and the cell culture medium in the well, an illustration 
of this stimulation method is depicted in Figure 4. If this space between the medium and the 
top capacitor plate is missing, the approach is known as semi-capacitive coupling. The 
electric field created is homogeneously transmitted through the cell culture medium and the 
cells are evenly stimulated, whatever their position in the cell culture well is (Hartig, Joos, 
and Wiesmann 2000; Griffin et al. 2011).    
 
This approach has not been reported for MSCs stimulation to induce osteogenic 
differentiation. Capacitive coupling by capacitor plates not in contact with the cell culture 
medium to stimulate other osteogenic cell types such as osteoblasts has been described 
though (Hartig, Joos, and Wiesmann 2000; Stephan et al. 2020; Clark, Wang, and Brighton 
2014).  
 

3.1.3. Inductive coupling 
Inductive coupling stimulation is based on inducing an electric field by means of a 
conductive coil or a solenoid around the cell culture system. An alternating current flows 
through the coil generating a magnetic and an alternating electric field perpendicular to the 
magnetic (Pickering and Scammell 2002) (Figure 4). This stimulation method avoids direct 
cell contact with the electrodes and eliminates the presence of undesirable by-products.  
 
Inductive coupling is the most commonly used approach in terms of ES for stimulating 
MSCs. There is no consensus on the optimal stimulation conditions to guide MSCs 
differentiation towards the osteogenic lineage, making comparison between the published 
research studies difficult. Different magnetic field densities, frequencies, pulse durations 
and stimulation times have been applied (Bagheri et al. 2017; Ferroni et al. 2018; Petecchia 
et al. 2015; Fu et al. 2014; L. Y. Sun et al. 2010; Tsai et al. 2009; Jansen et al. 2010; Lim 
et al. 2013; Schwartz et al. 2008; Yong et al. 2014; Martini et al. 2020; Hess, Neubert, et al. 
2012). However, it seems clear that osteogenic medium is required in combination with 
electromagnetic fields (EMF) to induce an osteogenic phenotype, although some authors 
have reported the effect of EMF on osteogenic differentiation using growth medium  
 
Petecchia et al. (Petecchia et al. 2015) found that pulsed EMF by its own was not enough 
to enhance ALP and COL I expression, while the combination with OM increased these 
early osteogenic markers through the expression of L-type Voltage Gate Calcium Channels 
(VGCC) and the modulation of the concentration of cytosolic free Ca2+. These results agree 
with Bagheri et al. (Bagheri et al. 2017), who combined pulsed EMF with OM, describing a 
synergistic effect which enhanced calcium deposition, ALP production and expression of 
osteogenic markers (RUNX2, Dlx5, OSX) compared to OM alone.  
 
Martini et al. (Martini et al. 2020) went further by also adding BMP-2, proving additive effects 
due to the simultaneous activation of Smad 1/5/8 and p38 MAPK pathways. These results 
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disagree with those obtained by Schwartz et al. (Schwartz et al. 2008), when calcium 
phosphate disks combined with PEMF and BMP-2 were needed to produce a synergistic 
effect, and not only tissue culture plates as cell substrate. Changes in the cell culture 
surface make MSCs more sensitive to BMP-2 and BMP-2 treated cells are more responsive 
to PEMF. This supports the hypothesis that PEMF can influence MSCs osteogenic 
differentiation, although an osteoblast-inductive stimulus combined with an osteogenic 
environment is required.  
 
PEMF stimulation strategy inevitably links the presence of an electric and a magnetic field, 
which can also contribute to MSCs stimulation. To get over this disadvantage Hess et al. 
(Hess, Jaeschke, et al. 2012; Hess, Neubert, et al. 2012) developed a device based on 
Transformer-like Coupling (TC) to apply electrical stimulation without the interference of a 
magnetic field. Their results confirm firstly that PEMF alone cannot induce osteogenic 
differentiation unless combined with OM, and secondly supports Schwart’s hypothesis. 
MSCs cultured in high-sulfated hyaluronan derivatives, which are able to present growth 
factors efficiently, may be acting as the BMP-2 in the supplemented medium. 
 

3.2. Substrate-mediated electrical stimulation 
Substrate-mediated electrical stimulation uses conductive and/or electroactive supports to 
apply an electrical stimulus directly to cultured cells. 
 

3.2.1. Conductive cell culture supports 
Electrically conductive polymers are one of the most popular choices when developing cell 
culture supports for substrate-mediated stimulation due to their chemical, electrical, and 
physical tailoring possibilities. Among the generally investigated polymers for tissue 
engineering applications, such as polypyrrole (PPy), poly(3,4-ethylenedioxythiophene) 
(PEDOT) or polyaniline (PANI) PPy is one of the most intensively studied. In the context of 
tissue engineering, polypyrrole is mainly used in the field of neural regeneration (Forciniti et 
al. 2014; Y. Zhao et al. 2020; Tomaskovic-Crook et al. 2020; Gopalakrishnan-Prema et al. 
2020), although it has also been applied to bone tissue engineering, specifically for inducing 
MSCs osteogenic differentiation via substrate-mediated ES (Pelto et al. 2013; W. W. Hu et 
al. 2014; Hardy et al. 2015; J. Zhang et al. 2016; J. Zhang, Neoh, and Kang 2018; W. W. 
Hu et al. 2019; Jing et al. 2019).  
 
PPy has poor mechanical properties and its processing once synthesized is by no means 
simple (Mao and Zhang 2018), which makes it difficult to use by itself so that it tends to 
appear in combination with other biodegradable polymers as a coating or filler, e.g. with 
poly-lactic acid (PLA) (Zou et al. 2016; Xu et al. 2019), polycaprolactone (PCL) 
(Vijayavenkataraman et al. 2019; Maharjan et al. 2020) or chitosan (J. Huang et al. 2010; 
Qi et al. 2013; J. Zhang, Neoh, and Kang 2018).   
 
In addition to electroactive polymers, the family of carbon nanomaterials such as graphene, 
graphene oxide (GO) or carbon nanotubes (CNT) has gained importance in the biomedical 
field. In tissue engineering, their large surface area and easy functionalization with bioactive 
molecules have driven their use, but above all their outstanding electrical characteristics 
make them an effective component for designing electroactive cell culture supports (Z. 
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Zhang et al. 2018). As in the case of conductive polymers, carbon nanomaterials have been 
especially used to deliver electrical signals to well-known excitable cell types, such as 
neural and muscle cells. Despite this, the rise of substrate-mediated MSCs stimulation has 
promoted carbon nanomaterials for electroactive bone tissue engineering (Zhu et al. 2017; 
Jamal and De Guzman 2017; J. Li et al. 2020; Balikov et al. 2016; Sayyar et al. 2016).  
 
Conductive cell culture platforms transmit the stimulus in situ to the cells when connected 
to an external supply source. A common setup for substrate-mediated ES is based on the 
presence of a conductive 2D biomaterial, usually in the form of a film. This cell culture 
support is in direct contact with the electrodes at its ends and wired to an external current 
source. A sealed chamber, usually made of polystyrene, polypropylene or 
polymethylmethacrylate is placed on the film containing the cell culture medium and limiting 
the space for cell seeding, as shown in Figure 5 (W. W. Hu et al. 2019, 2014; J. Li et al. 
2020; J. Zhang et al. 2013). This assembly avoids direct contact between the electrodes 
and the culture medium. This eliminates some of the drawbacks of GES based on direct 
coupling, such as Faradic by-products or changes in pH due to medium electrolysis. 
 

 
Figure 5. Schematic representation of a common set-up for substrate-mediated electrical 
stimulation using 2D conductive cell culture supports (Guillot-Ferriols et al. 2022) 
 
It is not always possible to avoid electrode immersion in the cell culture well. In these cases, 
the electrodes are placed in direct contact with the cell culture support to maximize the total 
current transmitted. In fact, some authors have shown that the current present in these 
setups in the cell culture medium is negligible (J. Zhang et al. 2016). 3D culture systems 
such as scaffolds or hydrogels are two examples of electrodes immersed in the medium (J. 
Zhang et al. 2016; J. Zhang, Neoh, and Kang 2018; Creecy et al. 2013; Pelto et al. 2013; 
Y. Huang et al. 2019). However, they provide homogeneous stimulation regardless of the 
distance to the electrode while they provide a more biomimetic environment than 2D 
conductive supports.  
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The scaffolds used to deliver substrate-mediated ES to MSCs are usually composites 
manufactured from biocompatible polymers and conductive materials such as PPy coatings 
or graphene fillers. The commonly used architectures include highly porous interconnected 
scaffolds with a diameter range  of hundreds of microns (J. Zhang et al. 2016; J. Zhang, 
Neoh, and Kang 2018; Ravikumar, Boda, and Basu 2017). Nonwoven mats of extruded 
fibers (Pelto et al. 2013) or electrospinning technique (Jing et al. 2019; Zhu et al. 2017; 
Hardy et al. 2015) have also been used for MSCs stimulation. 3D printing is making its way 
in the field and 3D-printed conductive scaffolds are emerging as possible candidates for 
substrate-mediated ES (Sayyar et al. 2016).  
 
The conductivity of the scaffolds produced after incorporating the electroactive coatings and 
fillers are between 10-11 and 10-1 S/cm (J. Zhang et al. 2016; J. Zhang, Neoh, and Kang 
2018; Jing et al. 2019; Zhu et al. 2017; Sayyar et al. 2016; Ravikumar, Boda, and Basu 
2017), according to the type of conductive component incorporated and its concentration.  
 
Most of the studies performed in the field support the hypothesis that an initial osteogenic 
stimulus from an inductive cell culture medium containing supplements such as 
dexamethasone, ascorbic acid and b-glycerophosphate is necessary to trigger the effects 
of ES. Li et al. (J. Li et al. 2020) studied the effect of electrical stimulation on MSCs 
osteogenic differentiation using conductive graphene oxide-cellulose films in growth and 
osteoinductive media. A combination of ES and osteogenic medium improved mineral 
deposition more than growth medium and ES together. It should be noted that osteogenic 
medium alone had the same effect as expansion medium combined with ES in terms of 
ALP expression.  
 
Interestingly, Sayyar and collaborators (Sayyar et al. 2016) cultivated MSCs in OM 5 days 
before applying electrical stimulation on graphene/poly(trimethylene carbonate). This 
induction was indeed necessary to observe the effects of electrical stimulation on 
osteogenic differentiation. ALP and Col I were upregulated in treated cells compared to non-
treated subjected to the same stimulation parameters. Other authors have performed their 
studies in the presence of growth medium and failed to obtain any improvement in 
osteogenic differentiation combined with electrical stimulation (Creecy et al. 2013; Pelto et 
al. 2013).  
 
The lack of an initial osteogenic stimulus provided by osteoinductive supplements can be 
overcome by combining ES with other physical cues such as nanopatterned surfaces. It 
has been proved that these have a similar efficiency to that of osteogenic medium in 
stimulating MSCs to produce bone mineral in vitro (Dalby et al. 2007). Balikov et al. (Balikov 
et al. 2016) studied the effect of graphene patterned surfaces and ES in the absence of 
supplemented medium. When used alone the patterned surfaces enhance the expression 
of the early marker RUNX2, although they fail to enhance late osteogenic marker OPN, 
unless combined with ES. The authors also investigated MSCs differentiation toward a 
neurogenic lineage due to the potential of stem cells for multi-lineage commitment 
enhancing both neurogenic and osteogenic markers. This shows the need to study markers 
from diverse lineages in differentiation experiments and has scarcely been addressed to 
avoid the presence of mixed populations.  
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Other research groups used coatings or osteoinductive biomaterials such as hydroxyapatite 
in combination with conductive cell culture supports and ES to make up for the absence of 
supplemented medium (Jing et al. 2019; Ravikumar, Boda, and Basu 2017).  
 

3.2.2. Piezoelectric cell culture supports  
Since the discovery of bone’s piezoelectric properties, piezoelectric materials have 
emerged as a possible approach to mimic the electrophysiological environment of bone 
tissue. These biomaterials can convert mechanical strain into electrical output and vice 
versa, a mechanical deformation is produced when a voltage is applied, known as the 
converse piezoelectric effect (Z. L. Wang 2007). This property generates electrical charges 
on the surface without the need for any external electric supply, as in the case of other 
stimulation approaches, such as substrate-mediated ES by conductive cell culture supports.  
 
Piezoelectric biomaterials can be divided in two main categories, organic materials such as 
synthetic or natural polymers, and ceramics, which are inorganic in nature.  
 
Ceramics with piezoelectric properties are crystalline materials with a non-centrosymmetric 
structure. Their piezoelectricity is typically based on the relative displacement of the ionic 
species (Chorsi et al. 2019). Some of the different piezoelectric crystals also show 
ferroelectric properties, meaning that they exhibit an in-built spontaneous electrical 
polarization reversible under an applied electric field. Zinc oxide (ZnO) and barium titanate 
(BaTiO3) are normally used as examples of nonferroelectric and ferroelectric materials, 
respectively, which coincides with their crystallization form in the wurtzite or perovskite 
structure (Cafarelli et al. 2021). ZnO and BaTiO3 structures are represented in Figure 6 Ia. 
Barium titanate (BaTiO3), lithium niobate (LiNbO3) or sodium potassium niobate 
(K0.5Na0.5NbO3 ; KNN) have been used to influence MSCs fate toward the osteogenic 
lineage (Yu et al. 2017; J. Li et al. 2015; Yang et al. 2020; Y. Li et al. 2017; Fan et al. 2020; 
W. Liu et al. 2020).  
 
Regarding organic materials, synthetic polymers have emerged as an alternative to 
ceramics. Even though bone is a hard tissue, some applications require mechanical 
flexibility, while polymers are easier and less expensive to process. Their piezoelectricity is 
mostly based on the repositioning of molecular dipoles (Chorsi et al. 2019).  
 
Poly(vinylidene) fluoride (PVDF), poly(L-lactic) acid (PLLA) or polyhydroxybutyrate (PHB) 
are some of the most frequently used piezopolymers for tissue engineering applications. 
 
Most of the piezopolymers used for bone tissue engineering approaches are semi-
crystalline, so that their structure can be described as randomly oriented microscopic 
crystals which contain the aforementioned dipoles dispersed around the amorphous regions 
(Figure 6 IIb). These dipoles can be reoriented to maximize the material’s piezoelectric 
response in a process called poling, during which a high electric field is applied at a high 
temperature to align the dipoles. When the dipoles are aligned, as represented in Figure 6 
IIb, the sample is cooled down in the presence of the electric field to maintain the dipoles’ 
orientation (Ramadan, Sameoto, and Evoy 2014). Poling is directly related to a higher 
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piezoelectric response characterized by the piezoelectric coefficient dij, which is defined as 
the electric polarization variation along direction i in the material per unit mechanical stress 
of index j applied to it or vice versa. d31 and d33 are the coefficients describing the electric 
polarization generated either in the same direction or perpendicular to the direction of the 
applied stress (Harrison and Ounaies 2001).  
 

 
Figure 6. Schematic representation of piezoelectric biomaterials. I. a) Schematic illustration 
of piezoelectric ceramics with wurtzite and perovskite structures. b) Crystalline structure of 
unpoled and poled ceramics. Dipoles are oriented after poling process.  II. a) Chain 
conformation of a, b and g phases of poly(vinylidene) fluoride. The electronegativity of 
fluorine atoms compared to hydrogen ones generates an electrical dipole moment in the 
monomer unit. The all trans conformation (TTT) and GT3GT3G′ of b and g phases lead to an 
overall dipolar contribution of the polymer chain, while the trans-gauche–trans-gauche 
(TGTG′) conformation of a-phase is non-polar, conferring non-electroactive properties to this 
polymorph. b) Crystalline and amorphous regions of PVDF with randomly oriented dipoles 
before the poling process, that are oriented after it. Adapted from (Guillot-Ferriols et al. 2022) 
 

3.2.2.1. Poly(vinylidene) fluoride 
Poly(vinylidene) fluoride is a semi-crystalline electroactive polymer which shows a complex 
structure. It can be considered as a smart material since its piezoelectricity allows it to 
respond to an external stimulus (applied stress) by modifying its surface charge. This 
property has favoured its use in different applications, such as sensors, actuators, energy 
harvesting and as cell culture support in the biomedical field (Bar-Cohen and Zhang 2008).  
 
PVDF can present five polymorphs, a, b, g, d and e depending on the chain conformation. 
a and d phases show a TGTG’ (trans-gauche-trans-gauche) structure, g and e present a 
T3GT3G’ chain conformation while b-phase is designed as all trans (TTT) planar zigzag 
(Martins, Lopes, and Lanceros-Mendez 2014). Although five polymorphs exist, a, b and g 
are the most commonly obtained and studied ones. Their structure is schematized in Figure 
6 IIa.  
 
These conformations determine the electroactive properties of the described polymorphs. 
PVDF monomer unit shows a strong electrical dipole moment (5-8 x 10-30 C m-1) due to the 
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difference in electronegativity between fluorine and hydrogen atoms (Giannetti 2001). 
These monomers are distributed in the chain generating an overall dipolar contribution per 
unit cell as is the case for b and g phases. Due to its structure, b-phase is the one with the 
highest dipolar moment per unit cell (8 x 10-30 C m-1) (H. M. G. Correia and Ramos 2005). 
In the case of a-phase, the anti-parallel packing of the dipoles within the unit cell hinders its 
electroactive properties. Therefore, applications requiring an electrically active response 
need the presence of b or g-phase. Usually, b is preferred due to its highest piezoelectric, 
pyroelectric and ferroelectric properties (Sencadas, Gregorio, and Lanceros-Méndez 2009). 
Its d33 coefficient can reach values up to -34 pC/N depending on the structure and the 
processing conditions (Gomes et al. 2010), which can determine the nucleation in this 
electroactive phase.  
 
On the other hand, PVDF copolymer poly(vinylidene fluoride-trifluoroethylene) (PVDF-
TrFE) always presents the b crystalline phase for specific VDF/TrFE ratios. The addition of 
the third fluoride in the TrFE monomer unit with large steric hindrance favours the all-trans 
conformation and thus induces the ferroelectric b-phase regardless of the processing 
method. PVDF-TrFE is substantially more expensive than the homopolymer, PVDF, 
reducing its use in bone tissue engineering approaches (Martins, Lopes, and Lanceros-
Mendez 2014).  
 

3.2.2.1.1. PVDF b-phase nucleation 
I. a-phase mechanical stretching 

Different processing methods allow b-phase formation. When cooling from the melt, PVDF 
usually crystallizes in the non-electroactive a-phase. The most common way to obtain its 
electrically active analog is by mechanical stretching, a process in which a-phase films are 
stretched at 80 ºC and a stretch ratio of 5. During the procedure, polymer chains are aligned 
within the polymer crystals switching from a TGTG’ conformation to TTT one. 
Microscopically, the typical spherulitic conformation from a-phase is transformed into a 
microfibrillar structure (Sencadas, Gregorio, and Lanceros-Méndez 2009).  
 
Focusing on PVDF application in the biomedical field, mechanical stretching is a valid 
technique for achieving PVDF b-phase, although it is only applicable for 2D cell culture 
supports (flat films). Also, it is a two-step process, since a-films need to be produced and 
then stretched. Other techniques allow PVDF crystallization in b-phase and are compatible 
with the manufacture of 3D cell culture supports. Some examples are the application of an 
external electric field (electrospray/electrospinning) (D. M. Correia et al. 2014; Zhong et al. 
2011; Lund and Hagström 2010; J. Zheng et al. 2007), from solution crystallization under 
70 ºC using dimethylformamide (DMF) or dimethylacetamide (DMA) as solvents (Gregorio 
and Cestari 1994; Morales-Román et al. 2019; Guillot-Ferriols et al. 2020; Sencadas, 
Gregorio Filho, and Lanceros-Mendez 2006) or by the addition of nucleating fillers (clays, 
BaTiO3, ferrite, palladium or gold) (Supriya, Kumar, and Kar 2019; Martins, Costa, and 
Lanceros-Mendez 2011; Mandal, Kim, and Lee 2012; W. Wang et al. 2011).  
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II. Application of an external electric field 
Electrospinning technique is based on the application of an electric field to a polymer 
solution resulting in the formation of an electrostatically driven jet that is collected on a 
grounded plate (Damaraju et al. 2013). The polymer solution is pumped through a syringe 
coupled to a needle, connected to a high voltage power source. The formed jet is collected 
in form a non-woven mat in the grounded plate or collector. Depending on the concentration 
of the polymer solution fibres or microspheres can be obtained. The obtaining of 
microspheres using this approach is a variation of the electrospinning technique and is 
called electrospray (Bock, Dargaville, and Woodruff 2012). A schematic representation of 
the process can be found in Figure 7a. 
 
In the case of PVDF, concentrations ranging from 5 to 10 % (w/v) give rise to microspheres. 
More concentrated solutions, from 10 to 20 % (w/v) produce a mixture of fibres and beads, 
while 20 to 30 % (w/v) solutions generate fibres, as can be seen in Figure 7b (D. M. Correia 
et al. 2014).  
 
When the jet is formed due to the application of a high voltage it is subjected to a high 
stretching ratio, similar to the one applied during mechanical stretching to transform a to b-
phase films (Davis et al. 1978), giving rise to PVDF crystallization in b-phase. Evaporation 
of the solvent leading to crystallization during the process is the main contributor to b-phase 
presence since it usually takes place under 70 ºC.  
 
During electrospray or electrospinning process, parameters such as applied voltage, flow 
rate of the dispensed polymeric solution, needle diameter and distance to the grounded 
collector can influence the b-phase percentage in the sample (C. Ribeiro et al. 2010).  
 

 
Figure 7. a) Schematic representation of electrospinning process. b) Schematic diagram of 
the influence of PVDF solution concentration in the production of microparticles and fibers 
by electrospray and electrospinning. Adapted from (D. M. Correia et al. 2014).  
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III. Inclusion of fillers 
Inclusion of fillers in the polymeric PVDF solution has been demonstrated to help 
crystallization in the b-phase. Several nucleation agents have been used, including BaTiO3, 
clays, hydrated ionic salts, TiO2 and nanoparticles such as ferrite, palladium, gold and 
carbon nanotubes.  
 
The nucleation mechanism varies depending on the filler used. When using salts with 
different charges as fillers, positive and negative nucleation agents, Wu et al. (Y. Wu et al. 
2012) described a more effective role in b-phase crystallization by using positively charged 
surfaces. The crystallization rate of b-PVDF was increased when using this type of fillers 
due to the specific ion-partial dipole (CF2) interaction. Nevertheless, Martins et al. (Martins, 
Costa, Benelmekki, et al. 2012) described a different behaviour when using two types of 
ferrite, CoFe2O4 and NiFe2O4. Negatively charged surfaces of ferrites promote the 
interaction with the positive CH2 charge density of the PVDF chains. This allows the 
alignment of the chains on the surface of the nanoparticle in the extended all trans 
conformation producing the crystallization of the electroactive b-phase. These results are 
also supported by other authors using PVDF and CoF2O4 as fillers (Martins, Costa, Ferreira, 
et al. 2012; Supriya, Kumar, and Kar 2019).   
 
Besides of the surface charge, nanoparticle concentration affects the percentage of b-
phase present in the sample. CoFe2O4 needs a lower concentration (5 w/v %) than NiFe2O4 

(50 w/v %) to achieve a 90 % composition of b-phase (Martins, Costa, Benelmekki, et al. 
2012). Nevertheless, when b-phase PVDF is nucleated by the presence of BaTiO3 ceramic 
filler, achieving an 80 % of this polymorph, the concentration of the filler is independent from 
the percentage of b-phase and depends on the filler size (H.-J. Ye, Shao, and Zhen 2013).  
 
Regardless of the nucleation mechanism, it seems clear that the presence of a filler is able 
to nucleate the most electrically active PVDF polymorph. Concentration, geometrical factors 
due to the nanosize of the fillers and the interactions at the interface between the 
nanoparticles and the PVDF chains play a significant role in the amount of b-phase present 
in the samples. 
  
The inclusion of fillers is compatible with diverse manufacturing techniques to obtain cell 
culture supports in 3D such as electrospray (Gonçalves, Martins, Correia, et al. 2015), 
electrospinning (Gonçalves, Martins, Moya, et al. 2015), solvent casting using nylon 
templates (Fernandes et al. 2019) or non-induced phase separation for the production of 
porous membranes (Guillot-Ferriols et al. 2020). 
 

3.2.2.2. The magnetoelectric effect  
Filler inclusion, besides of favouring the nucleation of the electroactive b-phase, can also 
produce additional effects. When the nucleating agents show magnetostrictive properties 
their combination with the piezoelectric matrix generates a magnetoelectric (ME) 
composite. ME materials show a change in the electrical polarization when a magnetic field 
is applied, or vice versa, magnetization can be modified by an applied electric field. When 
a magnetic field is applied to the composite a deformation is induced in the magnetostrictive 
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component. This is transmitted to the piezoelectric matrix, which undergoes a change in 
electrical polarization. This effect, thus, is called the magnetoelectric effect (Martins and 
Lanceros-Méndez 2013). The ME response in this type of composites depends on the 
composite microstructure and the coupling interaction in the interface regions.  
 
Most ME composites are based on piezoelectric ceramics (barium titanate or lead zirconate 
titanate) due to their large piezoelectric coefficients compared to electroactive polymers. 
Nevertheless, as stated before, ceramics are fragile, difficult to tailor and expensive, which 
limits their application in the bone tissue engineering field. Regarding the magnetostrictive 
component, Terfenol-D is widely used due to its magnetostriction, but it has several 
disadvantages such as its fragility and its high cost.  
 
The use of ME materials based on the combination of PVDF and ferrite can help to 
overcome these issues. PVDF has been combined with cobalt ferrite oxide (CoFe2O4 or 
CFO) to produce magnetoelectric composites for their application in bone tissue 
engineering. These composites have been tailored in different morphologies for different 
applications (Gonçalves, Martins, Moya, et al. 2015; Gonçalves, Martins, Correia, et al. 
2015; Fernandes et al. 2019; Guillot-Ferriols et al. 2020). The effective coupling of both 
interfaces has been demonstrated in these type of ME composites by Gonçalves et al. 
(Gonçalves, Martins, Correia, et al. 2015) where an application of a magnetic field of 220 
mT to PVDF-CFO microspheres exhibited a piezoelectric response, measured as a 
variation in the piezoelectric coefficient d33. An increase in the CFO content led to an 
increase in the d33, reaching a maximum value of approximately 30 pC/N when the CFO 
content was 27 % (w/v).  
 

3.2.2.3. Piezoelectric stimulation at cell culture level  
From a biomedical point of view the ME effect can be exploited to transmit the piezoelectric 
stimulation at cell culture level. The transmission of the piezoelectric stimulus relies on the 
application of a mechanical strain to obtain the maximum electric response. This could be 
achieved by applying a magnetic field that will deform the magnetostrictive component, 
deforming the polymer matrix and generating a variation on the surface charge of the PVDF. 
The magnetic field can be applied by means of a bioreactor compatible with cell culture 
conditions. Lanceros-Mendez group has developed a magnetic bioreactor based on the 
movement of neodymium magnets below the cell culture plate (Figure 8 Ia and Ib), 
generating an alternating magnetic field whose intensity depends on the position of the well, 
as can be seen in the simulation in Figure 8 Ic. Displacement of the magnets (5-25 mm) 
and frequency (0.1-2 Hz) can be adjusted as well as the stimulation programs. Tested 
stimulation programs when using this bioreactor are based on the simulation of daily human 
activity meaning 16 h of stimulation, divided in cycles of 5 minutes of activity and 25 minutes 
of rest, and 8 h of rest (Castro et al. 2020).  
 
Other types of bioreactors, not based on the ME effect, have been developed to stimulate 
cells using piezoelectric cell culture supports. Again, the Lanceros-Mendez research group 
has developed different bioreactors based on mechanical deformation using a vertical 
vibration module to deform the polymer matrix (Figure 8 IIa) (C. Ribeiro, Pärssinen, et al. 
2015; S. Ribeiro et al. 2020; C. Ribeiro, Moreira, et al. 2012) in which the same stimulation 
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program as the one in the magnetic bioreactor has been applied, as can be seen in Figure 
8 IIb. Bioreactors based on dynamic compression (Z. Zhou et al. 2019; Damaraju et al. 
2017; C. C.-Y. Huang et al. 2004) (Figure 8 III) or ultrasound activation (Yang et al. 2020; 
Fan et al. 2020; Cafarelli et al. 2021) have also been described. Commercial fracture 
healing systems approved by the FDA have already been used to stimulate cells with 
ultrasound in vitro by connecting them to a tissue culture plate (Figure 8 IV) (Nolte et al. 
2001). In the same setup, piezoelectric biomaterials can be placed in the wells of the tissue 
culture plate to electrically stimulate the MSCs activating the cell culture supports by US. 
 

 
Figure 8. Examples of bioreactors used for generating an electric response on piezoelectric 
cell culture supports. I. a) Magnetoelectric bioreactor operating principle using electrical and 
mechanical controls to produce an alternated magnetic field for the stimulation of 
biomaterials based on the combination of piezoelectric polymers and magnetostrictive 
nanoparticles. I. b) Schematic representation of the bioreactor assembled with a cell culture 
plate. I. c) Magnetic field intensity distribution at the bottom of 24-well cell culture plates. 
Adapted from (Castro et al. 2020). II. a) Schematic representation (left) and actual image (right) 
of a mechanical bioreactor based on a vertical vibration module. Several cell culture plates 
can be placed on top of the bioreactor. Adapted from (C. Ribeiro, Moreira, et al. 2012) II. b) 
Diagram of a proposed stimulation program using a vertical vibration module bioreactor to 
reproduce daily human activity by applying 16 h of stimulation and 8 h of rest. Adapted from 
(S. Ribeiro et al. 2020). III. Schematic representation of a cyclical compression bioreactor in 
which the specimens are subjected to dynamic compressive loading. A load cell and a linear 
variable differential transformer (LVDT) measure the load response of specimens and the 
imposed displacement. Adapted from (C. C.-Y. Huang et al. 2004). IV. Ultrasound therapy unit 
for the application of low-intensity ultrasound in vitro. The therapy unit consists of two sonic 
accelerated fracture healing system SAFHS® devices and transducers (with coupling gel) to 
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which the tissue culture plate can be connected. Adapted from (Nolte et al. 2001). Figure 
adapted from (Guillot-Ferriols et al. 2022) 
Poled piezoelectric cell culture supports do not always rely on electromechanical stimulation 
due to the piezoelectric effect. The polarization process and consequently the dipole 
alignment, implies the presence of charged positive and negative surfaces with an 
associated surface potential, which can also affect MSCs differentiation by maintaining an 
electric microenvironment. Two options arise at this point, culturing the cells either on the 
positively or negatively charged surface.  
 
Pärssinen et al. (Pärssinen et al. 2015) studied the effect of poled-positive and negative 
surfaces of b-phase PVDF films coated with fibronectin (FN) on MSCs behaviour. 
Polarization enhances PVDF hydrophilicity best on negatively charged surfaces favouring 
the adhesion of fibronectin in a more active formation, exposing RGD sequences. This 
enhances cell adhesion and cytoskeleton tension and is reflected in a higher number and 
area of focal adhesions (FA). Cell cytoskeleton tension is related to the activation of RhoA 
and MAPK pathways and subsequent cell signalling cascades, which can determine MSCs 
fate via integrin mediated signalling. An increase in the number and size of FAs has been 
reported during osteogenic differentiation (Engler et al. 2006), although the authors simply 
demonstrated increased osteogenic differentiation based on ALP activity. These results 
agree with those obtained by Zhou et al. (Z. Zhou et al. 2016) in which negatively charged 
surfaces were seen to accumulate the cations present in the cell culture medium, which in 
turn attracted proteins such as fibronectin and the negatively charged cytomembrane of 
cells, favouring their adhesion and subsequent osteogenic differentiation, in agreement with 
the results of Pärssinen et al.  
 
Li et al. (J. Li et al. 2015) used lithium niobate wafer, a ferroelectric crystal, with positive, 
negative or neutral surface charges to investigate their effects on MSCs fate. Positive 
surfaces showed greater cell areas than negative and non-charged surfaces, resulting in 
enhanced OPN, OCN and RUNX2 expression and ALP activity. This phenomenon is 
associated with the capacity of positive surfaces to accumulate negative charges due to the 
ionic component of the medium, and the ability of different proteins and molecules such as 
dexamethasone to attract positive charges, generating electrostatic interactions between 
the charged molecules and the charged surface. This can influence the distribution of 
bioactive molecules regulating MSCs fate.  
 
It is not easy to decide whether MSCs should be cultured on positively or negatively charged 
surfaces given the contradictory information published in recent years. What can be 
extracted from the presented information is that either a positive or negative surface charge 
enhances protein adsorption, helping adhesion and spreading of mesenchymal stem cells. 
The activation of integrin mediated signalling will eventually lead to the activation of 
mechanosensitive genes, ultimately promoting changes in cell growth, morphology and 
differentiation potential. 
  
Interestingly enough, this concept was investigated in depth by Jia et al. (Jia et al. 2019) by 
using PVDF-TrFE films containing Terfenol-D alloy, also coated with FN. These films were 
responsive under a magnetic field, allowing to control the surface potential by applying 
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different intensities (0 to 2800 Oe). Positive and negative surfaces with different surface 
potentials were investigated. The spatial distribution of two functional sites of FN, RGD and 
PHSRN, which act in synergy, is affected by the surface potential. While positive charged 
surfaces show a tight formation of the functional sites at 55 mV, the same is true for negative 
surfaces at -20 mV. This tight FN formation with distances below 3.5 nm fully binds the 
integrin and produces the strongest integrin-mediated osteogenic differentiation.  
 
The results obtained by Jia et al. disagree with those of Zhang et al. (X. Zhang et al. 2016), 
who developed PVDF-TrFE membranes containing different concentrations of BaTiO3 
nanoparticles and therefore different surface potentials. Membranes with a surface potential 
of -76.8 mV were selected for cell culture because of their similarity to endogenous 
biopotential (C. Ribeiro, Correia, et al. 2015), comparing their performance with non-poled 
ones. The best osteogenic behaviour was found when the cells were cultured on the 
negative surface with this surface potential. However, Zhang et al. (C. Zhang et al. 2018) 
also studied different surface potentials of PVDF-TrFE films, varying the b-phase content 
and showed that lower surface potentials (-53 mV) (a range not taken into account in (X. 
Zhang et al. 2016) enhanced MSCs osteogenic differentiation more than higher surface 
potentials (-76 mV).  
 
These differences can be attributed to the fact that Jia et al. used a magnetic bioreactor to 
modulate surface potential in the polymer matrix due to the presence of magnetostrictive 
nanoparticles, while Zhang et al. used different b-phase contents to do so, thus with different 
material surface stiffness and dynamic stimulation.  

 
4. Expression profile of stimulated MSCs and activated signalling pathways 
Bone morphogenetic proteins are osteogenic inductive cytokines that belong to the TGF-b 
family and are the ligands of the BMP signalling pathway, which plays a fundamental role 
in the regulation of bone organogenesis. They are able to bind and bring together the 
serine/threonine kinase bone morphogenetic protein receptors I and II (BMPRI; BMPRII) 
forming the heteromeric complex required for signal propagation (Allendorph, Vale, and 
Choe 2006). BMP ligand initiates a signalling cascade based on Smad proteins, the 
downstream effectors taking charge of transducing the signals from the cell surface to the 
nucleus. Once imported to the nucleus, these proteins can regulate transcription of targeted 
genes by directly binding to specific DNA sequences.  
 
MSCs osteogenic differentiation is based on the physical interaction of RUNX2, master 
regulator of the osteogenic differentiation pathway, and Smad (Rahman et al. 2015). BMP 
ligands can also activate mitogen-activated protein kinases (MAPK) signalling pathways, 
especially extracellular signal-regulated kinases 1/2 (ERK1/2) and p38, which are smad-
independent, as described in Figure 9c. MAPK pathways (ERK1/2, p38 and c-Jun N-
terminal kinases (JNK)) have been reported to be activated in a time-dependent manner 
during MSCs differentiation in osteoinductive cultures (Jaiswal et al. 2000).  
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Due to the important character of the BMP pathway on MSCs osteogenic fate determination, 
several authors have evaluated different molecular players of this cascade as potential 
targets activated by electrical stimulation.  
 
Pulsed electromagnetic fields, either used alone or in combination with BMP-2, have been 
demonstrated to simultaneously activate by phosphorylation Smad 1/5/8 and the non-smad 
MAPK pathway p38 in MSCs. PEMFs can also enhance BMPRI (ALK2) expression in the 
middle-late phase of MSCs osteogenic differentiation. Inhibition of these signalling 
pathways resulted in a reduced expression of RUNX2, ALP activity and OCN production 
(Martini et al. 2020). Similarly, Zhang et al. (J. Zhang, Neoh, and Kang 2018) confirmed the 
upregulation of BMP-2 and its receptor BMPRIA (ALK3) when MSCs were cultured and 
electrically stimulated on chitosan/polypyrrol scaffolds. Huang et al. (Y. Huang et al. 2019) 
also used conductive silicon surfaces to stimulate osteogenic progenitors and related their 
differentiation to BMP-2 and 4 upregulation and phosphorylation of Smad 1/5/9. All these 
results show the ability of ES to promote osteogenesis via BMP/Smad signalling pathway, 
among other signalling cascades. 
 
Yong et al. (Yong et al. 2014) corroborated the role of MAPK signalling cascades in 
osteogenic fate determination of MSCs when stimulated by electromagnetic fields. p38 and 
ERK1/2 were phosphorylated whereas JNK was found not to be activated. The authors also 
confirmed the involvement of the cAMP-PKA pathway, but no relation was described 
between both signalling cascades, bringing out the fact that electromagnetic fields could 
independently activate at least two signalling pathways. On the other hand, Jansen et al. 
(Jansen et al. 2010) did not find increased ERK phosphorylation after MSCs stimulation and 
osteogenic differentiation using PEMFs. The use of different magnetic fields (frequencies, 
strengths and waveforms) leads to contradictory results, indicating that different stimulation 
parameters could induce different signalling pathway activities and result in different effects.  
 
General ES by direct coupling has also proved that the signal is transduced to the cells 
through MAPK pathways (Srirussamee et al. 2021). ES induced ERK1/2 phosphorylation 
within the first 30 minutes of treatment leading to an increase in c-FOS and c-JUN mRNA 
expression in the early stage of ES. Once again, JNK could not be related to osteogenic 
differentiation mediated by ES, narrowing the circle to p38 and ERK1/2 as main effectors 
of the MAPK pathway in response to electrical stimulation. Hronik-Tupaj et al. (Hronik-Tupaj 
et al. 2011) went further and demonstrated the upregulation of hsp27 and hsp70 and 
hypothesized that hsp70 can activate the ERK1/2 pathway through Raf-1 and Bag1, 
enhancing the expression of RUNX2.  
 
Intracellular calcium oscillations have also been described as potential effectors of MSCs 
differentiation caused by ES, since Ca2+ is a well-known second messenger involved in 
several cellular responses (Berridge, Lipp, and Bootman 2000). Osteoinductive factors, 
including physical stimuli, have been shown to reduce intracellular calcium spikes to a 
similar level to those found in terminally differentiated human osteoblasts. Electrical 
stimulus seems to be involved in mediating differentiation through G-protein coupled 
receptors (GPCR), coupling to phospholipase C (PLC) near the cell surface, which in turn 
liberates Ca2+ from the endoplasmic reticulum. It is hypothesized that PLC-mediated 
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signaling can activate Protein kinase C (PKC) and potentially couple to the MAPK cascades, 
as described in Figure 9a (S. Sun et al. 2007).  
 
Calcium ion channels, such as VGCC, can also mediate Ca2+ influx into the cell in response 
to membrane depolarization and might activate ERK1/2 cascade acting downstream of Ras 
(Wortzel and Seger 2011). They have been considered as the main targets of PEMF action 
(Pall 2013). Petecchia et al. (Petecchia et al. 2015) detected an augmented expression of 
L-type VGCC when MSCs were stimulated with osteogenic media and PEMF for 27 days, 
while PEMF seemed to influence [Ca2+]i after 9 days of exposure, leading to an increase of 
30 % compared to cells cultured in OM. Zhang et al. (J. Zhang et al. 2016) also described 
the role of VGGC in MSCs osteoblastogenesis in response to substrate-mediated ES, 
demonstrating that matrix mineralization was mediated by an influx of Ca2+ and not via Ca2+ 
release from internal stores. They also detected the role of other ion channels (Na+, K+ and 
Cl-) in the ES-induced enhancement of MSCs functions, but not as important as that of 
VGCC. Jing et al. (Jing et al. 2019) corroborated this hypothesis reporting an increase in 
[Ca2+]i in MSCs stimulated on conductive coated PPy fibres attributed to the activation of 
voltage-gated Ca2+ channels.  
 
This increase in intracellular calcium concentration is mainly mediated by the Ca2+ binding 
protein calmodulin, which undergoes pronounced conformational changes to activate 
downstream effectors (Berridge, Lipp, and Bootman 2000). CaM expression has reported 
to be increased in MSCs after 21 days of ES suggesting the involvement of 
calcium/calmodulin pathway in the differentiation process mediated by this stimulus (Leppik 
et al. 2018). Osteogenic differentiation activated by Ca2+/CaM might be related with the 
activation of the osteoblast specific transcription factor Osterix. CaM is able to interact with 
calmodulin-dependent protein kinases (CaMK), specially CaMKII, which in turn regulate 
OSX during osteoblast differentiation. Osterix proteins regulate the expression of many 
osteogenic factors including osteonectin, osteopontin, osteocalcin and alkaline 
phosphatase (Choi et al. 2013). Piezoelectric stimulation has proven to activate the same 
signalling pathway. Liu et al. (W. Liu et al. 2020) demonstrated an increase in intracellular 
calcium concentration which lead to p38 phosphorylation and promotion of osterix 
expression, thereby achieving the osteogenic differentiation of MSCs when cultured in 
dynamic conditions in piezoelectric cell culture supports (Figure 9b).  
 
Other signaling pathways have been proposed as activated in response to ES, such as the 
Notch pathway. Notch receptors are activated by a ligand (Jagged-1,-2 and Delta-like (DII)-
1,-3 and -4) on adjacent cells, resulting in the cleavage of the Notch intracellular domain 
(NICD) and its translocation to the nucleus, activating the transcription of nuclear gens of 
the Hes/Hey family, described in Figure 9e (Luo et al. 2019). Contradictory effects of Notch 
cascade on osteoblastogenesis have been described due to its role in the inhibition of the 
Wnt/b-catenin pathway, but the overexpression of NICD or ligand jagged1 enhanced 
mineralization in MSCs cultures (Deregowski et al. 2006). Bagheri et al. (Bagheri et al. 
2017) described the upregulation of the Notch target genes Hes5, Hes1 and Hey1 during 
the middle-late times of differentiation (14-21 days) in response to PEMFs. Nevertheless, 
the inhibition of the Notch pathway did not reduce the expression of Hey1, indicating that it 
is not directly modulated by Notch but might be regulated by the BMP pathway. This again 
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highlights the idea of a synergistic activation of different signalling cascades acting together 
in response to electrical stimulation.   
 

 
Figure 9. Activated signaling pathways in MSCs by electrical stimulation. a) G-protein coupled 
receptors bind phospholipase C (PLC) liberating Ca2+ from the endoplasmic reticulum. The 
increase in intracellular calcium concentration activates protein kinase C (PKC) activating 
MAPK pathway. b) Voltage gate calcium channels allow the entrance of calcium in the 
cytoplasm, which binds to calmodulin (CaM) that interacts calmodulin-dependent protein 
kinases (CaMKs) promoting osterix (OSX) expression. c) Bone morphogenetic protein 
receptors can be activated by a combination of BMP ligands and electrical stimulation, 
activating either the smad-dependent pathway, which leads to Runt-related transcription 
factor (RUNX2) expression or the independent one by activation of Mitogen activated protein 
kinases (MAPK) ERK and p38, which in turn can induce RUNX2 and OSX expression. d) 
Piezoelectric substrates with associated surface potential enhance protein adsorption and 
can modify their conformation, exposing adhesion domains recognized by integrins. 
Integrins mediate the response by activating focal adhesion kinase (FAK). e) Notch signaling 
pathway may be activated by electrical stimulation, promoting Hey1, Hes5 and Hes1 
expression when the Notch receptor intracellular domain (NICD) is cleaved and travels to the 
nucleus. f) Cell-cell connections together with piezoelectric stimulation can produce the 
activation of the Wnt/b-catenin signaling pathway. b-catenin liberates from E-cadherin, due to 
a reduction in intracellular calcium concentration, leading to its accumulation in the 
cytoplasm and its translocation to the nucleus, promoting T cell factor/ lymphoid enhancer 
factor (TCF/LEF) expression (Guillot-Ferriols et al. 2022). 
 
Activated signalling pathways take a different turn when culturing MSCs on piezoelectric 
cell culture supports. The presence of an associated surface potential can influence protein 
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conformation, either from cell culture media or coatings, and exposure of adhesion motifs, 
modifying cell response. Fibronectin is a typically used protein to coat hydrophobic 
biomaterials lacking cell adhesion properties, specially the piezoelectric polymer PVDF (C. 
Ribeiro, Panadero, et al. 2012; Guillot-Ferriols et al. 2020; Sobreiro-Almeida et al. 2017). It 
has been demonstrated that RGD adhesion domain presentation can vary depending on 
the presence of a surface charge (C. Ribeiro, Panadero, et al. 2012). It is therefore obvious 
to think of integrins, the principal receptors for binding extracellular matrix proteins and 
integrating the signals between the ECM and the cytoskeleton (Alberts et al. 2002), 
activating mechanotransduction signalling pathways. Jia et al. (Jia et al. 2019) described 
the expression of α5-β1 integrin pair, a fibronectin receptor, in MSCs cultured on PVDF-
TrFE films with different surface potentials coated with fibronectin. This expression was 
consistent with the one of focal adhesion kinase (FAK), the main protein of the integrin-
mediated osteogenic differentiation signalling pathway. When FAK is recruited to focal 
adhesions by cytoskeletal anchor proteins such as talin and paxillin, clustered FAK 
molecules phosphorylate, create a phosphotyrosine docking site for members of the Src 
family These Src protein bind Growth factor receptor bound 2 / son of sevenless (Grb2/Sos), 
which in turn are able to activate ERK (Figure 9d) (Guan 1997; Alberts et al. 2002). As 
explained earlier, ERK activation leads to MSCs osteogenic differentiation. Other authors 
have described an increase in cell adhesion and consequently an enhanced osteogenic 
differentiation when MSCs were cultured on charged substrates, which may lead to 
hypothesizing about the involvement of the FAK/ERK signalling pathway (Z. Zhou et al. 
2016; Pärssinen et al. 2015).  
 
Mitochondrial function, and therefore changes in oxygen metabolism, have also been 
related to the regulation of MSCs osteodifferentiation induced by electroactive materials (C. 
Zhang et al. 2018). Mitochondrial membrane potential (MP) and reactive oxygen species 
(ROS) can vary regarding the surface charge of the piezoelectric material and their d33 
coefficient, indicating that the electrical environment has a dose-response relationship with 
bone regeneration. Nevertheless, no related signalling pathway has been proposed to be 
activated in response to these variations in Mitochondrial MP and ROS. Further research 
may be needed to elucidate the underlying mechanism. 
 
Besides interactions with ECM proteins, cell-cell connections through connexins such as E-
cadherin and their cytoplasmatic effectors, catenins, have been described as potential 
mechanisms of piezoelectric signalling transduction. Zhang et al. described an increase in 
b-catenin expression in the middle-late stage (14 days) closely related to the presence of 
more connected cells. This connection help to generate a stable hyperpolarization in the 
cell membrane potential in response to piezoelectric stimulation. In earlier stages, cells are 
not well connected, leading to the impossibility of reaching a stable hyperpolarized state. In 
response to cell membrane hyperpolarization calcium channels close, resulting in the 
separation of b-catenin from E-cadherin and its accumulation in the cytoplasm. Wnt/b-
catenin signalling pathway is hypothesized as responsible activated signalling cascade, 
depicted in Figure 9f (Jiamin Zhang et al. 2020). In fact, Wnt/b-catenin can activate 
osteogenic differentiation program in MSCs through b-catenin binding to T cell factor/ 
lymphoid enhancer factor (TCF/LEF) transcription factor (Day et al. 2005). The involvement 
of the Wnt signalling pathway was also described by Li et al. (J. Li et al. 2015). Wnt4 was 
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found to be urpregulated during MSCs osteogenic differentiation cultured on piezoelectric 
crystal substrates. BMP2 was also overexpressed, although there is insufficient evidence 
to explain the relationship between TFG-b/Wnt signalling pathways and osteogenic 
differentiation. This work reinforces the idea of the influence of a charged surface in 
enhancing serum protein adsorption and therefore enhancing MSCs spreading ability 
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Hypothesis and Objectives 
 
 
 
 
 
 
 

 
1. Hypothesis 
Mesenchymal stem cells play an essential role in bone’s growth and regeneration in vivo. 
Their self-renewal and differentiation capacity to osteoblasts and the fact that they are easy 
to obtain make them suitable candidates for bone therapeutic approaches after injury. 
Nevertheless, as has been discussed in the previous chapter, MSCs are highly sensitive to 
harsh microenvironments. The altered homeostasis of the stem cell niche at the injured site 
may not provide the right cues to initiate the osteogenic differentiation of injected MSCs. 
Although the number of pre-clinical studies using MSCs and biomaterials to treat bone 
defects has increased in the recent years, the approaches that made their way into clinical 
studies, with low number of patients, show non consistent results. The inconsistency may 
be related with the lack of osteogenic differentiation of the implanted cells. In fact, several 
authors have demonstrated that a stable pre-differentiated phenotype induced in vitro, prior 
to transplantation, is an essential requirement for the success of MSCs-based therapies.  
 
Biochemical induction based on dexamethasone is the most common approach for 
determination of MSCs osteogenic fate in vitro. However, this corticosteroid can produce 
the undesired guidance of MSCs towards the adipogenic lineage besides inducing 
osteogenic differentiation. Alternatives based on physical cues have demonstrated to act 
more precisely and have emerged as an alternative to direct MSCs differentiation towards 
the osteogenic lineage. MSCs find themselves subjected to an electrically active 
environment due to the piezoelectric properties of the collagen fibres that conform bone’s 
organic extracellular matrix. Bone piezoelectricity has been correlated with its capacity to 
adapt to mechanical stress and self-regenerate. For that reason, in this Doctoral Thesis it 
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is hypothesized that electromechanical stimulation of MSCs provided by biomimetic 
piezoelectric cell culture supports can be used to pre-differentiate them, specifically guiding 
their differentiation towards the osteogenic lineage and enhancing the results of bone 
regenerative therapies. 

 
2. Objectives 
In order to address the proposed hypothesis, the main objective is to produce and optimize 
2D and 3D biomimetic piezoelectric cell culture supports to electromechanically stimulate 
MSCs and test their differentiation in vitro. These supports will be made of poly(vinylidene) 
fluoride combined with cobalt ferrite oxide magnetostrictive nanoparticles. The combination 
of a piezoelectric and a magnetostrictive phase will produce magnetoelectric composites 
that can be stimulated at cell culture level using a magnetic bioreactor. The deformation of 
the magnetostrictive phase under the effect of the magnetic field produced by the bioreactor 
will, in turn, deform the polymer matrix, generating a change in the surface charge of the 
piezoelectric polymer and transmitting the stimulus to the cultured MSCs.  
 
To achieve the proposed objectives, the following methodology has been implemented: 

I. Manufacturing of stimulable piezoelectric cell culture supports with different 
morphologies (flat films, membranes and microspheres) based on the combination 
of PVDF and CFO.  

II. Electric, magnetic and physical characterization of the cell culture platforms.  
III. Obtainment of biomimetic microenvironments for MSCs culture by functionalization 

of the proposed supports with biomolecules present in bone’s extracellular matrix.  
IV. Evaluation of electromechanical stimulation on MSCs viability, proliferation, and 

differentiation towards the osteogenic lineage.  
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Abstract  
Bone’s inherent piezoelectricity is a key factor in regulating bone growth and mesenchymal 
stem cells (MSCs) fate towards the osteogenic lineage. The piezoelectric polymer 
poly(vinylidene) fluoride (PVDF) was thus used to manufacture electroactive membranes 
by means of non-solvent induced phase separation (NIPS), producing porous membranes 
with approximately 90 % of g-phase for MSCs culture. The combination of the porous 
surface and PVDF hydrophobicity hinders cell adhesion and requires a coating to improve 
cell culture conditions. A layer-by-layer (LbL) method was used to deposit elastin-like 
recombinamers (ELRs) containing RGD sequences applying click cross-linking chemistry. 
ELRs potential was confirmed by comparing traditional fibronectin adsorption with ELRs 
LbL on PVDF electroactive membranes. Porcine bone marrow MSCs preferred ELRs-
coated surfaces, which enhanced initial cell adhesion and improved proliferation after 7 
days. These findings lead to new possibilities for regenerative therapies in the area of bone 
tissue engineering, offering the advantages of MSCs commitment towards the osteogenic 
lineage by applying electro-mechanical stimulation on electroactive substrates.  
 
Keywords 
Poly(vinylidene) fluoride; piezoelectricity; elastin-like recombinamers; RGD; layer-by-layer; 
mesenchymal stem cells 
 

1.1. Introduction 
Poly(vinylidene) fluoride (PVDF) is a piezoelectric semi-crystalline polymer which can 
crystallize into five polymorphs, a, b, g, d and e. Chain conformations, all trans (TTT) planar 
zigzag and T3GT3G for b and g phases respectively (Lovinger 1982), and the 
electronegativity difference between fluorine and hydrogen atoms create a net dipole 
moment in these polymorphs and confer them electroactive properties (Martins, Lopes, and 
Lanceros-Mendez 2014).  
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PVDF has been proposed as a candidate for bone tissue engineering (TE) applications due 
to its capacity to produce a surface charge variation when a mechanical input is applied 
(Jacob et al. 2018), reproducing bone’s inherent piezoelectricity, as discovered by Fukada 
and Yasuda (Fukada and Yasuda 1957). This mechanism is hypothesized to be involved in 
bone’s capacity to adapt to mechanical stress and tissue regeneration (Ahn and Grodzinsky 
2009). Electro-mechanical stimulation has been shown to enhance cell viability, proliferation 
and differentiation on osteogenic progenitors (C. Ribeiro, Moreira, et al. 2012; C. Ribeiro, 
Correia, et al. 2015; Sobreiro-Almeida et al. 2017).  
 
Specific bioreactors, compatible with cell culture conditions, have been designed to fulfil the 
need of transmitting stimulus or cues to different cell types cultured on a wide variety of 
supports (Castro, Ribeiro, et al. 2020; Castro, Fernandes, et al. 2020). As a matter of fact, 
bioreactor systems based on a vertical vibration module have been used to electro-
mechanically stimulate human adipose stem cells, mechanically deforming the PVDF matrix 
and transmitting the electrical stimulus to the cells (C. Ribeiro, Pärssinen, et al. 2015; S. 
Ribeiro et al. 2020).  
 
The interest in using PVDF in bone TE lies in the presence of the electroactive phases, 
which can be obtained during the manufacturing process. The PVDF a-phase is usually 
obtained as crystallization from the melt results in this polymorph (Gregorio 2006). The b-
phase can be produced by uniaxial stretching of the a polymorph (Sencadas, Gregorio, and 
Lanceros-Méndez 2009), which is a two-step process. Crystallization below 70 ºC using 
polar solvents such as dimethylformamide can obtain both b and g electroactive phases 
(Pagliero et al. 2020; Boccaccio et al. 2002), reducing the manufacturing process to a single 
step (C. Ribeiro et al. 2018) and allowing the support to be manufactured in complex 
shapes.   
 
Non-solvent induced phase separation (NIPS), which consists of the precipitation of the 
polymer cast on a surface by immersing it in a coagulation bath containing a non-solvent, 
is compatible with the above-mentioned parameters (Wang et al. 2009; Cheng 1999). 
Different topographies and diverse electroactive contents can be obtained from different 
applied manufacturing conditions (Liu et al. 2011) in a reliable, cost-effective and simple 
method of producing electroactive PVDF supports for cell culture (Guillot-Ferriols et al. 
2020). 
 
When considering PVDF for biological applications the surface properties must be modified 
to control cell behaviour due to its high hydrophobicity (Webb, Hlady, and Tresco 1998). 
When culturing cells with osteogenic characteristics fibronectin adsorption is usually applied 
to enhance their initial adhesion and proliferation (Sobreiro-Almeida et al. 2017; C. Ribeiro, 
Panadero, et al. 2012; C. Ribeiro, Pärssinen, et al. 2015), however fibronectin has proven 
to be ineffective in highly porous PVDF supports regarding mesenchymal stem cell (MSCs) 
adhesion (Morales-Román et al. 2019). Elastin-like recombinamers (ELRs) have arisen as 
suitable biomolecules for biomimetic polymer coatings that include specific biofunctional 
sequences. ELRs are synthetic elastin-inspired polypeptides, produced by DNA 
recombinant technologies, formed by repetitive sequences comprising the most widely used 
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pentapeptide domain Val-Pro-Gly-X-Gly (VPGXG), X being any natural or modified amino 
acid, with the exception of L-proline (Rodríguez-Cabello et al. 2009). ELRs can be 
engineered to incorporate bioactive sequences with specific properties for cell attachment, 
proliferation and differentiation (Girotti et al. 2004). In this regard, the Arg-Gly-Asp (RGD) 
sequence, found in a number of extracellular matrix proteins, is known to mediate cell 
attachment and spreading (Berg et al. 2004; Ruoslahti 1996). This domain was one of the 
first bioactive motifs introduced to the ELR main chain (Nicol, Channe Gowda, and Urry 
1992) and was applied as a substrate coating, showing improved cell affinity (Costa et al. 
2009). Besides mediating cell adhesion, the RGD sequence has been shown to be involved 
in MSCs differentiation towards the osteogenic lineage (Qu et al. 2010; Yang et al. 2005; 
Shin et al. 2005; Anderson et al. 2012). 
 
Biocompatible ELRs click hydrogels can be obtained by interchain crosslinking via catalyst-
free Hüisgen 1,3-dipolar cycloaddition under physiological conditions in a mild and cell-
friendly process with atom economy (I. González De Torre et al. 2014). These click 
hydrogels are outstanding candidates for tissue engineering (Nettles, Chilkoti, and Setton 
2010) in general and as layer-by-layer (LbL) stable and biomimetic coatings, with increased 
adhesion and proliferation when RGD is incorporated, establishing the basis of future 
biomedical applications (Sousa et al. 2017).  
 
In this study we combined electroactive PVDF membranes produced by NIPS with ELRs 
containing RGD sequences deposited on their surface by the LbL technique, applying the 
click crosslinking approach, as cell culture supports for in vitro mesenchymal stem cell 
culture. The effectiveness of ELRs LbL coating on PVDF electroactive supports was 
compared with traditional fibronectin adsorption using porcine bone marrow MSCs. The 
results on cell proliferation on the ELRs-coated materials obtained show that they are 
promising candidates for electro-mechanical stimulation approaches.  
 

1.2. Materials and methods 
1.2.1. Electroactive membrane preparation 

Poly(vinylidene) fluoride membranes were produced by the non-solvent induced phase 
separation technique, for which a 20 % (w/v) PVDF solution (Solef® 6010 PVDF 
Homopolymer, Solvay) was prepared in dimethylformamide (DMF) (Scharlab, synthesis 
grade). The solution was magnetically stirred at 60 ºC until complete dissolution of the 
polymer. Prior to membrane preparation, the solution was kept non-stirred for 30 min to 
remove air bubbles and then spread on a glass plate with a 750 µm casting knife. The plate 
was immersed in a coagulation bath containing absolute ethanol (Scharlab) at 25 ºC for 1 
h. After complete precipitation, the membranes were washed under agitation for 24 h in 
deionized water to remove excess ethanol and remaining traces of DMF, with a water 
change every two hours. Once washed, the membranes were frozen at -80 ºC and 
lyophilized for 24 h.  
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1.2.2. Membrane characterization 
1.2.2.1. Morphological analysis 

Membrane surface and cross-section morphology were analysed by means of Field 
Emission Scanning Electron Microscopy (FESEM). Samples were coated with platinum 
following a standard sputtering protocol for 90 s (JFC 1100, JEOL, Japan) and visualized in 
an Ultra 55 microscope (Zeiss). Accelerating voltage was 2 kV. Surface spherulite diameter 
was measured using ImageJ software (National Institutes of Health, Bethesda, Maryland, 
USA). Three different membranes from three different batches were analysed with 100 
spherulites per sample. 
ELRs deposition by the layer-by-layer technique was also confirmed by acquiring images 
of the coated surface and the cross-section by FESEM applying an accelerating voltage of 
1 kV.  
Porosity of the developed membranes was measured filling the pores with ethanol and 
applying Equations 1 and 2:  
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                Eq. 2 

 
where mwet and mdry are the weight of the membranes before and after immersion in ethanol, 
respectively. rethanol is ethanol density (0.789 g/cm3). PVDF volume (VPVDF) was calculated 
from the dry weight of the membrane and assuming a density of 1.775 g/cm3. 
Three replicates per sample were measured from three different samples produced in 
different preparations.   
 

1.2.2.2. Analysis of the electroactive phases 
The electroactive phase content present in the membranes was assessed by Fourier-
transform Infrared Spectroscopy (FTIR). Benz and Euler (Benz and Euler 2003) defined a 
simple method to quantify PVDF crystalline phases present in a sample, especially in the 
remarkable presence of g-phase. Different phases were identified by their representative 
absorption bands (762 cm-1 for a, 1279 cm-1 for b and 835 cm-1 for g). Since the absorption 
band at 835 cm-1 has contributions from b, g and the amorphous phase, the g -phase fraction 
(F(g)) present in the sample can be calculated applying the following equations (Benz and 
Euler 2003; Chang et al. 2016):  
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Where Xa and Xg are the fraction of a and g phases and Aa and Ag are their absorptions at 
762 and 835 cm-1, respectively. K is the characteristic absorption coefficient at the 
characteristic wavenumber of each of the phases (𝐾7456	= 0.365 µm-1, 𝐾.+,-	= 0.15 µm-1, 𝐾1&+,- 
= 0.0259 µm-1 (Benz and Euler 2003)), Xtotal is total sample crystallinity and t is its thickness. 
The b-phase contribution to Equation 4 is negligible since there is no peak presence at 1279 
cm-1. Also, the high crystallinity of the membranes makes 𝐾1&+,- much larger than 𝐾1&+,-(1 −
𝑋2"213) and 	𝐾.+,-	is five times larger than 𝐾1&+,-. In this case, equation 3 can be reduced to: 
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        Eq. 7 

 
Measurements were taken on an ALPHA FTIR spectrometer (Bruker) in ATR mode from 
4000 to 400 cm-1 at a wavelength resolution of 4 cm-1. Three different membranes from 
three different batches were analysed. 
 

1.2.2.3. Membrane’s crystalline content 
Differential Scanning Calorimetry (DSC) was used to determine the degree of crystallinity 
(Xc) of the PVDF membranes produced and their melting temperature. The samples were 
scanned in a DSC Pyris 1 (PerkinElmer) calorimeter, previously encapsulated in aluminium 
pans, from 0 °C to 200 °C at a heating range of 20 °C/min in a dry nitrogen atmosphere.  
Xc was determined by means of the following equation (Benz and Euler 2003; Lopes et al. 
2011; Chang et al. 2016): 
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Where ∆Hm is the melting enthalpy of the PVDF membranes measured in DSC and 𝛥𝐻8@@ 
is the melting enthalpy for a 100 % crystalline sample of pure PVDF, whose value is 104.7 
J/g (Nakagawa and Ishida 1973). Three different membranes from three different batches 
were analysed.  
 

1.2.2.4. Poling method and piezoelectric coefficient evaluation  
The porous membranes were poled by the contact method, with the polymer membranes 
placed inside a silicone oil bath to prevent electrical breakdown. Adhesive aluminium tape 
was used as electrode materials on both membrane surfaces. Polarization conditions were 
optimized to a final electric field of ~10 kV at a constant current of 10 µA for 1 h at a 
temperature of 120 ºC. After the poling time, the membranes were cooled down to room 
temperature under the application of the electric field.  
The piezoelectric d33 response was analysed on a Wide Range d33-meter Model 8000, 
APC Int Ltd). 
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1.2.3. Elastin-like recombinamers deposition on poly(vinylidene) 
fluoride membranes  

1.2.3.1. Biosynthesis and purification of elastin-like 
recombinamers 

ELRs were bioproduced by genetic engineering technology and purified by Inverse 
Transition Cycling (ITC) (Pinedo-Martín et al. 2014; Meyer and Chilkoti 1999), exploiting 
their thermosensitive behaviour. The ELR thus obtained was named as HRGD and its 
amino acid sequence was: 
HRGD: MGSSHHHHHHSSGLVPRGSH-MESLLP-{[(VPGIG)2(VPGKG)(VPGIG)2]2-
AVTGRGDSPASS- [(VPGIG)2(VPGKG)(VPGIG)2]2]}6-V   
The polymer contained VPGKG pentapeptide located uniformly along the main chain to 
enable further chemical modification through the ε-amine group of lysines. The HRGD 
biopolymer also contained the peptide loop found in human fibronectin, the carrier of the 
specific RGD sequence for cell adhesion. ELR purity and chemical characterization were 
verified by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS–PAGE), 
matrix-assisted laser desorption/ionization time-of-flight (MALDI-ToF) mass spectrometry, 
amino acid composition analysis, differential scanning calorimetry and nuclear magnetic 
resonance (NMR) (Girotti et al. 2015). 1H-NMR spectroscopy and MALDI-ToF-mass 
spectrometry were carried out in the Instrumental Techniques Laboratory (LTI) of the 
Research Facilities of the University of Valladolid. 
 

1.2.3.2. Elastin-like recombinamers chemical modification 
ELRs were chemically modified to carry cyclooctyne or azide groups in the lateral chain, 
obtaining the corresponding modified biopolymers (the one bearing cyclooctyne 
derivatization was labelled RGD-CO and the one with azide groups RGD-N3). The 
biopolymer chemical functionalization was carried out by modifying the ε-amine groups, as 
previously described (I. González De Torre et al. 2014). 
 
To modify HRGD with a cyclooctyne group, the ELR was dissolved in DMF (Sigma) at a 
final concentration of 0.05 g/mL at room temperature in an inert atmosphere. Bicyclo [6.1.0] 
non-4-yn-9-yl-methyl N-succinimidyl carbonate (0.6 eq, Mw 291.30 mg/mmol, GalChimia, 
A Coruña, Spain) dissolved in DMF was then added to the ELR solution at a final 
concentration of 3.3 mg/mL. The resulting mixture was stirred for 48 h at room temperature 
in an argon atmosphere. The modified RGD-CO was purified by precipitation with diethyl 
ether. The resulting white solid was washed 3 times with acetone and dried under reduced 
pressure. The solid was re-dissolved in cold ultrapure MQ water at 4 °C, dialyzed against 
MQ water, filtered through 0.22 μm filters (Nalgene) and the sterile solution was freeze-
dried prior to storage. 
 
Following the same procedure, HRGD was modified to bear an azide group. This time 2-
Azido ethyl (2,5-dioxopyrrolidin-1-yl) carbonate (0.6 eq, Mw 228.17 mg/mmol, GalChimia, 
A Coruña, Spain) was dissolved in DMF and then added to the ELR solution at a final 
concentration of 1.3 mg/mL. RGD-N3 was purified as previously described. 
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The modified RGD-CO and RGD-N3 biopolymers were characterized by NMR, MALDI-ToF 
and Fourier-transform infrared spectroscopy (FTIR-ATR) (supplementary material). MALDI-
ToF and 1H-NMR (in DMSO-d6) enabled us to quantify the degree of lysine modification.  
 

1.2.3.3. Layer-by-Layer procedure for elastin-like recombinamers-
covered poly(vinylidene) fluoride membranes 

PVDF membranes cut into 1 cm2 squares were used as the substrate for the ELRs coating. 
The square surfaces were indicated by a sign on the opposite face to the cell culture. These 
substrates were first cleaned and activated by argon plasma treatment. This treatment is a 
cleaning and activation step aimed at promoting a better coating improving adsorption of 
the first layer onto the surface.  The membranes were placed in the chamber and vacuum 
was generated (P=600 mTorr), a high-frequency (29.6 W) 20 mL/min argon plasma flow 
passed through the samples for the appropriate time (1, 5, 20 and 30 minutes) to optimize 
the plasma treatment activation time.  
 
Secondly, different ELRs solution concentrations and immersion orders were studied to 
achieve the best coating for cellular assays. The ELRs modified with either cyclooctyne or 
azide groups were dissolved at 10 or 25 mg/mL, according to the assay, in water at 4 ºC 
overnight and stored at this temperature in separate containers. pH value of the different 
solutions was 7.5. pH control is less critical than in other conventional layer-by-layer 
protocols since the link between layers is produced by click reaction between azide and 
cyclooctine groups, non-acid species. Selecting the optimized plasma treatment protocol, 
the activated PVDF membranes were sequentially immersed in the ELRs solutions with 
either RGD-N3 or RGD-CO as the first layer for two seconds and left to dry for five minutes 
between dippings to generate the first bilayer. A drying step, instead of washing, was 
chosen in order to assure that the click reaction between the layers was produced. 
Washings would probably remove the coating without letting the covalent crosslink to end. 
The process was then repeated and after being left to dry for 45 minutes the membranes 
were freeze-dried. Two bilayers were selected as the optimal number of layers as it was 
enough to completely cover the surface obtaining the thinnest membrane coating. The 
optimized protocol is described in Scheme 1.1. 
 

 
Scheme 1.1. Illustration of the optimized layer-by-layer process with RGD-N3 (as first layer) 
and RGD-CO ELRs onto plasma treated PVDF membranes. 
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1.2.3.4. Characterization of elastin-like recombinamers-covered 
poly(vinylidene) fluoride membranes 

As process control, the non-activated, activated and the final biofunctionalized membranes 
were evaluated by contact angle measurements determined by a sessile drop method using 
a Data Physics OCA20 instrument equipped with an adapted CCD video camera. The 
coating performance was analysed by Fourier-transform infrared spectroscopy (FTIR-ATR) 
on a Bruker TENSOR 27 acquiring 64 scans between 500-4000 cm-1 to compare the spectra 
of the biofunctionalized, plasma treated and non-coated membranes. The membrane 
surfaces and cross-section morphology were analysed by FESEM as described in Section 
2.2.1. 
 

1.2.4. Cell culture assays  
Porcine bone marrow mesenchymal stem cells (pMSCs) were used to study the cell 
proliferation response. pMSCs were expanded in basal medium containing Dulbecco’s 
modified Eagle medium (DMEM) high glucose (4.5 g/L) with GlutaMAXTM (Gibco), 10 % 
(v/v) Foetal Bovine Serum, FBS (Gibco), 100 U/mL penicillin-100 µg/mL streptomycin, P/S 
(Life technologies), and 5 ng/mL of Fibroblast Growth Factor 2, FGF-2 (Eurobio), at 37 ºC 
in a humidified atmosphere with 5 % CO2. All the experiments were performed in passage 
5.  
 
After choosing the best layer-by-layer protocol for ELRs deposition, coated (PVDF + ELRs) 
and non-coated membranes (PVDF) were cut into 8 mm disks to fit on the bottom of a 48 
well plate. Samples were sterilized by UV for 20 minutes on each side, after which the 
membranes were washed in ethanol 70 % (v/v) for 15 minutes under shacking and washed 
6 times in Dulbecco’s Phosphate Buffered Saline, DPBS (Sigma-Aldrich) to eliminate 
possible traces of ethanol. Glass slides, used as controls, were sterilized by sonication in 
ethanol for 10 minutes and then were exposed to UV for 20 minutes each side.  
 
After sterilization, the non-coated membranes and glass slides were incubated in a solution 
of human plasma fibronectin (Sigma-Aldrich; 20 µg/mL) for 1 hour at room temperature. 
Fibronectin coating was used to compare the effectiveness of ELRs layer-by-layer 
deposition and the traditional protein adsorption. After fibronectin coating, the samples were 
washed twice with DPBS to remove non-adsorbed fibronectin. The samples were placed in 
a 48 well plate, 3 replicates per group, and silicon rings were used to prevent the 
membranes from floating inside the wells, glass slides included. Basal medium without FBS 
or FGF-2 was added to the wells to condition the membranes before cell seeding.  
 
12 h before cell seeding, the cells were starved in basal medium containing 1 % (v/v) FBS 
to synchronize the cell cycle. To study cell proliferation the cells were seeded at a density 
of 8 x 103 cells/cm2 in basal medium without FBS to promote cell adhesion either to 
fibronectin or ELRs containing RGD sequences. 100 µL containing the required number of 
cells was deposited on top of each sample inside the silicon rings. 3 h later, after cell 
attachment, the required volume of basal medium and FBS for a final concentration of 10 
% (v/v) was added to each well. The medium was changed every 2 or 3 days. After 24 h, 3 
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and 7 days the samples were fixed in a 4 % (v/v) paraformaldehyde solution (Panreac) for 
20 minutes. 
 
Initial adhesion and proliferation studies were carried out by means of staining cell 
cytoskeleton and nucleus. After fixation, the samples were permeabilized and blocked in 1 
% (w/v) bovine serum albumin (BSA; Sigma-Aldrich) solution in DPBS/0.1 % (v/v) Tween-
20 (Sigma-Aldrich) for 1 h at room temperature and then incubated with Alexa Fluor 
Phalloidin 488 (1:100 Fisher Scientific) for 2 hours in a humidified chamber. After washing 
the samples 3 times with DPBS/0.1 % (v/v) Tween-20 (Sigma-Aldrich), the PVDF 
membranes were treated with Sudan Black B solution following the protocol described in 
Morales-Román et al. (Morales-Román et al. 2019). As PVDF autofluorescence hinders 
image acquisition and cell counting, Sudan Black B treatment is necessary to obtain quality 
images of the cells. The samples were then washed 3 times with DPBS and incubated for 
20 minutes with DAPI (1:200; Sigma-Aldrich) in mounting medium. 
 
Four representative areas of each sample were studied, acquiring images with a 
fluorescence microscope (Nikon Eclipse 80i). The images were analysed on ImageJ 
software (National Institutes of Health, Bethesda, Maryland, USA). Two independent 
assays were carried out with three replicates per group. Results were normalized by initial 
cell seeding density (8 x 103 cells/cm2) and calculated as relative cell proliferation, 
expressed as Log2 of the ratio obtained. Each unit represents a doubling in the cell 
population. This representation method highlights MSCs initial adhesion and proliferation 
rate on the different conditions tested. Negative values indicate that the number of retained 
cells is lower than the initial number of seeded cells onto the biomaterial.  
 

1.2.5. Statistical analysis 
All results were expressed as mean ± standard deviation. Statistical analysis was performed 
on SPSS Software. Two-way ANOVA analysis was applied to the homogeneous groups 
after checking homoscedasticity by the Levene test. A 95 % confidence interval was set to 
accept significant inter-group differences (p-value < 0.05). 
 

1.3. Results and discussion 
1.3.1. Membrane characterization 

PVDF membranes were produced by non-solvent induced phase separation (NIPS) in an 
ethanol bath at 25 ºC. Of the wide variety of parameters, the selection of the proper non-
solvent in the coagulation bath is instrumental in membrane morphology formation. As 
PVDF is a semi-crystalline polymer, its precipitation during this process is determined by 
two events associated with crystallization: liquid-liquid demixing and solid-liquid demixing 
(Liu et al. 2011). The presence of ethanol in the coagulation bath, a soft non-solvent, 
reduces the solvent-nonsolvent exchange, allowing crystallization, a slower process, before 
liquid-liquid demixing takes place. Membrane structure and morphology were characterized 
by FESEM, as shown in Figure 1.1. Figure 1.1 (b) shows the symmetrical PVDF membranes 
with both porous surfaces on the top (Figure 1.1 (a)) and bottom (images of the bottom 
surface are not displayed). The use of soft solvents in the coagulation bath gives rise to 
symmetric membranes without the characteristic presence of finger-like structures or 
macrovoids present in water-bath produced membranes (Jung et al. 2016). Crystallization 
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occurs before crossing the binodal line, allowing crystalline globules to grow and coalesce 
(Pagliero et al. 2020).  
 
Surface topography is formed by a particulate-like morphology composed of PVDF globules 
or microbeads. These structures measure 1.1 ± 0.2 μm, in agreement with previous results 
reported by Lin et al (Lin et al. 2006). Pagliero et al. (Pagliero et al. 2020) manufactured 
PVDF membranes in ethanol baths varying the PVDF concentration in the initial solution. 
Highly concentrated PVDF solutions (above 14 % w/v) gave rise to smaller spherulites than 
the ones obtained from diluted solutions. A polymer concentration rise in the initial solution 
increases solution viscosity, favouring PVDF entanglements, restraining chain mobility and 
reducing spherulite growth, generating a more compact interconnected network, as in the 
case of the present membranes using 20 % w/v PVDF solution as shown in Figure 1.1 (a). 
These globules are connected to each other by fibrils, probably with the thickness of one or 
more folded lamellae, as previously reported by Lin et al. (Lin et al. 2003).  
 
Porosity was determined by filling the membrane pores with ethanol and applying Eqs. (1) 
and (2). Ethanol was chosen since PVDF is hydrophobic and its pores cannot be filled with 
water and this would underestimate the pore volume (Morales-Román et al. 2019). The 
PVDF membranes produced by NIPS in an ethanol coagulation bath had a porosity of 81.7 
± 0.5 %.   

 
Figure 1.1. Surface and cross-section FESEM images of PVDF membranes produced by non-
solvent induced phase separation before ELRs deposition by layer-by-layer (a and b) and 
after (c and d).  
 
Fourier-transform infrared spectroscopy (FTIR) has proven to be a valid method of 
identifying and quantifying the PVDF polymorphs present in different samples, applying the 
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equations cited in Section 2.2.3. Martins et al. (Martins, Lopes, and Lanceros-Mendez 2014) 
reviewed the characteristic absorption bands of the most common crystalline phases a, b 
and g. The non-electroactive a-phase is defined by the wavenumbers at 532, 614, 762, 795, 
855, 976 cm-1, the most representative and thus used to calculate its fraction being at 762 
cm-1. The bands at 445, 510, 840 and 1279 cm-1 are used to identify the b-phase, while 431, 
512, 812, 835 and 1234 cm-1 are used for the g-phase.  
 
The representative FTIR-ATR spectrum of PVDF membranes is displayed in Figure 1.2 (a). 
a-phase characteristic bands at 614, 762 and 976 cm-1 can be seen, as highlighted in the 
graph. Surprisingly, no b-phase peaks are present, especially the absence of one at 1279 
cm-1. However, most of the g-phase characteristic bands can be found in the sample, 
including 431, 835 and 1234 cm-1. Since 1234 cm-1 tends to appear as a shoulder, 835 cm-

1 is used to quantify the percentage of g-phase present in the membranes (Benz and Euler 
2003; Lopes et al. 2011; Chang et al. 2016, 2017). The absence of b-phase peaks makes 
its contribution to this 835 cm-1 negligible, allowing Equation 7 to be applied to obtain the g-
phase fraction. The g-phase is 93.3 ± 1.4 %, with just a small contribution from the a-phase 
(6.7 ± 1.4 %). 
 

 
Figure 1.2. Representative (a) FTIR-ATR spectrum and (b) DSC curve of PVDF membranes 
produced by non-solvent induced phase separation.  
 
Using FTIR to identify electroactive b and g phases is still a subject of debate, since their 
similar structure provides characteristic absorption bands which are a superposition of both 
phases. Traditionally, the band at 840 cm-1 has been used to identify the β-phase. 
Nonetheless, the presence of this band is sometimes shown as a shoulder at 833 cm-1 in 
the 840 cm-1 band, or as it is the case in the spectrum presented, the peak appears 
displaced towards 835 cm-1 indicating the presence of the γ-phase. This subtle 
displacement alone is not enough to assure the presence of this polymorph, however bands 
at 1279 and 1234 cm-1 can be used to clearly identify them, since the b and g contributions, 
respectively, are unique at these wavenumbers.   
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Obtaining the g-phase is more difficult than b and traditionally has only been achieved by 
isothermal crystallization at extremely high temperatures and slow cooling rates (Kim et al. 
2003). Adding fillers (Lopes et al. 2011) and crystallization under vacuum (Lizundia et al. 
2020) have also produced PVDF supports in this electroactive phase. Some authors have 
reported obtaining it by means of NIPS (Boccaccio et al. 2002; Chang et al. 2016). Highly 
polar solvents, such as dimethylformamide or dimethylacetamide, favour crystallization in 
trans phases due to their interaction with the polymer, rotating the C-F bond around the C-
C bonds of the chain backbone (Salimi and Yousefi 2004). In other words, the membranes’ 
g-phase is produced by the dipole rotation (a to g) induced by solvent polarity. The presence 
of alcohols in the coagulation bath has been found to favour the interaction between its -
OH groups and the DMF solvent (Chang et al. 2016). This phenomenon partially allows the 
rotation back to a conformation, leading to the low contribution to the sample content.  
Membrane electroactive potential was confirmed by measuring the piezoelectric d33 
response after poling the samples. Corona discharge poling could not be used due to the 
high membrane porosity (up to 80 %), which produced an electrical breakdown, so the direct 
contact poling method filling the pores with silicone oil was used. Immediately after 
polarization, the |d33| response (typical negative values for PVDF were obtained) varied 
between 3 and 6 pC/N, depending on the position of the measurement site.  
 
The obtained d33 coefficient is in agreement with the values expected for g-phase PVDF, - 
7 pC/N as reported by Lopes et al. (Lopes et al. 2011) for PVDF samples containing 91 % 
of γ-phase, confirming the majority presence of this polymorph in the produced membranes.  

 
Figure 1.3. Voltage generation throughout the piezoelectric PVDF membrane under pressure 
cycles. 
 
These piezoelectric membranes were coupled to a readout electronic circuit (Gonçalves et 
al. 2019) to determine the voltage generated under cycling pressure solicitation by gentle 
finger pressing and releasing. The output of the amplifying circuit in unloaded conditions, 
as shown by Gonçalves et al. in (Gonçalves et al. 2019), averaged to 2.5 V, leading to non-
zero voltage values when the membrane was not pressed. When loading was applied by 
finger pressing, a negative voltage peak was generated while a positive peak appeared 
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when released. Figure 1.3 shows the voltage generated when the membrane was under 
cycling pressure solicitation, the height of the peaks was not constant since the 
compression load was not controlled.  Under mechanical deformation due to gentle finger 
pressure a stable voltage was generated, compatible with the measured piezoelectric 
response. 
 
Despite the many efforts to elucidate the bone piezoelectric coefficients, the published data 
varies widely. Those attributed either to bone or tendons containing oriented collagen fibers 
usually differ by more than one order of magnitude (Liboff and Furst 1974; Fukada 1968; 
Fukada and Yasuda 1964; Lang 2000; Jacob et al. 2018). Halperin et al. (Halperin et al. 
2004) studied the piezoelectric coefficients in dry and wet human bone and concluded that 
they vary in the range of 7 to 8 pC/N, in agreement with the results published by other 
authors (Fukada and Yasuda 1964; Liboff and Furst 1974). Even though g-PVDF 
electroactive response is lower than that of b-PVDF, the piezoelectric coefficient obtained 
is in the same order of magnitude as those reported by the aforementioned authors, 
indicating that g-PVDF membranes are suitable candidates for future mesenchymal stem 
cell differentiation approaches.   
 
PVDF thermal properties and degree of crystallinity were assessed by differential scanning 
calorimetry. The melting endotherm obtained at a heating range of 20 ºC/min is shown in 
Figure 1.2b. The melting peak indicating the melting temperature (Tm) of the PVDF 
membranes appears at 169.4 ± 1.2 ºC. Even though the g polymorph shows a Tm around 8 
ºC higher than a and b, as described by Gregorio (Gregorio 2006), this polymorph is 
obtained from the isothermal crystallization at 166 ºC. Higher crystallization temperatures 
lead to higher crystallite sizes and raise the melting temperature. The PVDF membranes 
described here were obtained at 25 ºC, which resulted in a lower melting temperature, in 
agreement with the findings of Chang et al. (Chang et al. 2016, 2017), who manufactured 
PVDF membranes by the NIPS technique using different solvents and alcohols in the 
coagulation bath and obtained mostly g-phase membranes with melting temperatures 
around 165-170 ºC.  
 
The membrane’s degree of crystallinity was obtained by applying Equation 8. Xc is 65 ± 1 
% for PVDF membranes, which confirms that liquid-liquid demixing is delayed by the non-
solvents due to the reduced solvent-nonsolvent exchange rate. This delay allows 
crystallization to take place including nucleation and spherulite growth, producing 
membranes with a high percentage of crystalline phase within their structures.  
 

1.3.2. Elastin-like recombinamers deposition by the layer-by-layer 
technique 

Surface fibronectin adsorption is a common technique when using PVDF as the cell culture 
support since its hydrophobicity hinders initial cell adhesion. However, the surface can be 
coated completely with other approaches, such as layer-by-layer ELRs deposition. Strong 
covalent bonds are formed between the layers ensuring a permanent coating suitable for 
the tissue engineering field. This coating is considered cell-friendly because of ELRs’ 
biocompatibility, as has been shown in previous works (Gónzalez De Torre et al. 2015) and 
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the copper-free click cross-linking between the layers. The click method involves the 1,3-
dipolar cycloaddition of an azide and an especially active alkyne group, such as cyclooctyne 
(based on annular tension), allowing the reaction to take place without a catalyst (Israel 
González De Torre et al. 2014) and applying atom economy. 
 
An initial study was performed comprising the optimization and characterization of diverse 
coating conditions. The membrane activation time using the plasma treatment was first 
optimized and the RGD-N3 and RGD-CO solution concentration and the deposition order 
of the first layer was then studied. Once the optimal conditions were obtained the PVDF 
membranes were coated for cell culture tests by depositing two ELRs bilayers.  
 
The PVDF membranes were activated by a simple, clean and effective plasma treatment 
method. The argon plasma flow (20 mL/min) was passed through a vacuum chamber (600 
mTorr) and several time periods (1, 5, 20 and 30 minutes) were applied to the samples 
deposited inside. This step was controlled by measuring the contact angle of a drop of water 
on the PVDF membrane surface, as well as by FTIR-ATR. The activation step provides 
some oxidation of covalent bonds introducing a small number of hydroxyl groups at the 
surface that promote a small variation in the contact angle value observed before and after 
performing the activation. The small difference in the contact angle between non-activated 
(133 ± 1°) and activated membranes at different times (non-significant differences in contact 
angle values around 120°) slightly reduced hydrophobicity despite the plasma treatment.  
 
FTIR-ATR of both pristine PVDF membrane and plasma activated one were performed after 
plasma treatment (see supplementary material, Figure S1.1). The amount of hydroxyl 
groups introduced by argon plasma is not high enough to show substantial changes in the 
FTIR spectrum. However, in all the time periods tested, the activation was enough to 
immerse the samples in aqueous solutions for ELRs coating. The minimum activation time 
of 1 minute was chosen for the LbL process to avoid damaging the membranes. 
 
Before membrane coating, the ELRs were chemically modified to carry azide and 
cyclooctyne functional groups, giving rise to RGD-N3 and RGD-CO, respectively. Both 
biopolymers were functionalized by modifying the ε-amine groups present in the lysines 
side chain, as described in Section 2.3.2. RGD-N3 and RGD-CO were characterized by 1H-
NMR spectroscopy, MALDI-ToF mass spectrometry and FTIR-ATR (see supplementary 
material).  
 
The presence of twenty-four lysine residues distributed along the aminoacidic chain of the 
HRGD biopolymer allowed the amidation reaction of their amine groups with an N-
succinimidyl carbonate derivative as a cyclooctyne carrier, giving rise to the RGD-CO 
biopolymer bearing cyclooctyne groups distributed along the ELR chain. A total of thirteen 
lysines were modified by 0.6 reagent equivalents, which yielded 90 % conversion. This 
conversion was determined by the MALDI-ToF and 1H-NMR (in DMSO-d6) analysis, which 
enabled the quantification of the degree of lysine modification (supplementary material). 
The RGD-CO structure (Figure S1.2) was identified from the NMR signals and, above all, 
the integral value of H-N hydrogen from the newly formed carbamate allowed to quantify 
the number of amine groups modified. This lysine conversion value was consistent with the 
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molecular weight increase recorded by the RGD-CO MALDI-ToF spectrometry (Figure 
S1.3). 
 
Using 0.6 equivalents of an N-succinimidyl carbonate carrying azide group, HRGD was 
chemically modified in a similar amidation reaction to achieve RGD-N3. In this process, 
fourteen lysines were modified, giving a 97 % conversion rate. The number of lysines 
modified was calculated as explained above for RGD-CO (Figure S1.4 and S1.5 for 1H-
NMR and MALDI-ToF, respectively) but, in this case, the appearance of a new band at 2100 
cm-1 in the FTIR-ATR spectrum confirmed the presence of azide groups in the RGD-N3 
biopolymer chain (Figure S1.6). 
 
After optimizing the time of PVDF membrane activation with plasma treatment and 
adequately modifying the biopolymers to achieve RGD-N3 and RGD-CO, the PVDF 
membrane coating process was optimized following the coating method described in 
Section 2.3.4. Layer-by-layer assays were performed at different RGD-CO and RGD-N3 
solution concentrations (10 and 25 mg/mL) to study the influence of the ELRs solution 
concentration on the coating (Table 1.1). As the membranes were sequentially immersed 
in the ELRs solutions, the influence of the order of deposition of the first layer was also 
evaluated, obtaining four different types of coated membranes (a-d) (Table 1.1). The best 
coating was verified by the weight difference between uncoated and coated membranes 
per square cm as well as by water contact angle measurement (Table 1.1). As can be seen 
in Table 1.1, the largest weight increases were produced in membrane types a and b, which 
were first coated with RGD-N3, finishing the second bilayer with RGD-CO. The best of both 
coatings was obtained by the highest solution concentration of 25 mg/mL in membrane b. 
Coating verification by contact angle values showed lower hydrophobicity for membranes a 
and b than c and d, which is also consistent with the better coating of membranes a and b, 
and was optimal for membrane b, with the lowest contact angle value. These results are in 
agreement with the FTIR-ATR recorded for membranes a-d (Figure S1.7).  
 
Table 1.1. Parameters measured for different coatings on PVDF membranes to optimize 
coating protocol. 
 

Sample First layer Concentration 
(mg/mL) 

∆W/S 
(mg/cm2) 

Contact 
Angle (°) 

a RGD-N3 10 0.51 77 ± 3 

b RGD-N3 25 1.10 71 ± 1 

c RGD-CO 10 0.06 92 ± 6 

d RGD-CO 25 0.28 90 ± 6 
 
Figure S1.7 gives the coated membrane spectrum showing the signals of the ELRs primarily 
characterized by absorption bands at 3300 and 1700 cm-1 of the N-H and C=O amidic bonds 
present in the main chain of ELRs, together with the characteristic absorption bands of the 
PVDF membranes in Figure 1.2, with bands ranging from 1300 to 500 cm-1. Of the four 
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types of FTIR-ATR membrane spectra, the largest absorption bands at 1700 cm-1 were 
those of membrane types a and b.  
 
The PVDF membrane coating combination structure and morphology were also 
characterized by FESEM (Figure S1.8) and confirmed the results previously obtained by 
FTIR-ATR on the difference in weight and water contact angle. Sample b, coated with 25 
mg/mL solutions of ELRs and RGD-N3 as the first layer deposited, was chosen to perform 
cell culture assays. Scheme 1.1 contains a description of the optimized chosen layer-by-
layer protocol.  
 
The characterization of the optimized layer-by-layer protocol is shown in Figure 1.4. Figure 
1.4a shows the FTIR-ATR spectra of the coated and non-coated membranes, where the 
ELRs peaks can be seen at about 1700 cm-1 and 3300 cm-1, reconfirming the best LbL 
coating method. Images of water contact angles before and after coating are shown in 
Figure 4b, confirming the reduced hydrophobicity accompanied by a smoother surface, as 
shown in Figure 1.1. Both the surface and cross-section FESEM images show the porous 
structure of the type b membranes. The cross-section image verifies correct membrane 
coating with a thin film evenly covering the surface. 

 
Figure 1.4. a) Comparison of FTIR-ATR spectra from type b coated membrane (blue line), and 
non-coated membrane (black line). b) Images of the contact angles before (PVDF) and after 
(PVDF + ELRs) deposition of ELRs by the optimized protocol.  
 

1.3.3. Porcine mesenchymal stem cells response to elastin-like 
recombinamers layer-by-layer coating 

Porcine mesenchymal stem cells were used to test the initial cell adhesion and proliferation 
in PVDF membranes coated by LbL with ELRs or traditionally coated with adsorbed 
fibronectin. A glass slide coated with fibronectin was also used as the standard control. 
Nucleus-cytoskeleton staining at 24 h, 3 and 7 days was evaluated, as reported in Figure 
1.5.  
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Figure 1.5a shows that after 24 h cells had adhered in all the surfaces, showing an extended 
cytoskeleton in every condition. Despite this well-developed cytoskeleton, the differences 
in cell number between conditions are significant. The PVDF membranes coated with 
fibronectin showed a negative fold change in cell proliferation, meaning that a lower number 
of cells than the initial cell seeding density attached on the surface. In the PVDF + ELRs 
condition, the cells had adhered and some had even proliferated after 24 h, as can be seen 
in Figure 1.5b, showing no significant differences with the glass slide control. However, the 
initial adhesion to PVDF was really poor and was not even able to retain the initial number 
of seeded cells. The different proliferation rate can be seen after 7 days, when PVDF + 
ELRs and the glass slide have reached confluence, the fibronectin-coated PVDF has few 
cells and the proliferation rate is lower than in the other conditions.  
 
Hydrophobicity is a key feature of PVDF, as demonstrated by the PVDF membrane contact 
angle before coating (133 ± 1 º). This effect is greatly increased by the membrane surface 
roughness due to spherulitic conformation.   

 
Figure 1.5. a) Representative images of actin (cytoskeleton-green) and DAPI (nucleus-blue) 
staining after 24 h, 3 and 7 days of culture for coated and uncoated PVDF membranes and 
glass slide control. Scale bar is 50 μm. (b) Cell count based on the analysis of 4 images taken 
from 3 replicates per condition at 24 h, 3 and 7 days from two independent assays. * p-
value < 0.05 
 
This characteristic makes surface treatments an unavoidable approach for cell culture on 
PVDF. Since this polymer was first used in the tissue engineering field it has been 
traditionally coated with fibronectin (C. Ribeiro, Panadero, et al. 2012; Sobreiro-Almeida et 
al. 2017; C. Ribeiro, Pärssinen, et al. 2015). In this study we found that fibronectin 
adsorption was not enough to promote initial cell adhesion to PVDF microporous 
membranes. This type of coating has been proven to be inefficient in spherulite-like PVDF 
membranes (Morales-Román et al. 2019). In a previous study we found that small changes 
in the degree of porosity in fibronectin-coated PVDF membranes can influence initial cell 
adhesion and proliferation in porcine bone marrow mesenchymal stem cells.  
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Contact angle is closely related to polymer wettability and also to surface roughness. Layer-
by-layer deposition of elastin-like recombinamers reduced the water contact angle in PVDF 
membranes (71 ± 1 º), partially due to surface smoothing. The presence of RGD sequences 
in the ELRs and their deposition by LbL, which flattened the membrane surface, increased 
initial pMSCs adhesion in PVDF + ELRs membranes. The combination of both features 
makes this coating a suitable option for mesenchymal stem cell culture on porous PVDF 
membranes.  
 
These findings lead the way to the use of PVDF membranes coated with elastin-like 
recombinamers containing RGD sequences in future MSCs differentiation approaches to 
the osteogenic lineage.  
 

1.4. Conclusions 
Non-solvent induced phase separation has proven to be a cost-effective and reliable 
technique for manufacturing PVDF membranes. The use of ethanol as non-solvent 
produced homogeneously porous membranes with more than 90 % g-phase and up to 65 
% overall crystalline content. Its electroactive potential was confirmed after poling by the 
contact method by measuring the d33 piezeoelectric coefficient, obtaining values within the 
bone piezoelectricity range. The membranes were coated with elastin-like recombinamers 
containing RGD sequences to improve their initial cell adhesion properties. ELRs were 
deposited by the layer-by-layer technique applying click cross-linking chemistry. After 
coating optimization, modified ELRs containing azide groups were selected for deposition 
as the first layer, followed by ELRs modified to contain cyclooctyne groups. Both layers 
reacted by interchain crosslinking via catalyst-free Hüisgen 1,3-dipolar cycloaddition, 
generating a stable bilayer. Two bilayers were deposited, reducing surface roughness and 
contact angle value. Cell adhesion and proliferation were tested on porcine bone marrow 
MSCs in a short-term culture (1 to 7 days). ELRs deposition by LbL was compared to 
traditional fibronectin adsorption and showed that cells preferred ELRs-coated surfaces for 
initial adhesion and proliferation. Fibronectin adsorption showed poor cell attachment and 
was not able to retain the initial number of seeded cells, while ELRs favoured adhesion and 
enhanced proliferation after 7 days. These findings open the door for the combination of 
electroactive PVDF membranes and synthetic peptides containing biofunctional sequences 
for mesenchymal stem cell culture and differentiation towards the osteogenic lineage.   
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1.7. Supplementary material 
Supplementary data associated with this article can be found in supplementary material: 
1H-NMR, MALDI-ToF and FTIR-ATR of RGD-CO and RGD-N3 for structure 
characterization of modified biopolymers together with FTIR-ATR of plasma-treated and 
PVDF-coated membranes and FESEM images of PVDF-coated and non-coated 
membranes for establishing optimal conditions. 

 
Figure S1.1. FTIR spectra of the PVDF membranes before and after argon plasma treatment. 
The amount of hydroxyl groups introduced by argon plasma is not appreciated in the FTIR 
spectrum since no substantial changes are observed. Nevertheless, the activation was 
enough to immerse the samples in aqueous solutions for ELRs coating, reducing their initial 
hydrophobicity. The spectra were recorded using a Bruker TENSOR 27 acquiring 64 scans 
between 500-4000 cm-1. 
 

 
Figure S1.2. Nuclear magnetic resonance spectrum 1H-RMN of RGD-CO. The spectrum shows 
the presence of a signal at 7 ppm, which corresponds to the hydrogen belonging to the 
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carbamate formed from the amine groups of the lysine, with an integral of 13 hydrogens 
corresponding to a total of 13 modified lysines. Another new signal at 3 ppm corresponding 
to the hydrogens of the methylene group adjacent to the amine group of the modified lysine 
is observed. Nuclear magnetic resonance (NMR) of samples prepared in DMSO-d6 at 10 mg/mL 
were recorded using a 400 MHz Agilent spectrometer (Laboratory of Instrumental Techniques, 
University of Valladolid) with a 1 s relaxation delay between transients, 45° pulse width, 512 
transients per sample and a spectral width of 6410 Hz. 
 

 
Figure S1.3. MALDI-ToF spectrum of RGD-CO. The peaks correspond to the singly and doubly 
charged ions, respectively. Samples were dissolved at 1 mg/mL in mQ water and measured 
into a MALDI-ToF Bruker Autoflex. MALDI-ToF spectrum represents non-quantitative 
intensity (a.u.) against m/z (mass/net charge). 
 

 
Figure S1.4. Nuclear magnetic resonance spectrum 1H-RMN of RGD-N3. The spectrum shows 
the presence of a signal at 7 ppm, which corresponds to the hydrogen belonging to the 
carbamate formed from the amine groups of the lysine, with an integral of 14 hydrogens 
corresponding to a total of 14 modified lysines. Two other new signals at 3 and 4 ppm are 
observed, corresponding to the hydrogens of the methylene group adjacent to the amine 
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group of the modified lysines and to the methylene hydrogens located between the 
cyclooctine group and the new formed, respectively. Nuclear magnetic resonance (NMR) of 
samples prepared in DMSO-d6 at 10 mg/mL were recorded using a 400 MHz Agilent 
spectrometer (Laboratory of Instrumental Techniques, University of Valladolid) with a 1 s 
relaxation delay between transients, 45° pulse width, 512 transients per sample and a spectral 
width of 6410 Hz.  
 

 
Figure S1.5. MALDI-ToF spectrum of RGD-N3. The peaks correspond to the singly, doubly 
and triply charged ions, respectively. Samples were dissolved at 1 mg/mL in mQ water and 
measured into a MALDI-ToF Bruker Autoflex. 
 

 
Figure S1.6. FTIR-ATR stacked spectra of unmodified HRGD, RGD-CO and RGD-N3. The 
presence of azide groups in RGD-N3 was corroborated by FTIR spectroscopy since the azide 
group has a characteristic band at a frequency of 2100 cm-1, not observed in the unmodified 
polymer HRGD spectrum. Spectra were recorded using a Bruker TENSOR 27 acquiring 64 
scans between 800-4000 cm-1 
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Figure S1.7. FTIR-ATR spectra of PVDF non-coated and coated membranes types a-d 
(corresponding to the different coating conditions explained in table 1.1) after ELRs 
deposition by layer-by-layer. The spectra were recorded using a Bruker TENSOR 27 acquiring 
64 scans between 500-4000 cm-1. 
 

 
Figure S1.8. Cross-section FESEM images of PVDF coated membranes types a-d 
(corresponding to the different coating conditions explained in table 1.1) after ELRs 
deposition by layer-by-layer. Samples were visualized in an Ultra 55 microscope (Zeiss) 
applying an accelerating voltage of 1 kV 
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Abstract 
The use of piezoelectric materials in tissue engineering has grown considerably since 
inherent bone piezoelectricity was discovered. Combinations of piezoelectric polymers with 
magnetostrictive nanoparticles (MNP) can be used to magnetoelectrically stimulate cells by 
applying an external magnetic field which deforms the magnetostrictive nanoparticles in the 
polymer matrix, deforming the polymer itself, which varies the surface charge due to the 
piezoelectric effect. Poly(vinylidene) fluoride (PVDF) is the piezoelectric polymer with the 
largest piezoelectric coefficients, being a perfect candidate for osteogenic differentiation. 
As a first approach, in this paper, we propose PVDF membranes containing 
magnetostrictive nanoparticles and a biomimetic heparin/collagen layer-by-layer (LbL) 
coating for mesenchymal stem cell culture. PVDF membranes 20 % (w/v) with and without 
cobalt ferrite oxide (PVDF-CFO) 10 % (w/w) were produced by non-solvent induced phase 
separation (NIPS). These membranes were found to be asymmetric, with a smooth surface, 
crystallinity ranging from 65 % to 61 %, and an electroactive b-phase content of 51.8 % and 
55.6 % for PVDF and PVDF-CFO, respectively. Amine groups were grafted onto the 
membrane surface by an alkali treatment, providing positive charges for the assembly of 
heparin/collagen layers by the LbL technique. Five layers of each polyelectrolyte were 
deposited, ending with collagen. Ninhydrin test and X-ray photoelectron spectroscopy 
(XPS) revealed the presence of free amines on the surface, indicating a homogeneous LbL 
coating. Human mesenchymal stem cells (hMSC) were used to test cell response in a short-
term culture (1, 3 and 7 days). Nucleus cell counting showed that LbL favored cell 
proliferation in PVDF-CFO over non-coated membranes.  
 
Keywords 
Poly(vinylidene) fluoride; non-solvent induced phase separation; layer-by-layer; collagen; 
mesenchymal stem cells; piezoelectricity. 
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2.1. Introduction 
Bone is a dynamic tissue which is constantly remodelling itself and has the ability to self-
regenerate. It is a complex organ that plays many roles in the human body, including 
structural support, hematopoietic and immunological function or calcium homeostasis 
(McGovern, Griffin, and Hutmacher 2018). As human life expectancy has increased in the 
last decades, this has favoured the appearance of musculoskeletal diseases, including 
critical size defects due to trauma or cancer, or bone resorption and formation imbalances, 
leading to osteoporosis (Marie 1992). These bone loss related disorders have a great 
impact on the patients’ quality of life and are costly for national health systems, since 
hundreds of millions of people are affected around the world (Woolf and Pfleger 2003). 
 
Bone autografts, which are currently the gold standard treatment, involve great challenges, 
such as the lack of healthy tissue, invasive surgeries and the transplant failures after short 
periods of time (H. D. Kim et al. 2017). Tissue engineering (TE) approaches have arisen 
over the years as valid candidates for bone healing and regeneration and bone TE has 
shown the need for specific polymers able to reproduce the physiological characteristics of 
the tissue itself. The importance of smart materials has recently increased in this field. When 
exposed to an external stimulus, these polymers are able to reverse one or more structural 
or functional properties (Jacob et al. 2018). Apart from their physical properties, these 
materials can be tailored to mimic specific characteristics of extracellular matrix (ECM) 
components or growth factors (B. W. Kim 2017).  
 
Smart materials can be a suitable approach to reproducing bone’s inherent piezoelectricity. 
This phenomenon was hypothesized by Fukada and Yasuda in the 60’s and was described 
as a change in the electric polarization under an applied mechanical stress, due to the 
collagen fibres that form its ECM (Fukada and Yasuda 1957). Since then, it has been 
proposed as one of the mechanisms involved in bone’s capacity to adapt to mechanical 
stress and tissue regeneration (Jacob et al. 2018; Ahn and Grodzinsky 2009). 
 
Poly(vinylidene) fluoride (PVDF), a piezoelectric material, has gained growing interest in 
bone TE approaches. PVDF is a semi-crystalline polymer with one of the highest known 
piezoelectric coefficients. PVDF has five crystalline phases, the β-phase being the most 
electroactive due to its net permanent dipole generated by the all-trans conformation (TTT). 
The strong dipole moment is produced by the difference between the electronegativity of 
the fluorine atoms and hydrogen atoms in its structure (Martins, Lopes, and Lanceros-
Mendez 2014).  
 
Processing conditions and solvents are determinant in PVDF’s crystallization in the b-
phase. The a-phase, the most frequently obtained, always results in melt crystallization at 
any temperature (Gregorio 2006). Uniaxial stretching of a-phase PVDF films is the most 
common way of inducing the b-phase (Sencadas, Gregorio, and Lanceros-Méndez 2009), 
although crystallization below 70 ºC by polar solvents such as dimethylformamide (DMF) or 
dimethylacetamide (DMA) also produces highly porous b-phase membranes (Gregorio and 
Borges 2008; Sencadas, Gregorio Filho, and Lanceros-Mendez 2006). 
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Non-solvent induced phase separation (NIPS) has been described as a method of b-phase 
crystallization below 70 ºC (Buonomenna et al. 2007; Ribeiro et al. 2018). This technique 
consists of precipitating the polymer cast on a surface by immersing it in a coagulation bath 
containing a non-solvent. The polymer solvent, non-solvent coagulation bath, bath 
temperature, additives and evaporation times can all influence the membrane morphology, 
which can range from highly homogeneous porous membranes to finger-like asymmetric 
structures with a flat surface (F. Liu et al. 2011). NIPS membranes, mostly used in water 
remediation applications, have been poorly explored in the TE field (Abzan, Kharaziha, and 
Labbaf 2019; Young et al. 2010), despite their easy processing. We consider them to be 
excellent candidates for mesenchymal stem cell culture.  
 
Piezoelectric polymers can be combined with magnetostrictive phases to induce an electric 
charge through the magnetoelectric effect. When an external magnetic field is applied, the 
deformation of the magnetostrictive phase transfers this deformation to the polymer matrix 
resulting in a dielectric polarization variation due to the piezoelectric effect (Gonçalves, 
Martins, Correia, et al. 2015). This approach has been used in PVDF scaffolds, 
microspheres and electrosprayed fibres for electromechanical stimulation of osteogenic 
precursors (Fernandes et al. 2019; Hermenegildo et al. 2019; Gonçalves, Martins, Moya, et 
al. 2015).  
 
PVDF’s piezoelectric properties are of great interest for bone regeneration, although 
mimicking the cell’s environment requires other factors and molecules, which can be added 
to the equation by coating them onto the polymer surface, for which layer-by-layer (LbL) 
has been postulated as an easy, cost-effective and reliable technique. LbL allows the 
controlled deposition of multilayers that imitate the organization of native tissues using 
natural polyelectrolytes, such as polysaccharides and proteins. These biomolecules are 
suitable candidates due their lack of cytotoxicity and their obvious mimicking of cell ECM, 
which triggers migration, growth and cell organization (Silva, Costa, and Mano 2016; Costa 
and Mano 2014; Castilla-Casadiego et al. 2018).  
 
Collagen type I is the main protein in bone’s ECM. As mentioned above, its structure confers 
bone’s inherent piezoelectricity. It is positively charged at pH below its isoelectric point (5.5) 
(Mhanna, Vörös, and Zenobi-Wong 2011). Heparin, a highly sulphated polysaccharide, is 
involved in cell migration, proliferation and differentiation due to its ability to bind members 
of the major growth factor and signalling protein families, including Wnt, hedgehog, bone 
morphogenetic protein (BMP), fibroblast growth factor (FGF) and vascular endothelial 
growth factor (VEGF) families (Billings and Pacifici 2015). 
 
Combination of heparin/collagen as polyelectrolytes has been studied previously on 
different substrates and cell types, from simple approaches, improving adhesion properties 
of polydimethylsiloxane (PDMS) (Mhanna, Vörös, and Zenobi-Wong 2011) to using heparin 
property as anticoagulant to coat titanium surfaces, providing thromboresistance and rapid 
re-endothelialization (K. Zhang et al. 2016; Cherng et al. 2019; Chen et al. 2016) or PLLA 
electrosprayed fiber coatings for releasing neurotrophic factors (K. Zhang et al. 2017). 
Regarding mesenchymal stem cells (MSCs), heparin/collagen LbL has proven to be a 
versatile approach for multiple scopes.  It has been used to induce human MSCs osteogenic 
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differentiation and mineralization (Ferreira et al. 2016), to increase vascularization in vivo 
promoting MSCs differentiation to endothelial cells (Jin et al. 2016) or to enhance human 
MSCs immunomodulatory properties in combination with interferon-g, reducing its 
antiproliferative effect (Castilla-Casadiego et al. 2019).  
 
As a first approach, the objective in this study was to develop and characterize novel PVDF 
membranes, using the NIPS technique, with magnetostrictive nanoparticles coated by 
collagen/heparin layer-by-layer. To the best of our knowledge, this is the first time that PVDF 
membranes have been produced containing cobalt ferrite oxides (CFO) by the NIPS 
method. Membranes with and without CFO nanoparticles were successfully aminolyzed to 
provide positive surface charges for layer-by-layer deposition. Heparin and collagen layer-
by-layer assembly was confirmed by means of field emission scanning microscopy 
(FESEM), atomic force microscopy (AFM) and Fourier-transformed infrared spectroscopy 
(FTIR). Heparin/collagen multilayers were initially tested in vitro using hMSC. A short-term 
cell culture (1, 3 and 7 days) was performed to assess cell adhesion and proliferation by 
nucleus and cytoplasm staining to confirm PVDF-CFO membranes suitability for future 
bone TE approaches.  
 

2.2. Materials and methods 
2.2.1. Membrane preparation by non-solvent induced phase separation  

PVDF membranes with and without cobalt ferrite oxide (CFO) were prepared by non-solvent 
induced precipitation (NIPS) using deionized water as non-solvent. A 20 % (w/v) PVDF 
(Solef® 6010 PVDF Homopolymer, Solvay) solution was prepared by dissolving the PVDF 
in dimethylformamide (DMF) (synthesis grade; Scharlab) at 60 °C under stirring. For the 
preparation of the composite solution (PVDF-CFO), cobalt ferrite oxide mangnetostrictive 
nanoparticles (CFO MNP; CoFe2O4) were used with diameters ranging from 35 to 55 nm 
(Nanoamor) at a concentration of 10 % (w/w). This concentration proved to be the most 
appropriate to induce a magnetoelectric response in PVDF (Martins et al. 2014). CFO MNP 
were dispersed in DMF solvent and citric acid (Sigma-Aldrich) (0.2 mg/g PVDF) in an 
ultrasound bath to help its dispersion and prevent agglomeration (Martins et al. 2014). After 
4 h, PVDF was added and stirred with a Teflon mechanical stirrer, keeping the solution in 
the ultrasonic bath at 60 °C until complete dissolution of the polymer. PVDF solution was 
spread on a glass plate using a 750 µm casting knife and placed in a water bath at 25 °C 
for 30 minutes. After complete coagulation, the membranes were detached from the glass 
and were transferred to a new water bath to remove possible traces of DMF. The 
membranes were washed under shacking for 24h and then frozen at -80 ºC and lyophilized 
for 24 h, assuring the elimination of possible remaining DMF traces.  

 
2.2.2. Heparin and collagen type I Layer-by-Layer  

Membranes were aminolyzed in two steps. In the first, the membranes were treated with a 
3.75 M NaOH (Scharlab) solution for 1 hour at room temperature to eliminate some fluorine 
and hydrogen atoms, creating an unsaturation in the PVDF backbone. They were then 
introduced in a solution of 1,4-diaminobutane dihydrochloride (DAB; Sigma-Aldrich) 1M in 
sodium carbonate (Sigma-Aldrich), with a final pH of 12, for 24 h at 55 °C to graft amine 
groups onto the membrane’s surface. Membranes were washed with deionized water. The 
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amount of the amino groups present on the surface was determined by the ninhydrin test, 
following the protocol described in (Gamboa-Martínez et al. 2015). Treated membrane disks 
of 4 mm diameter were then immersed in 2 mL of ninhydrin solution and incubated at 80 °C 
for 20 minutes. The solution was then diluted with 3 mL of 2-propanol (Scharlab) 50% (v/v) 
in deionized water. Absorbance was read at 570 nm in a Victor3 microplate reader (Perkin 
Elmer). Non-treated membranes were used as blanks and amine concentration was 
determined by a glycine standard curve. All measurements were performed in triplicate. 
Positively charged PVDF surfaces were washed with ultrapure water pH 5 to protonate 
amine groups. LbL was performed alternating one layer of heparin (Sigma-Aldrich) and one 
layer of collagen type I (Advanced Biomatrix). Solutions were prepared at a concentration 
of 1 mg/mL using ultrapure water pH 5, adjusting final pH to 5 (Ferreira et al. 2016). A 
volume of 70 µL of each solution was deposited on 8 mm diameter PVDF samples for 10 
minutes. After washing with pH 5 ultrapure water, the complementary layer was deposited 
until 5 layers of each solution coated the surface.  

 
2.2.3. Membrane characterization 

2.2.3.1. Field emission scanning electron microscopy  
Membrane structure (both surfaces and cross-section) and deposition of the 
heparin/collagen layers were evaluated by field emission scanning electron microscopy 
(FESEM) (Ultra 55, Zeiss) with an accelerating voltage of 1 kV. The membranes were 
coated with platinum following a standard sputtering protocol for 90 s (JFC 1100, JEOL, 
Japan). Membrane spherulite diameter was assessed from FESEM images. 100 spherulites 
from each of three different membranes, produced in three different syntheses, were 
measured using ImageJ software (National Institutes of Health, Bethesda, Maryland, USA). 

 
2.2.3.2. Fourier transformed infrared spectroscopy  

Fourier transformed infrared spectroscopy (FTIR) was carried out to determine the 
presence of PVDF’s most electroactive form, the b-phase. Measurements were performed 
by an ALPHA FTIR spectrometer (Bruker) in ATR mode from 4000 to 400 cm-1 at a 
wavenumber resolution of 4 cm-1. Representative absorption bands at 840 cm-1 and 760 
cm-1, which correspond to the b and a phase respectively, were identified and their content 
was determined using the procedure proposed by Gregorio and Cestari, yielding Eq. (1) 
(Gregorio and Cestari 1994). 
 
The β-phase fraction, 𝐹(β) is: 
 

𝐹(β) = :@

A
B@

B5	C D:5):@
        Eq. 1 

 
The method assumes that FTIR absorption follows the Lambert-Beer law, 𝐾7 and 𝐾E, are 
the characteristic absorption coefficients at the characteristic wavenumbers of the α and β-
phases (760 and 840 cm-1, respectively). These were determined in reference (Gregorio 
and Cestari 1994) from samples containing only α or β-phase, obtaining values of 6.1×104 
and 7.7×104 cm2/mol, respectively. 𝐴7 and 𝐴E	are the measured absorbances at 760 and 
840 cm-1 respectively.   
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Presence of collagen and heparin after layer-by-layer coating was also assessed by FTIR. 
 

2.2.3.3. Differential scanning calorimetry  
Thermal properties of the membranes were evaluated by differential scanning calorimetry 
(DSC) using a DSC Pyris 1 (PerkinElmer) in a dry nitrogen atmosphere. Samples between 
2 and 6 mg encapsulated in aluminium pans were used in the experiments. Scans were 
performed from 0 °C to 200 °C at a heating range of 20 °C/min. Degree of sample 
crystallinity (Xc) was determined using Eq. (2) (Martins, Costa, and Lanceros-Mendez 
2011): 
 

𝛥𝑋= =
>?=

F0123(G>?5)H>?@)	
       Eq. 2 

 
where ∆Hm is the melting enthalpy of PVDF membranes measured in DSC and 𝛥𝐻7 and 
𝛥𝐻E are the melting enthalpies of a 100% crystalline sample in the α and β  phases, whose 
values are 93.07 J/g and 103.4 J/g, respectively. wPVDF is the mass fraction of PVDF within 
the membranes (provided by their magnetic properties), and x and y are the percentage of 
α and β  phases present in the sample, obtained by FTIR measurements. 
 

2.2.3.4. Vibrating sample magnetometer  
Magnetic properties of the composite membranes (PVDF-CFO) were evaluated using a 
Microsense 2 Tesla vibrating sample magnetometer (VSM). Magnetization loops M(H) were 
evaluated up to 18.5 kOe. To determine the real percentage of CFO in the composite 
samples, the saturation magnetization value of the pure CFO nanoparticles was compared 
with those obtained using Eq. (3) (Gonçalves, Martins, Correia, et al. 2015): 
 

𝐶𝐹𝑂	𝑤𝑡	%	𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒𝑠 = I12J#12K"L	&1ML$2KN12K"L	&$&O#1L$%
I12J#12K"L	&1ML$2KN12K"L	!J#$	PQR

𝑥100        Eq. 3 

 
The value of saturation magnetization of pure CFO being 60 emu/g. 
Three different zones of the same PVDF-CFO membrane were evaluated to ensure 
homogeneous CFO distribution within the membrane matrix.  
 

2.2.3.5. X-ray photoelectron spectroscopy  
Two-step amynolization was assessed by X-ray photoelectron spectroscopy by means of a 
XPS Kratos Axis Ultra HSA apparatus, which uses a micro-focused monochromatic Al Kα 
X-ray source (1486.6 eV) covering an analysing area of 300 x 700 µm (90 W power). Survey 
spectra were collected at a pass energy of 160 eV, step size of 1 eV, and dwell time of 200 
ms with the spectrometer operated in hybrid lens mode. High-resolution C1s regional 
spectra were collected using a pass energy of 40 eV, step size of 0.1 eV, and dwell time of 
200 ms. High-resolution regional spectra of N1s and O1s were collected using the same 
parameters, except for the dwell time, which was 1500 ms. High-resolution spectra 
envelopes were processed using CasaXPS software. 
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2.2.3.6. Determination of heparin concentration 
Heparin deposition on PVDF and PVDF-CFO membrane’s surface after layer-by-layer was 
confirmed measuring its concentration by Taylor’s blue colorimetric method using 
Glycosaminoglycan Assay Blyscan (Biocolor).  LbL was performed in membranes with a 
surface of 1 cm2 applying 1, 3 or 5 layers of heparin. Samples were labelled as H and the 
corresponding number of layers of the biomolecule. Shortly, membranes were soaked in 1 
mL of Blyscan dye reagent containing 1,9-dimethylmethylene blue and incubated for 30 
minutes under shacking at room temperature. After incubation, samples were washed with 
distilled water and transferred to a new eppendorf. 0.5 mL of dissociation reagent were 
added to favour heparin dissociation from 1,9-dimethylmethylene. Absorbance was read at 
652 nm (Victor3 microplate reader; Perkin Elmer) transferring 100 µl of each sample to a 
96-well plate. Heparin concentration was determined using a heparin calibration curve (0-5 
µg). All measurements were performed in triplicate.  
 

2.2.3.7. Atomic force microscopy  
Collagen layer deposition on PVDF membranes was confirmed by means of atomic force 
microscopy (AFM). Non coated PVDF samples and samples containing 1 (C1) and 5 
bilayers (C5) were analysed. Atomic force microscopy was performed on a Multimode 8 
(Bruker) operating in tapping mode in air. RFESPA silicon probes from Bruker were used 
with a force constant of 3 N/m and resonance frequency of 75 kHz. The tapping frequency 
was slightly lower than the resonance (around 10%), in which the phase signal was set to 
zero. The linear speed of the tip was set at 2 µm/s and the drive amplitude was modified to 
obtain an oscillation-free length of 700 mV. The ratio between setpoint and drive amplitude 
was maximized to obtain images with the least surface deformation (i.e. soft tapping). 
 

2.2.4. Cell response  
Human bone marrow mesenchymal stem cells (hMSCs) (Promocell, Germany) were used 
to evaluate cell response. A short-term culture (1, 3 and 7 days) was carried out to check 
cell proliferation on PVDF and PVDF-CFO membranes coated by collagen/heparin layer-
by-layer.  
 
hMSCs were expanded in a basal medium containing Dulbecco’s Modified Eagle Medium 
(DMEM) high glucose (4.5 g/L) (Gibco) supplemented with 10% (v/v) foetal bovine serum 
(FBS; Gibco), 4 mM L-glutamine (Lonza), 1X non-essential aminoacids (Gibco), 1 mM 
sodium pyruvate (Gibco), 70 U/mL penicillin, 70 µg/mL streptomycin (P/S; Life technologies) 
and 0.25 µg/mL fungizone (Life technologies), at 37 ºC in a humidified atmosphere with 5 
% CO2. All experiments were performed at passage 4.  
 
After aminolyzing the membranes, 8 mm diameter disks were obtained and sterilized by UV 
exposition for 1 hour. PVDF membranes were then immersed in ethanol 70 % (v/v) for 20 
minutes and washed 5 times with ultrapure water, last wash with pH 5 ultrapure water to 
protonate amine groups. Layer-by-layer was performed in sterile conditions, nonetheless, 
as pH adjustment of collagen solution required non-sterile conditions PVDF and PVDF-CFO 
membranes already coated were sterilized again using the same protocol.  
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PVDF and PVDF-CFO membranes, non aminolyzed, and glass slides coated with 
fibronectin from human plasma (Sigma-Aldrich) were used as controls to compare the effect 
of layer-by-layer coating with a conventional protein adsorption. Since the scope of our work 
was to compare the established fibronectin coating protocol with more complex approaches 
involving other biomolecules, non-coated surfaces were not used. All controls were coated 
after sterilization by incubation in a 20 µg/mL fibronectin solution for 1 hour at room 
temperature. 
 
12 h before cell seeding, cells were starved in basal media containing 1 % (v/v) FBS to 
synchronize cell cycle. To study cell proliferation cells were seeded at a density of 8 x 103 
cells/cm2 in basal medium without FBS (3 replicates per group) to promote cell adhesion 
either to fibronectin or collagen. A 100 µL drop containing the right number of cells was 
deposited on the surface of the samples. After 3 h the required volume of basal medium 
and FBS for a final concentration of 10 % (v/v) were added to each well. Silicon rings were 
used to keep the membranes fixed on the bottom of the well. These rings were also used 
in glass slides controls. After 1, 3 and 7 days cells were fixed in a 4 % (v/v) 
paraformaldehyde solution (Panreac) for 20 minutes.  
 
Cell proliferation was assessed by nuclei counting using nucleus and cytoplasm staining. 
Before staining, PVDF and PVDF-CFO membranes were treated with a 0.2 % (w/v) Sudan 
Black B solution for 40 minutes to avoid PVDF autofluorescence, which hinders image 
acquisition and quantification (Qi et al. 2017). Membranes were washed 3 times with 
Dulbecco’s Phosphate Saline Buffer (DPBS; Sigma-Aldrich). Subsequently, samples were 
permeabilized and blocked in 1 % (w/v) bovine serum albumin (BSA; Sigma-Aldrich) 
solution in DPBS/0.1 % (v/v) Tween-20 (Sigma-Aldrich) for 1h at room temperature and 
incubated with Actin Red 555 Ready Probes reagent (Fisher Scientific) following 
manufacturer’s instructions, then washed 3 times with DPBS/0.1 % (v/v) Tween-20 and 
incubated for 20 minutes with Hoechst (1:400; Thermo Fisher) in mounting medium.  
 
Images of four representative fields of every sample were taken with a fluorescence 
microscope (Nikon Eclipse 80i) and analysed using ImageJ software (National Institutes of 
Health, Bethesda, Maryland, USA). Cell number was expressed as the number of cells per 
square centimetre. ImageJ software was also used to quantify cell spreading after 24h of 
cell culture. Briefly, masks of images were obtained by previous segmentation and cell area 
was measured for the scaled images. Approximately 60 cells per condition, from different 
replicates, were measured.  
 

2.2.5. Statistical analysis 
Statistical analysis was assessed by Graphpad Prism 6 software (Graphpad Software, 
United States). For cell counting data analysis, homoscedasticity was checked by 
Snedecor’s F-distribution. T-test was used to find significant differences between each 
studied group. For cell spreading analysis, after checking homoscedasticity, a non-
parametric Kruskal-Wallis test was performed to detect significant differences. Significance 
was accepted as p-value < 0.05 
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2.3. Results and discussion 
2.3.1. Membrane characterization 

The non-solvent induced precipitation technique can obtain a wide variety of membrane 
morphologies according to the different parameters involved in polymer precipitation. PVDF 
and PVDF-CFO membranes were produced using distilled water at 25 ºC as non-solvent 
and immersing them immediately in the coagulation bath to reduce air exposure to the 
minimum. The non-solvent selection plays a crucial role in the final membrane morphology. 
Water is known to be a strong non-solvent for PVDF and leads to asymmetric structures 
like those shown in Figure 2.1. Membranes produced using harsh baths, e.g. water, 
exhibited a smooth surface, non-porous at the micrometre level, followed by macrovoids or 
finger-like structures which continued with a porous structure composed of spherulites, as 
can be seen in Figure 2.1c. Top surface of image 1c is that of the smooth surface shown in 
image 1b, while image 1a is of the bottom surface in contact with the casting glass.  
 
PVDF precipitation into a membrane is governed by two events: liquid-liquid demixing and 
crystallization due to the semi-crystalline nature of PVDF. The importance of these 
phenomena lies in the order in which they take place. Water-induced precipitation leads to 
rapid liquid-liquid demixing before crystallization, giving rise to asymmetric membranes 
such as those obtained (Young et al. 1999).  
 

 
Figure 2.1. FESEM images of PVDF and PVDF-CFO NIPS membranes. a), d) Porous, bottom 
surface. b), e) Smooth, top surface of PVDF and PVDF-CFO membranes, respectively. c) PVDF 
membrane cross-section showing the top finger-like structure and the underlying 
microporous structure formed by PVDF spherulites. f) CFO trapped on PVDF-CFO top surface 
(magnification of image e)).  
 
Coagulation bath temperature also contributes to the membrane structure (Cheng 1999). 
Higher temperatures up to 65 ºC provide a favourable condition for liquid-liquid demixing 
and tend to form larger finger-like structures, while low temperatures such as those used 
here reduce their formation, giving place to small macrovoids and sponge-like membranes 
similar to those obtained from soft non-solvents. Adding CFO did not modify the overall 
membrane structure, as shown in FESEM images 1d and e. The difference in spherulite 
size can be seen in images 1a and d. Measurements revealed that PVDF spherulite 
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diameter was 0.99 ± 0.17 μm, while PVDF-CFO spherulites doubled theirs to 2.15 ± 0.42 
μm. This difference could be explained by the addition of CFO nanoparticles to the initial 
solution. Supriya et al. (Supriya, Kumar, and Kar 2019) studied the effect of CFO MNP 
diameter on the performance of dielectric PVDF nanocomposites. They postulated that 
CFO nanoparticles are negatively charged, making them interact with the positively charged 
CH2 bond, acting as a core and giving place to a core-shell structure formed by CFO and 
PVDF. They observed that the larger the CFO nanoparticle diameter, the larger the granular 
structures present in the PVDF nanocomposites and also that they were prone to 
agglomerate at larger diameters. It is plausible that CFO MNP aggregates could be acting 
as nucleation centers for the formation of PVDF spherulites, obtaining larger diameters than 
the PVDF membranes.  
 
Lin et al (Lin et al. 2006) described the change of the spherulite diameter in PVDF 
membranes produced in 1-octanol baths, according to the precursor-solution preparation 
temperature. Lower temperatures favoured a higher density of nuclei available for the 
initiation of crystallization. Although the solutions looked macroscopically similar, those at 
higher temperatures contained less undissolved and invisible pre-nucleation aggregates. 
Even if the applied temperature is the same, the presence of CFO in the solution requires 
different preparation methods, including mechanical stirring and ultrasounds for longer 
periods. This protocol may lead to fewer nuclei, reducing the crystallization points and 
increasing spherulite diameter. Further experiments will be needed to confirm which of 
these hypotheses can explain the variation in spherulite diameter. 
 
The main objective when producing PVDF cell culture supports able to subject cells to 
electrical stimulation during culture is to obtain electroactive phases. As mentioned in the 
Introduction, PVDF has 5 polymorphs, a, β and g being the most important. a is a non-
electroactive phase, due to antiparallel dipole packing within the unit cell (TGTG) (Cai et al. 
2017). All-trans (TTT) or T3GT3G structures present in β and g phases, respectively, make 
them the most piezoelectric and give them very similar conformations, which makes it 
difficult to distinguish between both phases using Fourier transformed infrared spectroscopy 
or X-ray diffraction peaks, due to their proximity. The β and g phases usually show a typical 
peak at 840 cm-1, which tends to form a shoulder at 833 cm-1 at a high g phase contribution, 
while no such shoulder is shown for pure β phase (Martins, Lopes, and Lanceros-Mendez 
2014). Many authors agree in using 1234 cm-1 and 1279 cm-1 to differentiate between g and 
β, respectively, since they are exclusive to each polymorph (Cai et al. 2017). 
 
Synthesized membranes showed different FTIR spectra in the smooth and porous sides, 
as can be noted in Figure 2.2a and b. The smooth surface was a mixture of a and β, in 
which characteristic non-polar phase peaks can be appreciated, 532, 614, 795, 975 cm-1 

among others. 760 cm-1 is the most characteristic and was used to calculate the percentage 
of a polymorph present in the sample. A strong band at 840 cm-1 was present with no signs 
of 1234 cm-1 g characteristic band, being only visible 1279 cm-1 in this region of the 
spectrum, corresponding to β-phase. 
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Eq. (1) was used to calculate the percentage of each phase, since this side will be used as 
a cell culture support for human mesenchymal stem cells. The percentages of β-phase were 
51.8 % for PVDF and 55.6 % for PVDF-CFO membranes. It has previously been shown 
that including fillers in the PVDF matrix enhances β-phase crystallization and increases its 
percentage in the nanocomposites, compared to the PVDF structures (Martins, Costa, and 
Lanceros-Mendez 2011). Regarding the porous surface, the FTIR spectra showed a 
mixture of g and β-phase, with no a-phase content. Characteristic peaks at 431, 776 and 
1234 cm-1 revealed the presence of g and peaks at 445, 840 and 1279 cm-1 reinforced β-
phase. The strong band at 840 cm-1 with no shoulder at 833 cm-1 led to the conclusion that 
β is the main phase in the porous surface. Nonetheless, the g-phase could be noted, giving 
rise to a mostly electroactive membrane, since the porous structure’s contribution to the 
membrane was much greater than that of the smooth surface. As previously mentioned, the 
difficulty in distinguishing between both phases makes it difficult to quantify β-phase 
percentage by FTIR spectra only. 
 
These findings agree with those obtained by Boccaccio et al. (Boccaccio et al. 2002), who 
made an exhaustive analysis of PVDF membranes using DMF as solvent by the NIPS 
manufacturing method, assessing the PVDF phases by different FTIR techniques. They 
found that membranes were mostly β-phase in the finger-like structure, with a contribution 
of g-phase to the porous part. The smooth surface, some microns thick, was composed of 
a and β, though no percentage of each phase was given. Other studies confirmed the 
presence of a mixture a and β phase on the membrane surface, although different solvents 
and coagulation bath temperatures were used (J. Liu, Lu, and Wu 2013; M. Zhang et al. 
2008). 
 
Differential scanning calorimetry was used to determine the crystalline fraction present in 
the studied sample. Differences in the melting temperatures (Tm) of PVDF crystalline 
phases can be used as an indicator of their presence in the sample, although they should 
be used as a complementary method to FTIR only, since Tm is also affected by crystalline 
defects and are especially present when the sample contains a filler (Martins, Lopes, and 
Lanceros-Mendez 2014). Figure 2.2c shows the presence of the endothermic peaks around 
170 ºC. PVDF membranes had their Tm at 170.2 ºC, while PVDF-CFO presented two 
endothermic peaks, the Tm being 168.4 ºC. The presence of more than one endothermic 
peak can be attributed to two phenomena: either the coexistence of two different crystalline 
phases in the same sample, or crystallite perfection. The presence of two endothermic 
peaks can only be seen in composite PVDF-CFO membranes. Since the coexistence of 
more than one polymorph has been described in both types of membranes by means of 
FTIR, the double endotherm peak present in PVDF-CFO must be due to different crystal 
sizes because of the presence of CFO. 
 
Crystallinity (Xc) can be calculated applying Eq. (2) using the melting enthalpies extracted 
from the DSC analysis. No contribution from the a-phase was assumed, since this phase, 
measuring only a few micrometres, is only present in the smooth surface. The results show 
that PVDF membranes had higher crystallinity (66 %) than PVDF-CFO membranes (61 %). 
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Figure 2.2. a) Infrared spectra of smooth surface of PVDF and PVDF-CFO membranes where 
characteristic peaks of a and β phases are highlighted. b) Infrared spectra of porous surface 
of PVDF and PVDF-CFO membranes where characteristic peaks of β and g phases are 
highlighted. c) DSC heating thermograms of PVDF and PVDF-CFO membranes.  
 
These high contents indicate that crystallization also occurs during polymer precipitation, 
even though liquid-liquid demixing takes place first. Low temperature coagulation baths 
favour a lower mass exchange between solvent and non-solvent, delaying liquid-liquid 
demixing and giving more time to the crystallization process (M. Zhang et al. 2008). The 
difference in Xc between PVDF structures with and without CFO MNP was explained by 
Martins et al. (Martins, Costa, and Lanceros-Mendez 2011). PVDF composites tended to 
have a lower degree of crystallinity than pristine PVDF. As shown by the two endothermic 
peaks in the DSC, composite membranes possessed more crystal defects, which can 
contribute to lower Xc.  
 
Incorporating CFO nanoparticles into the membranes was assessed by the Vibrating 
Sample Magnetometer (VSM), measuring the magnetic response. VSM can be used to 
determine the real content of CFO nanoparticles present in a sample and therefore 
nanoparticle loss during the composite manufacturing process (Gonçalves, Martins, 
Correia, et al. 2015; Gonçalves, Martins, Moya, et al. 2015). 
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Figure 2.3a shows the typical hysteresis loop for PVDF-CFO nanocomposites. 
Magnetization increased when the intensity of the applied field was raised until it saturated. 
The CFO content was calculated by Eq. (3), being 9.04 % ± 0.01 % in the sample, starting 
from a 10 % (w/w) concentration in the polymer solution. These data were obtained by 
measuring the magnetic response in three different zones of the same membrane, ensuring 
the correct distribution of the MNP within the composite sample. The cross-section of PVDF-
CFO membrane in Figure 2.3(b) and (c) shows good CFO MNP distribution within the 
polymer matrix, as confirmed by VSM. Nevertheless, cobalt ferrite oxide tends to form 
aggregates up to 1 μm, as can be seen in the FESEM image in Figure 2.3(c). 
 
In addition to being a simple process, these data show that NIPS is a valid technique for 
incorporating CFO into the polymer matrix. Unlike other techniques for producing PVDF 
nanocomposites, e.g. electrospinning (Gonçalves, Martins, Moya, et al. 2015), electrospray 
(Gonçalves, Martins, Correia, et al. 2015) or solvent casting (Fernandes et al. 2019), in 
which nanoparticle loss is more than 30 %, NIPS can incorporate up to 90 % of the MNP. 
 

 
Figure 2.3. a) Room-temperature hysteresis loop of PVDF-CFO membranes. b) Cross-section 
FESEM image of a PVDF-CFO membrane. c) Magnification of the square zone in b) where 
aggregation of CFO nanoparticles can be seen within the polymer matrix. 
 

2.3.2. Amine graft characterization 
PVDF is a widely used fluoropolymer due to its strong chemical resistance, which means it 
is difficult to modify its chemical structure, claiming the need of aggressive treatments. A 
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two-step treatment was used to graft free amine groups onto the PVDF surface. PVDF and 
PVDF-CFO membranes were first immersed in a 3.75 M NaOH solution for 1 hour at room 
temperature to dehydrofluorinize the polymer, followed by the formation of a conjugate 
double bond or polyene structure (C=C). After NaOH treatment the membranes became 
brownish, a macroscopic indicator of PVDF fluorine and hydrogen elimination (Xiao et al. 
2015).This bond can be attacked by specific molecules, such as 1,4-diaminobutane, which 
contains two primary amine groups. One group is able to bond to the polyene structure 
while the other will remain free to act in an acidic pH medium as a positive charge on the 
surface to promote the union of the first heparin layer. Incubation with 1,4-diaminobutane 
was performed for 24 h at 55 ºC, following Algieri et al. (Algieri, Donato, and Giorno 2017) 
optimized protocol.  
An XPS analysis was carried out to study the efficiency of the chemical modification on both 
the PVDF and PVDF-CFO surfaces. The scan spectra of C1s, F1s, O1s and N1s are shown 
in Figure 2.4. The elemental composition of all samples is given in Table 2.1.  
 
The C1s spectra of PVDF and PVDF-CFO before and after NaOH chemical treatment are 
shown in Figure 2.4a. Whatever the surface, both untreated PVDF and PVDF-CFO display 
the main C1s PVDF characteristic peaks at 286.4 eV and 291.4 eV attributed to the CH2 
and CF2 groups, respectively, and the peak at 285.0 eV assigned to the C-C group (Duca, 
Plosceanu, and Pop 1998; Correia et al. 2015). Some differences were found in the intensity 
of the XPS scans in the NaOH treated samples. The intensity of the characteristic CF2 and 
CH2 peaks was seen to fall, while the C-C group’s characteristic peak rose, indicating the 
loss of hydrogen and fluorine atoms after the post-chemical treatment with NaOH. No 
significant changes were seen after the DAB chemical treatment, showing the main C1s 
peaks PVDF characteristics. The C-C group was attenuated in PVDF-CFO composites on 
both treated and untreated surfaces (Figure 2.4a and 2.4b).  
 
Two peaks at 688 eV and 684 eV associated to the C-F groups (Correia et al. 2015; Lim et 
al. 2004) can be seen in the F1s scan spectra in Figure 2.4c. The peak at 533 eV at O1s is 
attributed to oxygen groups from the water formed during the dehydrofluorination process 
(Figure 2.4e), as reported in (Algieri, Donato, and Giorno 2017). The DAB reaction with the 
polymer chain is proven by the assigned peak at 400 eV (Figure 2.4f), attributed to NH2 
groups (Kehrer et al. 2019). 
 
The quantitative elemental composition of PVDF and PVDF-CFO composites before and 
after the chemical treatments are summarized in Table 2.1, in which surface chemical 
modifications can be checked. No significant changes were found in the elemental 
composition of the surfaces of untreated PVDF and PVDF-CFO composites, nor were there 
significant changes in the amount of carbon atoms, but the number of fluorine atoms 
dropped, accompanied by small numbers of oxygen atoms from the dehydrofluorination 
process, as reported in (Algieri, Donato, and Giorno 2017). The NaOH treatment reduced 
the F/C ratio from 0.92 to 0.84 in PVDF and 0.97 to 0.86 in PVDF-CFO, indicating that 
NaOH treatment leads to the cleavage of the C-F and C-H bonds and promotes the 
formation of radicals that can be recombined, leading to the formation of C=C bonds. DAB 
chemical treatment also reduces the F/C ratio samples and increases the amount of carbon. 
As shown in Table 2.1, the F/C ratio drops from 0.92 to 0.52 and 0.97 to 0.72 for both PVDF 
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and PVDF-CFO, respectively. No significant changes can be seen in the number of oxygen 
atoms. According to (Algieri, Donato, and Giorno 2017), the presence of nitrogen indicates 
that DAB is able to react with the -CH2-CH=CF-CH2- chain, inducing the formation of an 
amino group.  

 
Figure 2.4. XPS spectra of untreated and chemically treated PVDF and PVDF-CFO samples 
C1 and F1 scan spectra for PVDF and PVDF-CFO after NaOH a), c), and DAB treatments b), 
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d), respectively. O1 and N1 spectra for PVDF and PVDF-CFO after the NaOH treatment e) and 
DAB f).  
 
Table 2.1. Surface chemical composition of PVDF and PVDF-CFO surface composites before 
and after chemical treatment.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To verify the results obtained from the XPS surface analysis, the ninhydrin test, a 
colorimetric assay, was conducted to quantify the amino groups. These groups present on 
the membrane surface reacted with ninhydrin to form a purple compound. Quantification by 
the glycine calibration curve revealed that the concentration of amine groups was 30.1 ± 
5.5 µmol/g for PVDF membranes and 27.7 ± 4.8 µmol/g for PVDF-CFO. 
 

2.3.3.  Layer-by-layer assembly 
Five layers of each polyelectrolyte were deposited on the membrane smooth surface, 
starting with a layer of heparin and ending with collagen. This surface was chosen as cell 
culture support due to the high porosity of the bottom surface. In a previous study we found 
that PVDF membranes with porosities ranging from 80 to 85 % had very different outcomes 
regarding initial cell adhesion and proliferation, that is to say, small porosity differences can 
significatively influence cell behaviour. Focusing on studying LbL effect and to exclude this 
parameter cells were seeded on the smooth surface (Morales-Román et al. 2019).  
 
Representative FESEM images after layer-by-layer assembly show good deposition and a 
homogenous coating on the surface of both membranes. Figure 2.5(1) shows PVDF and 
PVDF-CFO membranes before and after layer-by-layer assembly, with no difference in 
layer-by-layer coating due to the incorporation of CFO MNP in the polymer matrix, or even 
the presence of CFO aggregates on the membrane smooth surface. FTIR spectra 
confirmed the FESEM images. Figure 2.5(2) shows representative FTIR spectra of a PVDF 
membrane with and without LbL. New peaks, highlighted with arrows, can be seen in the 
spectra of the last heparin (H5) and collagen layers (C5). FTIR graphs of PVDF-CFO 
membranes are not shown since the new peaks of both conditions were similar. The most 
representative absorptions in the collagen a-helix are those of the amide A N-H stretching, 
with a peak appearing around 3330 cm-1, the amide I C=O stretching at 1655 cm-1 and the 

 ELEMENTAL COMPOSITION (%)  

SURFACE C1s F O N F/C 

PVDF 51.9 48.1 - - 0.92 

PVDF-CFO 50.7 49.3 - - 0.97 

PVDF+NAOH 51.5 43.7 4.8 - 0.84 

PVDF-CFO+NAOH 51.3 44.2 4.6 - 0.86 

PVDF+NAOH+DAB 64.3 33.3  2.4 0.52 

PVDF-CFO+NAOH+DAB 54.4 39.4 4.7 1.6 0.72 
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amide II C-N stretching and N-H bending combination, typically appearing at 1550 cm-1 

(Camacho et al. 2001). The absence of PVDF characteristic peaks in these regions made 
it easy to identify the previously mentioned collagen absorptions in the LbL coated 
membrane, starting with an intense amide A peak at 3330 cm-1.  
 

 
Figure 2.5. (1) FESEM images of layer-by-layer coating on the top surface of PVDF and PVDF-
CFO membranes. a) PVDF and c) PVDF-CFO smooth surface without coating. b) PVDF and d) 
PVDF-CFO LbL coated surface. (2) FTIR spectra of PVDF membrane without LbL and PVDF 
membrane showing last layer of heparin (H5) and last layer of collagen (C5). Arrows highlight 
the characteristic peaks of the polyelectrolytes used. (3) Bar diagram of heparin 
concentration in PVDF and PVDF-CFO membranes after 1 (H1), 3 (H3) and 5 (H5) heparin 
layers.  
 
The last heparin layer spectra (dashed line) have exactly the same peaks as the last 
collagen layer, since proteoglycans share characteristic absorption bands with the proteins 
of primary and secondary amides. The C-O-S stretching band at 850 cm-1 cannot be 
distinguished due to the abundance of pronounced typical PVDF peaks in that region, 
especially the β-phase band at 840 cm-1. To prove heparin presence in the coated 
membranes, since it could not be detected by means of FTIR, heparin concentration was 
determined using Taylor’s blue colorimetric method. As can be seen in figure 2.5(3), heparin 
presence was only detected in the first layer of PVDF-CFO membranes, concentration of 
H1 in PVDF membranes was too low to be detected by this colorimetric method. After 3 
layers, both types of membranes showed similar biomolecule concentrations, 1.13 ± 0.26 
µg of heparin/cm2 for PVDF membranes and 1.5 ± 0.29 µg of heparin/cm2 in the membranes 
containing CFO. The increase in heparin concentration between H1 and H3 did not follow 
a linear rise. This could probably be due to the presence of the subsequent layers of 
collagen, which provided a higher number of amine groups and positive charges than the 
ones obtained after amynolization, increasing the concentration of heparin deposited in the 
following layers.  Interestingly enough, after depositing 5 layers of heparin, PVDF-CFO 
membranes showed a linear increase in the concentration, reaching 2.73 ± 0.13 µg of 



PVDF membranes coated by heparin/collagen LbL for MSCs culture 

 84 

heparin/cm2. Nonetheless, concentration of heparin was saturated after 3 layers in PVDF 
membranes, not showing a significant increase after the deposition of 5 layers. Differences 
in heparin deposition could be related with the presence of CFO, but further studies will be 
needed to reach a conclusion.  
 
Deposition of collagen layers was also confirmed by atomic force microscopy. Figure 2.6 
shows PVDF sample AFM images before and after coating with alternate layers of heparin 
and collagen, PVDF-C1 and PVDF-C5, for 1 and 5 bilayers respectively (from a to f). At first 
glance, there is not a huge difference between them when examining a large area: the 
height profiles at the bottom of Figure 2.6 are all very similar. However, there is a more 
subtle change which was eventually revealed by the surface roughness parameters: the 
more layers in the LbL process, the lower the surface roughness (Ra ranging from 28 nm 
for neat PVDF to 22 nm for PVDF-C5). The coating process deposits a thin layer on the 
PVDF surface which preferentially fills the lower parts of the topography, giving more 
rounded profiles with smaller differences between peaks and valleys. 
 

 
Figure 2.6. Height and amplitude AFM images of neat PVDF and PVDF coated by different 
numbers of alternating heparin/collagen layers (1 and 5 bilayers for C1 and C5, respectively). 
Height profiles of straight lines are also displayed at the bottom of the figure.  
 

2.3.4. Cell response to layer-by-layer coated membranes 
Human mesenchymal stem cells were used to test initial cell response in PVDF and PVDF-
CFO membranes, assuring their future use in bone tissue engineering applications. To 
compare the effectiveness of layer-by-layer coating, PVDF and PVDF-CFO membranes 
with adsorbed fibronectin were used as controls. Fibronectin is usually applied as a simple 
coating to favour initial cell adhesion in non-adherent biomaterials. A glass slide coated with 
fibronectin was also used, generally considered a standard control. A short-term culture 
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was carried out, after 24h cell spreading was evaluated and cell number was assessed at 
1, 3 and 7 days by cytoplasm-nucleus cell counting. 
 

 
Figure 2.7. (a) Representative images of actin (cytoplasm-red) and Hoechst (nucleus-blue) 
staining after 1, 3 and 7 days of culture. High cell seeding density (8000 cells/cm2) allows cells 
to reach confluence after 3 days. Scale bar is 50 μm. (b) Box and whiskers (10-90 percentile) 
of cell areas measured after 24h in each condition (c) Cell count based on the analysis of 4 
images taken from 3 replicates per condition at 1, 3 and 7 days. * p-value < 0.05 
 

A high cell seeding density (8 x 103 cells/cm2) was chosen. As can be seen in Figure 2.7a 
the cells adhered in every condition after 24h, showing well-developed cytoskeletons and 
fusiform morphologies typical of hMSCs. Cell spreading was assessed in every condition 
analysing the images taken at the first time point studied. Figure 2.7b shows the obtained 
plots. Although significant differences can be found between different conditions, they are 
minimal and probably associated with the heterogeneity displayed by hMSCs morphologies 
once they adhered to the surfaces.  
 
As indicated by the cell count, the cells duplicated within the first 24h. Cell number after 24h 
shows no significant differences between conditions, demonstrating the non-cytotoxic effect 
of CFO in the PVDF-CFO membranes at short term.  The cells continued to proliferate over 
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time, reaching confluence after 3 days of culture, which will be the proper time to introduce 
external differentiation stimuli, chemical if media supplements are added or physical if 
differentiation is induced by electromechanical cues. In PVDF substrate not containing 
CFO, cells multiplied continuously up to day 7. Cell adhesion and proliferation on PVDF 
substrates has traditionally been ensured by a fibronectin coating on the surface, since 
MSCs adhesion to PVDF substrates based only on the proteins adsorbed from serum is not 
effective. Since Ribeiro et al. (Ribeiro et al. 2012) studied fibronectin adsorption on PVDF 
substrates in different crystalline phases, fibronectin has been used as a routine coating for 
cell culture in PVDF samples (Ribeiro et al. 2015; Sobreiro-Almeida et al. 2017). Coating 
our supports with FN attained cell numbers of the same order as glass control. Layer-by-
layer coating had similar cell number after 24 h, showing that the collagen type I layer is a 
suitable adhesion protein for these cells.  
 
Introducing CFO into the membrane raises the question of whether it could compromise the 
viability of the cells cultured on it, since cobalt ferrite oxide has been shown to be cytotoxic 
to human mesenchymal stem cells (Moise et al. 2017). As can be seen in Figure 2.1e, the 
smooth surface of PVDF-CFO membranes had some isolated CFO aggregates 
encapsulated in the polymer matrix. Some of them were exposed to the surface (Figure 
2.1f) and could have been in contact with hMSCs during the culture. Combinations of non-
biodegradable polymers, as PVDF, and cobalt ferrite oxides have been previously used in 
cell culture approaches and its leaching has been tested (Fernandes et al. 2019). The 
publications have shown that PVDF matrices retain CFO during cell culture, with no release 
of nanoparticles into the cell culture medium. Interestingly enough, cells adhered to and 
were viable on PVDF-CFO supports with a fibronectin coating, since the cell number did 
not decrease with time. It is worth noting that no significant difference in cell spreading is 
shown in PVDF-CFO+FN sample with respect to glass slide + FN, and nevertheless cell 
number did not grow with culture time. They duplicated their numbers between seeding and 
day 1 but then the interaction with ferrite particles seemed to hinder further proliferation. As 
shown in Figure 2.7(c), there were no significant differences in cell numbers between days 
1 and 7, although PVDF-CFO + LbL showed significant cell proliferation, indicating that the 
LbL coating here presented was able to cover the exposed ferrite particles (Figure 2.5(1)-
d) hindering the direct contact of hMSCs with the CFO. LbL is effective for hMSCs culture 
in our magnetic responsive PVDF composites produced by the NIPS technique. 
 
These findings open the door for future cell culture approaches in bone tissue engineering 
using the magnetoelectric effect to induce the differentiation of human mesenchymal stem 
cells towards the osteogenic lineage.  
 

2.4. Conclusions 
NIPS has been shown to be an easy and reliable technique for producing PVDF membranes 
containing magnetostrictive nanoparticles for bone tissue engineering approaches. NIPS 
obtained electroactive membranes with a smooth surface, a thin layer with a mixture of a 
and β-phases, and a porous core which was completely electroactive, combining the β and 
g-phases. The introduction of CFO increased the β-phase content on the surface, while 
reducing overall crystallinity, unlike the membranes without MNP. NIPS is an adequate 
technique for incorporating cobalt ferrite oxide into the polymer matrix with an MNP loss of 
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only 10% in the manufacturing process. These membranes were aminolyzed by an alkali 
approach. Heparin and collagen were deposited on the membranes surface using a layer-
by-layer technique, which proved to be as effective as standard fibronectin adsorption for 
hMSCs cell culture and proliferation. LbL was also necessary for hMSCs proliferation in 
PVDF-CFO membranes.  
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Abstract  
Physical cues have demonstrated to be effective approaches to induce osteogenic 
differentiation of mesenchymal stem cells (MSCs) for advanced regeneration therapies. 
Precisely, piezoelectric stimulation has been proposed due to the electroactive properties 
of bone’s extracellular matrix. Piezoelectric polymers, when combined with a 
magnetostrictive component can be used for MSCs stimulation by applying an external 
magnetic field. The deformation of the magnetostrictive component will produce a 
deformation in the polymer matrix, generating a change in the surface charge due to the 
piezoelectric effect that induce an electric field that can be transmitted to the cells. Cell 
adhesion and cytoskeleton changes are the first evidence of MSCs osteoblastogenesis and 
can be used to study initial MSCs response to this kind of stimulation. In the current study, 
poly(vinylidene) fluoride (PVDF) piezoelectric films with and without cobalt ferrite oxide 
(CFO) crystallized from the melt in the presence of the ionic liquid 1-Butyl-3-methyl-
imidazolium-chloride ([Bmim][Cl]) were produced. The presence of [Bmim][Cl] allowed the 
obtainment of the b-phase, the most electroactive one, even in the absence of CFO. After 
ionic liquid removal, PVDF and PVDF-CFO films presented high percentages of b-phase, 
95.4 ± 3.4 % and 98.6 ± 0.6 %, respectively, and a crystalline content of 62 ± 0.7 % for 
PVDF and 63.9 ± 3.3 % for PVDF-CFO. The incorporation of CFO nanoparticles was 
effective, which allowed to electromechanically stimulate MSCs by applying a magnetic field 
with a bioreactor. Prior to stimulation, initial response of MSCs was characterized in static 
conditions, showing that the produced films were biocompatible and non-cytotoxic, allowing 
MSCs adhesion and proliferation at short term (1 to 7 days). Selection of the appropriate 
cell culture media was also optimized in static conditions for further combination with 
stimulation. Focal adhesion analysis revealed that a combination 1:1 of osteogenic and 
adipogenic media enhanced cell spreading area, focal adhesion number and length. 
Subsequent stimulation experiments were performed and revealed that MSCs 
electromechanically stimulated for 3 days in PVDF-CFO supports showed longer focal 
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adhesions and a decrease in vimentin density. These results prove that MSCs are able to 
respond to this kind of stimulation at cytoskeleton level, leading the way to further studies 
on MSCs fate determination using piezoelectric cell culture supports.  
 
Keywords  
Ionic liquid; poly(vinylidene) fluoride; magnetoelectric effect; mesenchymal stem cells; focal 
adhesions; cytoskeleton  
 

3.1. Introduction 
Mesenchymal stem cells (MSCs) are multipotent cells with the ability to differentiate into 
osteoblasts, adipocytes or chondrocytes (Dominici et al. 2006). As an autologous stem cell 
source, they are potential candidates for advanced regeneration therapies, especially for 
treating bone defects. MSCs are actively implicated in in vivo bone repair. They migrate to 
the injured site and differentiate to osteoblasts in response to biochemical and biophysical 
stimuli present in bone’s microenvironment (Einhorn and Gerstenfeld 2015).  
 
Many of the proposed therapies using MSCs rely on their potential to differentiate once 
injected in the injured site. Nevertheless, the altered homeostasis of the stem cell niche at 
the bone defect, related with some pathologies, may not provide the right cues to initiate 
the osteogenic differentiation cascade in MSCs (Gómez-Barrena et al. 2015). For that 
reason, pre-differentiation approaches are usually preferred, since the induction of an 
osteoblastic phenotype prior to transplantation has shown enhanced healing capacity 
(Yoshikawa, Ohgushi, and Tamai 1996; Castano-Izquierdo et al. 2006; Peters et al. 2009; 
Ye et al. 2012). Physical cues have been proposed as an alternative to biochemical 
induction due to their specific potential (Hodgkinson et al. 2021), avoiding undesired side 
effects that may be observed when using media formulations containing dexamethasone 
(Ghali et al. 2015). More precisely, piezoelectric stimulation is being researched since 
MSCs find themselves subjected to an electroactive environment due to the presence of 
the collagen fibers that conform bone’s extracellular matrix (Minary-Jolandan and Yu 2009).  
 
Poly(vinylidene) fluoride (PVDF) has been explored as a suitable piezoelectric polymer to 
design cell culture supports for the stimulation of osteogenic progenitors (C. Ribeiro, 
Moreira, et al. 2012; Fernandes et al. 2019; Pärssinen et al. 2015; Damaraju et al. 2017; 
Zhou et al. 2016). Its combination with a magnetostrictive phase, generating a 
magnetoelectric material, allows piezoelectric stimulation by applying a magnetic field, a 
minimally invasive wireless approach. When the magnetic field is applied to the composite 
a deformation is induced in the magnetostrictive component. This is transmitted to the 
piezoelectric matrix, which undergoes a change in electrical polarization (Martins and 
Lanceros-Méndez 2013).  
 
This approach inevitably links electrical and mechanical stimulation, which can trigger a 
mechanostransduction response able to activate intracellular signalling cascades in MSCs 
influencing proliferation, migration and differentiation (Jacob et al. 2018). Focal adhesions 
(FA), multiprotein complexes under the cell membrane, are responsible for 
mechanosensing, perceiving and transferring the mechanical cues present on the 
extracellular milieu to the cellular cytoskeleton. They serve as an interface between the 
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integrins, directly contacting the extracellular environment, and the actin cytoskeleton 
(Martino et al. 2018). Changes in focal adhesion number and length and cytoskeleton 
tension are directly related with osteogenesis. Mature adhesions leading to high intracellular 
tension morphology produce tensile forces in the nucleus affecting gene expression, 
especially through mitogen-activated protein kinases (MAPK) pathway. MAPK downstream 
effector ERK1 is known to be increased due to the formation of super-mature adhesions 
leading to the phosphorylation of runt-related transcription factor 2 (RUNX2), the master 
transcription factor of the osteogenic differentiation pathway (Dalby et al. 2007; Biggs et al. 
2009).  
 
Biomedical application of PVDF relies on its crystallization in b-phase, the one showing the 
highest piezoelectric response. This phase is usually obtained through the stretching of a-
phase films obtained from the melt, by techniques such as solvent casting at temperatures 
lower than 70 °C or through the induction of specific fillers such as clays, magnetostrictive 
nanoparticles or ionic liquids (IL) (Martins, Lopes, and Lanceros-Mendez 2014). 
 
Ionic liquids are liquid electrolytes exclusively composed by ions and with a melting point 
below 100 °C. Their astonishing physical characteristics such as negligible vapor pressure, 
high ionic conductivity and excellent solubility and miscibility with many compounds have 
motivated their use as a replacement of organic solvents (Correia, Fernandes, et al. 2020). 
These last two properties, nevertheless, could also be of great interest for their use as PVDF 
nucleating agents, a less explored application. The b-phase polymorph can be induced by 
the presence of ionic liquids (Correia, Costa, et al. 2020; Meira et al. 2019), which after 
crystallization are easily removed, obtaining a PVDF cell culture support in its most 
electroactive phase. Specifically, IL removal allows to obtain PVDF structures without 
magnetostrictive nanoparticles with the same structure, electroactive and crystalline 
composition as the ones containing them, that can be used as controls for stimulation 
experiments.  
 
Taking all of this into account, we developed PVDF films crystallized in the presence of the 
ionic liquid 1-Butyl-3-methyl-imidazolium-chloride ([Bmim][Cl]), containing or not 
magnetostrictive nanoparticles, to characterize MSCs response to electromechanical 
stimulation. Films were physically characterized before and after IL removal and their 
absence of cytotoxicity for MSCs was also evaluated. MSCs response to electromechanical 
stimulation regarding focal adhesion formation and cytoskeleton reorganization was studied 
applying a magnetic field using a bioreactor. As far as the authors know, this is the first time 
that PVDF films crystallized in the presence of the ionic liquid [Bmim][Cl] have been used 
to stimulate MSCs electromechanically.  
 

3.2. Materials and methods 
3.2.1.  Electroactive film production 

PVDF (Solef 6010, Mw ~ 300 kg·mol-1) and PVDF films containing 20 % (w/w) cobalt ferrite 
oxide spherical nanoparticles (CoFe2O4, CFO, 35-55 nm size range, Nanostructured & 
Amorphous Materials) were produced. Both types of films contained a 20 % (w/w) content 
[Bmim][Cl] (Inc and Iolitec). The adequate amounts of [Bmim][Cl] and CFO, when 
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applicable, were mixed in 6 mL of N,N-dimethylformamide (DMF, anhydrous, 99.8%, Merck) 
and ultrasonicated for 3 h in an ultrasound bath. Afterwards, the dispersed filler solutions 
were mixed with 1 g of PVDF powder and mechanically stirred for 3 h to obtain a 
homogeneous solution. After complete mixing and dissolution of the PVDF polymer, the 
films were prepared by doctor blade technique onto a glass substrate and placed in an oven 
(P-Selecta) at 210 °C for 10 min for solvent evaporation (C. Ribeiro et al. 2018).  
 

3.2.2. Ionic liquid removal and film poling process 
Films were placed in ultrapure water during 5 days for IL removal where every day the water 
was replaced, and the sample weight measured. After IL removal, the membranes were 
polled by the contact method. The polarization process was performed applying an electric 
field of ~10 kV at a constant current of 10 µA during 1 h at a temperature of 120 °C. 
 

3.2.3. Film characterization 
3.2.3.1. Field emission scanning electron microscopy  

PVDF and PVDF-CFO film surfaces before and after ionic liquid removal were characterized 
by means of field emission scanning electron microscopy (FESEM) (AURIGA compact, 
Zeiss). Films before washing were imaged with an accelerated voltage of 1 kV and washed 
films with 2 kV. Samples were coated with platinum following a standard sputtering protocol 
for 90 s (JFC 1100, JEOL). 
 

3.2.3.2. Fourier transform infrared spectroscopy  
Fourier transform infrared spectroscopy (FTIR) spectra were recorded using an ALPHA 
FTIR spectrometer (Bruker) in attenuated total reflection (ATR) mode from 4000 to 400 cm−1 
at a wavelength resolution of 4 cm−1. FTIR spectra were performed after 64 scans for each 
sample. PVDF and PVDF-CFO samples before and after washing were assayed.  
 

3.2.3.3. Differential scanning calorimetry  
Differential scanning calorimetry (DSC) was carried out with a DSC 8000 (PerkinElmer) for 
scans in the melting region under a flowing nitrogen atmosphere. A samples mass of 2-4 
mg was encapsulated in aluminium pans and thermograms were recorded between 0 and 
200 °C at a heating rate of 20 °C/min. PVDF and PVDF-CFO films after washing were used 
for the measurements.  

 
3.2.3.4. Vibrating sample magnetometer  

Films containing magnetostrictive nanoparticles were magnetically characterized, after IL 
removal, using a Microsense 2 Tesla vibrating sample magnetometer (VSM). Magnetization 
loops M(H) were evaluated up to 18 kOe and the real content of CFO was calculated by 
comparing the pure CFO saturation magnetization value (60 emu/g) to the one obtained in 
the composite samples, by means of Eq. (1) (Gonçalves et al. 2015): 
 

𝐶𝐹𝑂	𝑤𝑡	% = 	 I12J#12K"L	&1ML$2KN12K"L	&K=#"%!S$#$%
I12J#12K"L	&1ML$2KN12K"L	!J#$	PQR

	𝑥	100         Eq. 1 
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3.2.4. Cell response  
Human bone marrow mesenchymal stem cells (PromoCell) were used for cell culture 
assays. MSCs were expanded in basal medium containing Dulbecco's Modified Eagle 
Medium (DMEM) high glucose (4.5 g/L) (Gibco) supplemented with 10 % (v/v) foetal bovine 
serum (FBS, Gibco), 4 mM L-glutamine (Lonza), 1X non-essential aminoacids (NEAA, 
Gibco), 1 mM sodium pyruvate (Gibco), 70 U/mL penicillin, 70 μg/mL streptomycin (P/S, 
Life technologies) and 0.25 μg/mL fungizone (Life technologies), at 37 °C in a humidified 
atmosphere with 5 % CO2. All experiments were performed at passages not superior to 5.  
Films were sterilized by performing three washes with ethanol 70 % (v/v) under shaking for 
10 min each. After, samples were washed again three times with Dulbecco’s phosphate 
buffer saline (DPBS, Sigma-Aldrich) and left to dry. 8 mm diameter disks were obtained and 
UV was applied for 30 min on each side. 8 mm glass slides were used as non-charged 
controls in all experiments and were sterilized by UV light for 30 min on each side. Finally, 
samples were placed in a 48-well plate and silicon rings were used to prevent them from 
floating. Due to PVDF hydrophobicity, all samples were coated with fibronectin from human 
plasma (Sigma-Aldrich), on the negative charged side, prior to cell seeding (C. Ribeiro, 
Panadero, et al. 2012). Samples were incubated in a 20 µg/mL fibronectin solution in DPBS 
for 1 hour at room temperature. Afterwards, samples were washed twice in DPBS to remove 
non adsorbed fibronectin and kept in DPBS until cell seeding.  
 

3.2.4.1. Initial mesenchymal stem cells response at static mode 
3.2.4.1.1. Cytotoxicity/leachable test 

Cytotoxicity of CFO nanoparticles and any remaining traces of IL after washing was ruled 
out by performing a leachable test based on the ISO 10993-5 standard test. PVDF and 
PVDF-CFO films previously sterilized and placed on a 48 well plated were incubated with 
300 µL of basal medium per well for 24 h at 37 °C in a humidified atmosphere with 5 % CO2. 
As positive control latex disks of 8 mm were employed while as negative control the basal 
medium was used. The leachable solution was analysed for toxicity by means of the 
tetrazolium salt MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) assay. This method allows indirect measurement of cell 
viability by determining mitochondrial activity of cells. MSCs were seeded at a density of 
104 cells/cm2 in a 48-tissue culture plate and kept in culture for 24 h. After, the culture 
medium was replaced for the extraction medium, which was in contact with the materials. 
Cell were incubated for 24 h. Subsequently, medium was replaced for DMEM without 
phenol red (Sigma-Aldrich) containing the MTS reagent (Biovision) at a working dilution of 
1:10. Cells were incubated for 2 h at 37 °C. Thereafter, the supernatant was transferred to 
a new plate and the optical density at 490 nm was measured on a Victor3 microplate reader 
(PerkinElmer). Cell viability was determined applying Eq. (2) (Fernandes et al. 2019): 

 
𝑐𝑒𝑙𝑙	𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦	(%) = :O%	I1&!3$	AB?	+=		

:O%	T$M12KU$	P"L2#"3	AB?	+=
	𝑥	100                 Eq. 2 

 
3.2.4.1.2. Cell spreading  

Cell spreading and distribution was assessed by staining F-actin and nuclei. MSCs were 
seeded on PVDF, PVDF-CFO and glass slide surfaces, previously sterilized and coated 
with fibronectin, at a density of 5 x 103 cells/cm2. Cells were seeded in basal medium without 
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FBS to promote cell adhesion to the fibronectin present on the surfaces. A 100 µL drop 
containing the desired number of cells was deposited inside the silicon ring. After 3 h the 
required volume of basal medium and FBS for a final concentration of 10 % (v/v) were 
added to each well. This seeding method was used in all the subsequent cell culture 
experiments.  
After 24 h cells were fixed in 4 % (v/v) paraformaldehyde solution (Panreac) for 20 min. 
Samples were washed three times in DPBS and permeabilized with permeabilization buffer 
(Sucrose 300 mM, NaCl 50 mM, MgCl2 hexahydrate 3 mM, HEPES 20 mM, Triton X-100 
0.5 % (v/v), pH 7.2) for 5 min at 4 °C. Subsequently, they were blocked in 1 % (w/v) bovine 
serum albumin (BSA, Sigma-Aldrich) solution in DPBS/0.1 % (v/v) Tween-20 (Sigma-
Aldrich) for 1 h at room temperature and incubated with Actin Red 555 ReadyProbes 
reagent (Fisher Scientific) following manufacturer’s instructions. Then, samples were 
washed 3 times with DPBS/0.1 % (v/v) Tween-20 and mounted with fluoroshield mounting 
medium with DAPI (Abcam). Images were taken with a fluorescence microscope (Nikon 
Eclipse 80i) and cell spreading was analysed using CellProfiler image analysis software 
(Broad Institute, USA). Briefly, masks of images were obtained from previous segmentation 
and cell areas were measured for the scaled images.  
 

3.2.4.1.3. Proliferation 
MSCs proliferation was determined after 1, 3 and 7 days in culture. 12 h before cell seeding 
cells were starved in basal media containing 1 % (v/v) FBS to synchronize cell cycle. PVDF, 
PVDF-CFO and glass slides were seeded at a density of 5 x 103 cells/cm2 in basal medium 
without FBS following the protocol descried in section 2.4.1.2. Cell proliferation was 
assessed by MTS assay (protocol in section 3.2.4.1.1). Cell number was calculated by 
means of a calibration curve.  
 

3.2.4.2. Media selection for piezoelectric stimulation 
To choose the appropriate medium for subsequent differentiation experiments an analysis 
of focal adhesions was performed using diverse media formulations in static conditions (no 
stimulation applied).  
 
MSCs were seeded on PVDF, PVDF-CFO and glass slides at a density of 2 x 103 cells/cm2 
in basal medium without FBS. After 3 h, media was replaced for complete basal medium 
(containing FBS), osteogenic medium (dexamethasone 100 nM, Ascorbate-2-phosphate 
200 µM and b-glycerophosphate disodium salt hydrate 10 mM) or balanced medium, a 
mixture 1:1 (v/v) of osteogenic and adipogenic media (dexamethasone 1 µM, 3-isobutyl-1-
methylxanthine 500 µM, insulin 1,72 µM and indomethacin 100 µM) (Kilian et al. 2010).  
After 3 days cells were fixed, permeabilized and blocked following the protocol described in 
3.2.4.1.2. After, samples were incubated with mouse monoclonal anti-vinculin antibody 
(1:400, Sigma Aldrich, V9264) in conjunction with ActinGreen 488 ReadyProbes reagent 
(AlexaFluor 488 Phalloidin, Fisher Scientific) in blocking buffer overnight at 4 °C. After 
washing three times for 5 min with DPBS/Tween-20 0.1 % (v/v), cells were incubated with 
a biotinylated anti-mouse secondary antibody (1:50, Vector Laboratories, BA-2000) for 1 h 
at 37 °C. After washing, Texas Red conjugated streptavidin (1:50, Vector Laboratories, SA-



Electroactive environments for mesenchymal stem cells osteogenic differentiation 
 

 103 

5006) was added to the samples and incubated 30 min at 4 °C followed by washing and 
mounting using fluoroshield mounting medium with DAPI (Abcam).  
 
Samples were imaged using a confocal microscope (Zeiss LSM 880 Confocal 
Microsystem). Individual cells were analysed using CellProfiler. Briefly, an image 
processing pipeline was generated to load the DNA (DAPI), F-actin (phalloidin) and vinculin 
(antibody conjugate Texas Red) for each image set. This was followed by automated 
detection of cell nuclei, cell morphology and detection of focal adhesions. Focal adhesion 
number per cell, mean length of focal adhesion per cell and focal adhesion length 
distribution were quantified. An example of the identification of focal adhesions performed 
using CellProfiler is shown in Figure 3.1.  
 

 
Figure 3.1. Identification and quantification of focal adhesions, stress fibres and cell 
spreading using CellProfiler software. a) Merged immunofluorescence image of vinculin (red), 
F-actin (green) and nucleus (blue). b) F-actin cytoskeleton. c) Vinculin immunofluorescence. 
d) Masked cell area obtained after processing F-actin images. e) Image overlay of identified 
stress fibres and F-actin. f) Image overlay of identified focal adhesions and vinculin 
immunofluorescence. Scale bar 50 µm.  
 

3.2.4.3. Mesenchymal stem cells response at dynamic mode  
To electromechanically stimulate MSCs, samples were stimulated using a home-made 
magnetic bioreactor able to generate an alternating magnetic field (0-230 Oe) due to the 
movement of neodymium magnets below the 48-well tissue culture plate (Castro et al. 
2020). A frequency of 0.3 Hz and a 10 mm displacement were applied together with a 
stimulation program divided into an active stimulation period of 16 h, based on 5 min of 
magnetic stimulation and 25 min of resting time, followed by a non-active period of 8 h, 
when no magnetic stimulation was applied (Fernandes et al. 2019; S. Ribeiro et al. 2020). 
Stimulated (S) glass slides and PVDF samples were used as controls for the effect of the 
magnetic field itself and the surface charge generated by polarization, respectively. Non-
stimulated (NS) surfaces were compared to their stimulated counterparts. 
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3.2.4.3.1. Vinculin and vimentin immunofluorescence 
MSCs were seeded at a density of 2 x 103 cells/cm2 in basal medium without FBS. After 3 
h, medium was replaced for balanced medium, chosen from previous experiments, and 1 h 
later stimulated samples were placed in the bioreactor. After 3 days in culture, cells were 
fixed and immunostained following the protocol previously described. Focal adhesions were 
stained through the detection of vinculin using a mouse monoclonal anti-vinculin antibody 
(1:400, Sigma Aldrich, V9264) and vimentin, a cytoskeleton intermediate filament, was 
detected using a goat polyclonal anti-vimentin antibody (1:100, Sigma-Aldrich, V4630).  
Vinculin was imaged and analysed as described in the previous section. Also, the number 
of stress fibres per cell was analysed using F-actin images. CellProfiler was used to 
generate a pipeline for their identification and quantification, an example is shown in Figure 
3.1. Vimentin images from representative areas of each well were acquired using an 
inverted fluorescence microscope EVOS M7000 (Fisher Scientific) and analysed using 
CellProfiler. Again, an image processing pipeline was generated to load the DNA (DAPI), 
F-actin (phalloidin) and vimentin (antibody conjugate Texas Red) for each image set. This 
was followed by automated detection of cell nuclei, cell morphology and marker staining 
intensity. 
 

3.2.5. Data and statistical analysis 
Material characterization was performed by analysing samples produced in three different 
batches. Cell culture experiments were performed, at least, in triplicates. For MTS analysis 
a minimum of two technical replicates were used. Focal adhesions, for media selection and 
piezoelectric stimulation, and stress fibres were analysed from a minimum of 25 individual 
cells per condition, from three different replicates. Cell spreading at static mode and 
vimentin intensity were quantified using 4 different representative zones per well, using 
three wells per condition.   
All results are expressed as mean ± standard deviation. Statistical analysis was performed 
on GraphPad Prism 9 (USA). Samples following a normal distribution, determined by 
Shapiro-Wilk test, were analysed using a two-tailed t-test or one-way ANOVA for multiple 
comparisons. The rest of the samples were analysed by the non-parametric tests two-tailed 
Mann-Whitney or Kruskall-Wallis (with Dunn’s multiple comparison test). 95 % confidence 
interval was set to accept significant inter-group differences (p-value < 0.05).  
 

3.3. Results and discussion 
3.3.1. Film characterization 

PVDF and PVDF-CFO films were produced by doctor blade technique and crystallized in 
the presence of the ionic liquid [Bmim][Cl]. After crystallization from the melt, IL was 
removed by performing several washes with water. As can be seen in Figure 3.2a, before 
[Bmim][Cl] was washed, its presence could be detected on the film surface, in the form of 
dark stains covering PVDF spherulites. This indicates that part of the IL is moved to the 
surface of the sample by the growth of PVDF crystals. After IL removal (Figure 3.2a) the 
dark areas disappear due to the soluble character of [Bmim][Cl] in water. The elimination of 
the IL allowed to visualize PVDF characteristic spherulitic structure when crystallized from 
the melt. The spherulites show a slightly smaller size in PVDF-CFO films compared to PVDF 
due to the role of CFO nanoparticles as nucleating agents. The dispersion of these 
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nanoparticles in the initial solution provides a higher number of crystallization nuclei where 
polymer spherulites start to grow until they contact a neighbour one due to the limited space 
(Martins, Costa, and Lanceros-Mendez 2011).  
 
IL removal was also confirmed by infrared spectroscopy. PVDF and PVDF-CFO film spectra 
before and after [Bmim][Cl] elimination are shown in Figure 3.2b. The characteristic 
absorption bands of the IL are observed before the removal. A clear peak appears at 3385 
cm-1 corresponding to the quaternary amine of the [Bmim] cation and another one at 1635 
cm-1 from the C=C stretching can also be detected (Dharaskar et al. 2016). After washing 
the peaks can no longer be seen, indicating the correct removal of the IL and confirming 
the results already visualized by electron microscopy.   
 

 
Figure 3.2. Characterization of PVDF and PVDF-CFO films before and after ionic liquid (IL) 
removal. a) Field emission scanning electron microscopy images of PVDF and PVDF-CFO 
surfaces before (upper line) and after (lower line) IL was removed by washing. Scale bar 50 
µm. b) Infrared spectra of PVDF and PVDF-CFO films before (green line) and after (black line) 
IL removal. Characteristic peaks of [Bmim][Cl] disappeared after performing several washes 
with water.  
 
Once the removal of the IL was confirmed, washed films were physically characterized. 
PVDF can present five polymorphs (a, b, g, d and e), but not all of them are electroactive. 
a, b, g are the most commonly obtained phases by the standard manufacturing techniques 
and b is the preferred one due to its highest piezoelectric coefficient (Martins, Lopes, and 
Lanceros-Mendez 2014). The vibrational spectra of PVDF polymorphs via FTIR has been 
validated for phase identification. This approach consists of the identification of 
characteristic absorption bands that are unequivocally present in the spectra of one of the 
phases (Cai et al. 2017). a-phase is the easiest one to identify due to the high number of 
representative peaks (410, 489, 532, 614, 762, 795, 854, 975, 1149, 1209, 1383 and 1423 
cm-1), being 762 cm-1 the one typically used to recognize it. Regarding b-phase, 840 cm-1 
has usually been considered as the most characteristic peak, nevertheless, it has recently 
been accepted that this band can also have a contribution from the g-phase, although the 
component due to the latter tends to appear as a shoulder of the 833 cm-1 band. This 
controversy can be solved by identifying the absorption peak at 1279 cm-1, which 
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unequivocally distinguishes b from g-phase (Cai et al. 2017; Martins, Lopes, and Lanceros-
Mendez 2014).  
 
To ensure the obtainment of the most electroactive polymorph, b-phase, PVDF and PVDF-
CFO film FTIR-ATR spectra were analysed. As can be seen in Figure 3.3a, a-phase 
identification band at 762 cm-1 appears as a shoulder in both spectra, revealing the scarce 
participation of this phase to the total amount of crystalline content. PVDF and PVDF-CFO 
films present the typical b-phase absorption band 1279 cm-1, which corroborates the 
presence of this polymorph. Moreover, a strong peak at 840 cm-1 can be seen, which was 
used to quantify b-phase percentage in the samples by applying Eq. (3) (Gregorio and 
Cestari 1994): 
 

 F(β) = 	 V@

A
W@

WC		
C DVC	)V@	

       Eq. 3 

 
where Aα and Aβ are the absorbances at 762 and 840 cm−1, corresponding to the α and β 
phase, respectively, and Kα (6.1 × 104 cm2/mol) and Kβ (7.7 × 104 cm2/mol) are the 
corresponding absorption coefficients of pristine a or b-phase samples (Gregorio and 
Cestari 1994). Quantification revealed that the percentages of b-phase in the PVDF and 
PVDF-CFO films after IL removal were 95.4 ± 3.4 % and 98.6 ± 0.6 %, respectively.  

 
Figure 3.3. Physical characterization of PVDF and PVDF-CFO films after ionic liquid removal. 
a) Fourier transform infrared spectra of PVDF and PVDF-CFO films where b-phase and CFO 
characteristic peaks are highlighted. b) Room-temperature hysteresis loop of PVDF-CFO 
films. c) DSC heating thermograms of PVDF and PVDF-CFO films.  
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Films obtained using a temperature below 70 °C, without the presence of a nucleating filler, 
usually lead to the production of b-phase highly porous, fragile, opaque and difficult to 
polarize films. Nevertheless, when the films are produced using higher temperatures (>70 
°C) or produced from the melt (T ~ 210 °C) to ensure complete solvent evaporation, as is 
the case, they are crystallized mainly in the non-electroactive a-phase (Martins, Lopes, and 
Lanceros-Mendez 2014). When using the same protocol, but incorporating magnetostrictive 
nanoparticles, electrically active films can be obtained. CFO nanoparticles are negatively 
charged which promotes the interaction with the positive CH2 charge density of the PVDF 
chains. This allows the alignment of the chains on the surface of the nanoparticle in the 
extended all-trans (TTT) conformation, which is characteristic of the electroactive b-phase 
(Martins, Costa, Benelmekki, et al. 2012).  
 
b-phase can be induced in neat PVDF films after mechanical stretching of the a-phase 
material, although the microscopic structure of the films is altered. The characteristic 
spherulite structure, is replaced by a microfibrillar one (Sencadas, Gregorio, and Lanceros-
Méndez 2009). Cell culture assays involving electromechanical stimulation require the use 
of neat PVDF as a control, where no magnetoelectric effect is observed regardless the 
presence of a magnetic field. Microstructural variations due to stretching difficult result 
interpretation, since MSCs can sense diverse nanotopographical cues, which may affect 
cell behaviour (Nikukar et al. 2013). The introduction of [Bmim][Cl] allows crystallization of 
neat PVDF in b-phase, following the same protocol as PVDF-CFO films, without the need 
of further uniaxial stretching which alters PVDF microstructure. IL acts in a similar way than 
CFO nanoparticles. The interaction between [Bmim][Cl] and the polymer chain between the 
cation and the CF2 groups in PVDF structure and the anion with CH2 leads to the induction 
of the all-trans planar zigzag b-phase conformation. In fact, these results correlate with the 
ones obtained by Meira et al. (Meira et al. 2019) where PVDF films were manufactured 
using the same technique and crystallized in the presence of [Bmim][Cl] showed a high 
content of b-phase, indicating that IL can act as nucleating agents for this polymorph. Other 
ionic liquids have been reported as inductors of b-phase crystallization in PVDF substrates 
as is the case of 2-hydroxyethyl-trimethylammonium dihydrogen phosphate ([Ch][DHP]) or 
1-ethyl-3-methylimidazolium chloride ([Emim][Cl]) (Correia, Costa, et al. 2020; Meira et al. 
2019).  
 
It is also worthy to note the appearance of characteristic CFO absorption bands at  
558 cm-1 (Co-O stretching) (He, Dai, and Zhou 2017) and 591 cm-1 (Fe-O bond) (Aboelazm, 
Gomaa, and Chong 2018) in PVDF-CFO films, which confirms the incorporation of the 
nanoparticles. Their presence was also assessed using a vibrating sample magnetometer 
that allowed to calculate the nanoparticle content applying Eq. (1). The typical hysteresis 
loop for PVDF-CFO nanocomposites is presented in Figure 3.3b. Quantification showed 
that the CFO final concentration was 20.4 ± 0.5 % (w/w) which, as expected for this 
manufacturing technique, corresponds to the initial concentration in solution, revealing no 
CFO loss.  
 
Lastly, thermal properties of the produced films, after IL removal, were investigated by 
means of differential scanning calorimetry to determine the melting temperature (Tm) and 
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the degree of crystallinity (Xc). As can be seen in Figure 3.3c, a single endothermic peak at 
around 170 °C for both types of films, indicative of the polymer melting, is observed. Tm 
corresponding to PVDF and PVDF-CFO films show no significant differences, being 169.7 
and 169.3 °C respectively. Regarding Xc, it was calculated applying Eq. (4): 
 

𝑋𝑐 = 	 ∆?=
F0123		(G∆?5)H∆?D)

       Eq. 4 

 
where ∆Hm is the melting enthalpy of PVDF and PVDF-CFO films measured by DSC and 
ΔHα and ΔHβ are the melting enthalpies of a 100 % crystalline sample in the α and β phases, 
whose values are 93.07 J/g and 103.4 J/g, respectively (Lovinger 1981). wPVDF is the mass 
fraction of PVDF within the films (provided by their magnetic properties), and x and y are 
the percentage of a and b phases present in the sample, obtained by FTIR measurements. 
 
Again, the quantification showed no significant differences in the crystalline content of both 
types of samples, which were 62 ± 0.7 % for PVDF and 63.9 ± 3.3 % for PVDF-CFO. In this 
case, the incorporation of CFO does not reduce the degree of crystallinity of the composites 
by inducing defects during polymer crystallization as has been reported for other types of 
substrates combining PVDF and CFO (Martins, Costa, Ferreira, et al. 2012; Sencadas et 
al. 2011). 
 

3.3.2. Mesenchymal stem cells response to electroactive films at static 
mode 

MSCs initial behaviour at static mode without electromechanical stimulation was tested. 
The first step was to prove the absence of cytotoxicity of possible IL traces or CFO 
nanoparticles non correctly incorporated into the polymer matrix. Biocompatibility of the 
films was studied by means of an indirect cytotoxicity assay or leachable test, where PVDF 
and PVDF-CFO films were placed in contact with basal medium for 24 h. MSCs viability 
after 48 h in contact with the conditioned medium was analysed (Figure 3.4a), revealing no 
toxicity due to any type of leaching. There is no release of either IL (confirming the results 
obtained by FTIR), or if so it does not affect MSCs viability, nor CFO nanoparticles, which 
are well incorporated into the polymer matrix.  
 
The correct incorporation of the nanoparticles into the polymer matrix does not rule out the 
fact that the presence of CFO exposed on the film surface may affect MSCs initial adhesion 
and proliferation. FTIR-ATR spectra revealed the existence of magnetostrictive 
nanoparticles on the film surface, as demonstrated by the presence of their characteristic 
absorption bands in the composite spectra (Figure 3.3a). As can be seen in Figure 3.4b 
after 24 h there is a significant difference between the number of cells on glass and PVDF 
substrates compared to PVDF-CFO, where the cell count is lower than the initial seeding 
density (dashed line). The presence of exposed CFO nanoparticles may be hindering initial 
MSCs adhesion. Nevertheless, after 3 days, cell count on PVDF-CFO substrates shows no 
significant differences with the other conditions, a trend that is also maintained after 7 days, 
MSCs continue to proliferate without further difficulties. In fact, cell increase in PVDF-CFO 
substrates between day 1 and 3 should be faster than in the rest of the conditions to make 
up for the lower number of cells attached at the beginning of the culture. Even though cell 
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count was significantly lower after 24 h in PVDF-CFO substrates, cell spreading analysis 
revealed that attached cells display similar cell area, compared to glass slide control (Figure 
3.4c). Cell spreading shows no significant differences between conditions, which indicates 
that even if the cell count is lower in PVDF-CFO substrates after 24 h, MSCs are properly 
attached.  

 
Figure 3.4. Characterization of initial MSCs response on glass, PVDF and PVDF-CFO films 
after ionic liquid removal. a) Leachable test to determine CFO or possible traces of ionic liquid 
cytotoxicity. Dashed line corresponds to 70 % cell viability, fixed limit by ISO 10993-5 to 
consider a biomaterial as cytotoxic. No significant differences are observed (n=3, two-tailed 
t-test). b) Cell number per cm2 after 1, 3 and 7 days based on MTS test. Dashed line indicates 
initial seeding density (5 x 103 cells/cm2) p-value < 0.01 (**) (n=3, One-way ANOVA with Holm-
Sídák multiple comparison test). c) Box plot (10-90 percentile) of MSCs cell area measured 
after 24 h on different cell culture substrates. No significant differences are observed 
determined by Kruskall-Wallis with Dunn’s multiple comparison test. 85 cells per condition, 
at least, from three different replicates were used for the analysis. 
 

3.3.3. Media selection for piezoelectric stimulation 
Cell culture medium plays a fundamental role in the differentiation process when combined 
with electromechanical stimulation. Lack of consensus on this matter favours the 
appearance of different combinations of biochemical and physical stimuli in literature, 
comprising the use of basal and osteogenic media (Guillot-Ferriols et al. 2022). Selecting 
the appropriate cell culture medium is essential to enhance the stimulation effect on MSCs 
osteogenic differentiation. Therefore, different media were tested in static conditions to 
study their effect on cell area and the formation of focal adhesions, which are crucial during 
MSCs osteogenic differentiation process. 
 
Cell spreading area in different substrates and different media formulations (basal, 
osteogenic and balanced) was analysed after 3 days in culture, as can be seen in Figure 
3.5a. Balanced medium was also included because the mixture 1:1 between osteogenic 
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and adipogenic media allows MSCs to choose the desired differentiation pathway 
influenced by other cues, as is the case of piezoelectric stimulation (Kilian et al. 2010). 
Contrary to what was expected, balanced medium showed a higher cell spreading area in 
all the substrates used, including the glass slide control, although differences are only 
significant in PVDF films. Despite not all the studied conditions showing statistically 
significant differences in terms of cell area, there is a maintained trend. Larger cell 
spreading areas are beneficial for osteogenic differentiation of MSCs and maintenance of 
their differentiated phenotype (McBeath et al. 2004; Yang et al. 2019).  
 
This trend was also followed by the focal adhesion analysis. Using different cell media 
formulations cells showed an increase in FA number and FA mean length per cell when 
cultured on balanced media. Regarding FA count per cell, differences were only significant, 
again, in PVDF surfaces (Figure 3.5b). Nevertheless, the trend was observed on the other 
surfaces. When analysing FA mean length per cell, differences are significant for glass, 
PVDF and PVDF-CFO when comparing cells cultured with balanced and basal media. 
Balanced medium favours the formation of longer FA, as can be seen in Figure 3.5c.  
 
Finally, measured FA were binned and represented as focal adhesion distribution according 
to their length on different substrates and cell media following the classification stablished 
by Biggs et al. (Biggs et al. 2007). Structures measuring less than 2 µm were assigned as 
focal complexes, those from 2 to 5 µm were designated as focal adhesions, while those 
over 5 µm long were accordingly classified as super mature adhesions. Focal complexes 
start to appear as dot-like structures around 1 µm long, which evolve into focal adhesions 
due to the intracellular and extracellular tension when integrin packing density can increase 
by a factor of three-fold. Matured FAs are typically dashed shaped, 2-5 µm, and contain 
vinculin, paxillin and talin. As demonstrated by Biggs et al., osteoblasts require the formation 
of longer focal adhesions, which leads to an increase in intracellular tension, linked to 
osteogenesis (Biggs et al. 2007). 
 
As can be seen in Figure 3.5d, MSCs cultured on glass, PVDF and PVDF-CFO using basal 
medium demonstrate an increase in frequency of focal complexes in the range of 0 to 2 µm 
compared to balanced and osteogenic media. Nevertheless, when cells were cultured in 
balanced and osteogenic media, they possessed greater numbers of focal adhesions 
measuring between 2 and 5 µm. Although the number of super mature adhesions (>5 µm) 
was not superior to 10 %, the trend observed for focal adhesions is maintained, with an 
increase in balanced and osteogenic media. 
 
Taking all these results together, balanced medium was selected for subsequent 
differentiation experiments. Balanced medium provides favourable cues for MSCs 
osteogenic differentiation, as demonstrated by the increased cell area and number and 
length of FA. Moreover, the exposure to adipogenesis and osteogenesis-promoting soluble 
cues does not condition MSCs to choose a differentiation pathway, but provides the right 
stimuli to guide them in combination with electromechanical stimulation.  
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Figure 3.5. Focal adhesion (FA) and cell area analysis of MSCs after 3 days, cultured in 
different media formulations and cell culture supports. Box plot (10-90 percentile) of MSCs a) 
cell area b) number of FA per cell and c) mean FA length per cell. d) Histogram of FA length 
distribution (%) classified according to FA length in focal complexes (0-2 µm), focal 
adhesions (2-5 µm) or super mature focal adhesions (>5 µm). Statistical differences between 
cells cultured in the same support with different media formulations were determined by non-
parametric Kruskall-Wallis and Dunn’s multiple comparison test. p-value legend: p < 0.05 (*), 
p < 0.01 (**), p < 0.001 (***), p < 0.0001 (****). 20 individual cells per condition, at least, from 
three different replicates were used for all the analysis 
 

3.3.4. Mesenchymal stem cells response to piezoelectric stimulation at 
cytoskeleton level  

After selecting the appropriate medium, MSCs were seeded on different cell culture 
supports and stimulated using a magnetic bioreactor applying a stimulation program based 
on reproducing daily human activity. Cells were cultured for 3 days and focal adhesions, 
actin stress fibres and intermediate filaments were studied to try to elucidate how 
electromechanical stimulation affects cytoskeleton dynamics.  
 
Figure 3.6a shows representative fluorescence images of F-actin cytoskeleton and vinculin 
immunostaining of non-stimulated (NS) and stimulated (S) MSCs. Cells show a well-
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developed cytoskeleton and a spindle-shaped morphology in every condition, characteristic 
of this pluripotent cells. Those images were used to study MSCs response to piezoelectric 
stimulation. Cell spreading was again quantified, and the results presented in Figure 3.6b 
show no significant differences between the studied conditions, regardless the cell culture 
substrate or the presence of a magnetic field applied by the bioreactor. In the case of PVDF-
CFO supports, the magnetic field induces an electromechanical stimulation, which is 
transmitted to the MSCs cultured on the surface, nevertheless, this cue did not affect cell 
spreading area.  
 
Focal adhesions were also quantified and FA count and mean FA length per cell were 
compared between non-stimulated and stimulated cell culture supports. As can be seen in 
Figure 3.6d and 3.6e there are significant differences between PVDF-CFO NS and S. These 
differences cannot be seen in PVDF and glass slides, where the application of a magnetic 
field generates no piezoelectric stimulation due to the absence of the CFO nanoparticles. 
The electromechanical cue provided by the combination of a piezoelectric matrix and a 
magnetostrictive component enhances the appearance of FAs and their mean length. 
These results can clearly be seen when FA length is classified in focal complexes (0-2 µm), 
focal adhesions (2-5 µm) and super-mature focal adhesions (>5 µm) (Figure 3.6f and 3.6g). 
Non-stimulated PVDF-CFO samples present an increase in frequency of focal complexes. 
On the other hand, stimulated PVDF-CFO samples present a higher number of focal 
adhesions ranging from 2 to 5 µm and super-mature adhesions, compared to PVDF-CFO 
the NS. The lengthen of focal adhesion is a requisite for MSCs osteogenesis to occur (Biggs 
et al. 2009). Longer FA support more contractile morphologies and show higher levels of 
intracellular tension (McBeath et al. 2004; Kilian et al. 2010). In fact, in the stem cell niche, 
MSCs display small and transient adhesions, which allow them more dynamic interactions 
with the extracellular matrix, fundamental for MSCs self-renewal (Scadden 2006). This 
concept was demonstrated by Tsimbouri et al. using specific nanotopographies. MSCs 
cultured on nanotopographies that promote the formation of smaller FA retained 
multipotency, whereas nanoconfigurations promoting the formation of larger FA induced 
osteogenesis (Tsimbouri et al. 2012, 2014).  
 
Changes in cytoskeleton tension and reorganization, correlated with the increase in length 
of focal adhesions, are observed when MSCs are subjected to physical cues (Dalby, 
Gadegaard, and Oreffo 2014). Trying to elucidate cytoskeleton response to MSCs 
electromechanical stimulation, the number of stress fibres per cell was evaluated. Figure 
3.6c shows that this kind of stimulation does not produce significant changes in the stress 
fibre count per cell. On the contrary, a clear effect can be seen on the intermediate filament 
vimentin upon piezoelectric stimulation. Figure 3.7a displays characteristic images of 
vimentin immunostaining in MSCs after 3 days in culture under the influence or not of a 
magnetic field applied by the bioreactor. Quantification (Figure 3.7b) reveals that there is a 
significant decrease in vimentin intensity in PVDF-CFO stimulated samples compared to 
non-stimulated PVDF-CFO. A decrease in vimentin expression could be correlated with the 
MSCs osteogenic differentiation, as reported by Lian et al. (Lian et al. 2009). Their findings 
confirmed that vimentin down-regulation during osteoblasts differentiation is a required 
mechanism to relieve its inhibition of ATF4 transcriptional factor producing the expression 
of the downstream effector osteocalcin.   
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Figure 3.6. Focal adhesion (FA), cell area and stress fiber analysis of MSCs after 3 days 
cultured on glass, PVDF and PVDF-CFO in static (non-stimulated (NS)) or dynamic (stimulated 
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(S)) conditions. a) Representative fluorescence images of vinculin (red), F-actin (green) and 
nuclei (Hoescht-blue). Scale bar: 50 µm. Box and whiskers (10-90 percentile) of b) cell area, 
c) number of stress fibres per cell, d) number of FA per cell and e) mean FA length per cell. f) 
Histogram of FA length distribution (%) of stimulated and non-stimulated MSCs cultured on 
glass, PVDF and PVDF-CFO classified according to FA length in focal complexes (0-2 µm), 
focal adhesions (2-5 µm) or super mature focal adhesions (>5 µm). g) Histogram of FA length 
distribution (%) of stimulated and non-stimulated MSCs cultured on PVDF-CFO films 
following the same classification. Statistical differences between cells cultured on the same 
support (Glass, PVDF or PVDF-CFO) in static and dynamic conditions were determined by 
two-tailed t-test when following a normal distribution (Shapiro-Wilk test). If not two-tailed 
Mann-Whitney test was used. p-value legend: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). 25 
individual cells per condition, at least, from three different replicates were used for all the 
analysis. 
 
These reduction in vimentin expression followed a similar pattern in MC3T3-E1 primary 
osteoblasts as well as in bone marrow stromal progenitors, where vimentin mRNA 
decreased over the differentiation process. Fan et al (Fan et al. 2021) explored the changes 
in the spatial distribution of vimentin and actin stress fibers during MSCs osteogenic 
differentiation. During MSCs osteogenesis a reduction in vimentin intensity was correlated 
with vimentin losing part of its cytoplasmatic space and being replaced by actin stress fibres. 
Vimentin was restrained to the top of the cells, away from the nucleus and ventral side and 
its network became smaller. Vimentin alterations due to MSCs response to physical cues 
has also been reported by Tsimbouri et al. (Tsimbouri et al. 2014), where MSCs cultured 
on nanopatterned surfaces showed significantly lower density of vimentin which was 
correlated with alternations in packing of chromosome territories and changes in 
transcription factor activity.  
 
Altogether, the evidence here presented indicates that MSCs are able to respond to 
electromechanical stimulation on 2D substrates by means of focal adhesions. The lengthen 
of adhesions leads to a cytoskeleton response, where vimentin density is decreased. 
Moreover, as far as the authors know selection of cell culture media using piezoelectric cell 
culture supports has been presented for the first time, favouring the stimulation effect.  
 
Further experiments need to be performed to test osteogenic differentiation because of FA 
lengthen and cytoskeleton response. Nevertheless, these results lead the way to the use 
of piezoelectric cell culture supports combined with magnetostrictive nanoparticles for 
MSCs piezoelectric stimulation to study and control stem cell fate.  
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Figure 3.7. Vimentin analysis of MSCs after 3 days cultured on glass, PVDF and PVDF-CFO in 
static (non-stimulated (NS)) or dynamic (stimulated (S)) conditions. a) Representative 
fluorescence images of vimentin immunofluorescence. Scale bar: 200 µm. b) Quantification 
of vimentin mean intensity on different cell culture supports. 4 representative zones per well 
were analyzed from at least 3 replicates. Statistical differences were determined by Kruskal-
Wallis with Dunn’s multiple comparison test. p-value < 0.0001 (****).  
 

3.4. Conclusions 
PVDF and PVDF-CFO electroactive films were produced by doctor blade technique in b-
phase. Crystallization of PVDF in the presence of [Bmim][Cl] allowed the induction of its 
most electroactive phase even in neat PVDF films, without the need of further uniaxial 
stretching. After crystallization, the ionic liquid was successfully removed by several washes 
with water. Films proved to be biocompatible, allowed MSCs adhesion and proliferation at 
short term compared to glass slide controls. The incorporation of magnetostrictive 
nanoparticles allowed the electromechanical stimulation of MSCs to try to elucidate their 
response in terms of cytoskeleton dynamics. To do so, the selection of the appropriate cell 
culture media was optimized in static conditions for further combination with stimulation. 
Focal adhesion analysis revealed that a combination 1:1 of osteogenic and adipogenic 
media enhanced cell spreading area, focal adhesion number and length. Balanced medium 
was combined the with electromechanical stimulation revealing that stimulated PVDF-CFO 
surfaces enhanced focal adhesion length compared to PVDF-CFO non-stimulated 
supports, also vimentin density was decreased in the presence of piezoelectric stimulation. 
These results prove that MSCs respond to this kind of stimulation by means of focal 
adhesions and cytoskeleton reorganization, opening the way for further studies on MSCs 
fate determination using piezoelectric cell culture supports.  
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Abstract 
Mesenchymal stem cells (MSCs) osteogenic commitment before injection enhances bone 
regeneration therapy results. Piezoelectric stimulation may be an effective cue to promote 
MSCs pre-differentiation, and poly(vinylidene) fluoride (PVDF) cell culture supports, when 
combined with CoFe2O4 (CFO), offer a wireless in vitro stimulation strategy. Under an 
external magnetic field, CFO shift and magnetostriction deform the polymer matrix varying 
the polymer surface charge due to the piezoelectric effect. To test the effect of piezoelectric 
stimulation on MSCs, our approach is based on a gelatin hydrogel with embedded MSCs 
and PVDF-CFO electroactive microspheres. Microspheres were produced by electrospray 
technique, favouring CFO incorporation, crystallisation in β-phase (85 %) and a crystallinity 
degree of around 55 %. The absence of cytotoxicity of the 3D construct was confirmed 24 
h after cell encapsulation. Cells were viable, evenly distributed in the hydrogel matrix and 
surrounded by microspheres, allowing local stimulation. Hydrogels were stimulated using a 
magnetic bioreactor, and no significant changes were observed in MSCs proliferation in the 
short or long term. Nevertheless, piezoelectric stimulation upregulated RUNX2 expression 
after 7 days, indicating the activation of the osteogenic differentiation pathway. These 
results open the door for optimising a stimulation protocol allowing the application of the 
magnetically activated 3D electroactive cell culture support for MSCs pre-differentiation 
before transplantation. optimization of a stimulation protocol allowing the application of this 
magnetically activated 3D electroactive cell culture support for advanced tissue engineering 
strategies 
 
Keywords 
Mesenchymal stem cells; osteoblastogenesis; piezoelectricity; poly(vinylidene) fluoride; 
magnetoelectric effect; hydrogel.  
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4.1. Introduction 
Mesenchymal stem cells (MSCs) are multipotent stem cells that can be found in a large set 
of connective tissues, usually isolated from the bone marrow for osteogenic applications. 
MSCs are characterized by their ability to proliferate in vitro as plastic-adherent cells and 
form colonies, their fibroblastic morphology and their differentiation capacity into bone, 
cartilage and fat cells (Dominici et al. 2006).  
 
This cell type has held great promise for bone tissue engineering (TE) approaches since it 
was first described by Friedenstein in 1974 (Friedenstein 1976) and designated as stem 
cells by Caplan later on (Caplan 1991). TE takes advantage of MSCs poor immunogenicity 
and their ability to differentiate into osteoblasts to promote the functional repair of injured 
bone tissue using an autologous, or even allogeneic, cell source.  
 
It has been proven that MSCs osteogenic pre-differentiation prior to transplantation results 
in an enhancement of mineral deposition and better integration in the damaged site 
compared to undifferentiated MSCs injection (Peters et al. 2009; Castano-Izquierdo et al. 
2006; Ye et al. 2012). MSCs osteogenic differentiation in vitro is typically based on the use 
of osteoinductive cell culture media containing dexamethasone, b-glycerophosphate and 
ascorbic acid in a tissue culture plate. This approach lacks specificity and can produce 
mixed populations containing fat cells due to the off-target effects of some medium 
components, such as dexamethasone (Ghali et al. 2015). Biochemical pre-treatment or 
priming does not preserve the osteogenic phenotype once the stimulus is removed unless 
cells are deployed with an extracellular matrix (ECM) resembling environment (Hoch et al. 
2016).  
 
Physical cues have emerged as suitable candidates for MSCs differentiation control (Chen 
et al. 2018; Hwang et al. 2015; Khaw et al. 2021; Tsimbouri et al. 2014; Nikukar et al. 2013). 
Biophysical stimulation has demonstrated to be more specific, solving the off-target problem 
of dexamethasone supplementation (Hodgkinson et al. 2021). On the other hand, these 
cues can be applied using three-dimension (3D) cell culture supports that resemble the 
native extracellular matrix and recapitulate aspects of the in vivo niche, solving two of the 
main drawbacks of current MSCs osteogenic priming procedure.   
 
MSCs are the main effectors of bone tissue regeneration, migrating to the injured site in 
response to inflammatory cytokines. MSCs in vivo differentiation process takes place in an 
electrically active environment due to the presence of collagen type I fibers that conform 90 
% of bone’s organic ECM (Minary-Jolandan and Yu 2009). -NH- and -CO- groups 
participating in amino acid amide bonds generate a permanent polarization in the fibers, 
producing a change in the surface charge when a mechanical stress is applied, thus, a 
piezoelectric effect (Rajabi, Jaffe, and Arinzeh 2015). This bioelectricity produced under 
mechanical stimulation at the macro and nanoscale has been associated with bone’s ability 
to grow and remodel (Marino and Becker 1970; A. C. Basset and Pawluk 1964). And so, it 
has been proposed as a key factor to induce MSCs differentiation towards the osteogenic 
lineage.  
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Piezoelectric biomaterials have emerged as candidates to induce MSCs 
osteoblastogenesis reproducing bone’s inherent piezoelectricity. Among the existent 
piezoelectric polymers, poly(vinylidene) fluoride (PVDF) has been widely used for TE 
approaches due to its high piezoelectric coefficient, when crystallized in b-phase, offering 
an electroactive environment for MSCs growth and differentiation (Pärssinen et al. 2015; 
Sobreiro-Almeida et al. 2017; Damaraju et al. 2017; Fernandes et al. 2019; Zhou et al. 2016, 
2019). Even so, PVDF absence of functional groups hinders its functionalization, requiring 
the application of complex protocols to generate biomimetic environments for cell culture 
(Guillot-Ferriols et al. 2020, 2021).   
 
Transferring piezoelectric stimulation to MSCs at cell culture level has been achieved using 
different bioreactors, comprising ultrasound activation (Cafarelli et al. 2021; Yang et al. 
2020; Fan et al. 2020), mechanical deformation (C. Ribeiro et al. 2015, 2012) or dynamic 
compression (Zhou et al. 2019; Damaraju et al. 2017; Huang et al. 2004). Magnetic 
bioreactors can be used when the piezoelectric polymer is combined with magnetostrictive 
nanoparticles in the form of composite materials. The magnetic bioreactor induces an 
alternating magnetic field producing a mechanical deformation in the magnetostrictive 
phase, resulting in a dielectric polarization variation ascribable to the piezoelectric 
properties of the polymer, known as magnetoelectric effect (Baji et al. 2014; Maceiras et al. 
2015). Coupling of piezoelectric PVDF and magnetostrictive CFO has proven to be effective 
to provide electrical stimulation under the influence of a magnetic field (Gonçalves, Martins, 
Correia, et al. 2015; Gonçalves, Martins, Moya, et al. 2015; Fernandes et al. 2019), which 
is a suitable approach also for translational applications, based on the wireless nature of 
the magnetic field, allowing minimally invasive stimulation strategies. 
 
We hypothesise that piezoelectric stimulation may induce specific MSCs osteogenic 
commitment for pre-differentiation approaches by using an electroactive and biomimetic cell 
culture platform. To prove our hypothesis, we have designed a 3D platform based on a 
gelatin hydrogel containing PVDF-CFO electroactive microspheres together with MSCs, 
stimulable using a magnetic bioreactor. To do so, PVDF microspheres with and without 
CFO have been produced, characterised, and encapsulated in the hydrogel. Effects of 
piezoelectric stimulation on MSCs proliferation and osteogenic differentiation have been 
tested by metabolic activity, gene expression and alkaline phosphatase production. The 
study of gene expression and an early osteogenic marker, such as alkaline phosphatase, 
at 7 and 14 days allows a quick evaluation of cell commitment. They provide a starting point 
to adjust several variables that may affect the stimulation outcome (cell culture media, 
stimulation parameters and times). 
 
As far as the authors know, this is the first time that this kind of platform has been described 
to study the effect of piezoelectric stimulation on MSCs’ osteogenic pre-differentiation in 
vitro before cell transplantation. We have generated an electroactive and biomimetic 
environment that recapitulates several aspects of the bone niche. Gelatin hydrogels are 
easily processable for cell recovery after stimulation, obtaining a population of committed 
MSCs for regeneration therapies alone or in combination with a biodegradable scaffold. 
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4.2. Materials and methods 
4.2.1. Microsphere production by electrospray technique 

PVDF microspheres with and without magnetostrictive nanoparticles were obtained by 
electrospray technique, adapting the protocol from references (Correia et al. 2014; 
Gonçalves, Martins, Correia, et al. 2015). A 9 % (w/v) PVDF (Solef® 6010 PVDF 
Homopolymer, Solvay) solution was prepared by dissolving the polymer in a mixture 85/15 
(v/v) of N,N-dimethyl formamide ((DMF) synthesis grade, Scharlab) and tetrahydrofuran 
((THF) synthesis grade, Scharlab) at room temperature for 2 hours. The composite solution 
was prepared by dispersing Cobalt Ferrite Oxide (CFO) nanoparticles (Nanoamor, 35-55 
nm diameter) at a concentration of 20 % (w/w) in DMF solvent containing 1 % (v/v) Triton 
X-100 (Sigma-Aldrich) to prevent particle agglomeration. A high-performance dispersing 
machine (ULTRA-TURRAX ®, IKA) at 6500 rpm was used to disperse the CFO for 30 
minutes and thereafter PVDF (4 % w/v) and THF solvent were added. PVDF concentration 
was reduced for PVDF-CFO microsphere manufacturing due to the presence of the MNPs 
in the solution, which produced an increase in viscosity and in the dielectric constant. The 
mixture was stirred for another hour, until complete dissolution of the polymer.  
The solutions were placed in a commercial plastic syringe fitted with a steel needle of 1.7 
mm inner diameter. Electrospray was conducted by applying a voltage of 20 kV with a high 
voltage power supply (Glassman High Voltage, Inc.). A syringe pump (SyringePump) was 
used to drive the fluid trough the tip at a rate of 2 mL/h. Microspheres were collected in a 
grounded conductive aluminum collector immersed in a bath of liquid nitrogen (McCann, 
Marquez, and Xia 2006) placed at 20 cm from the needle tip. For the composite solution, 
the content of the syringe was replaced every 20 minutes, to avoid nanoparticle 
precipitation. Microspheres were rinsed with ethanol, sonicated in an ultrasound bath and 
sieved with a 40 μm strainer to eliminate polymer aggregates.  
 

4.2.2. Microsphere characterization 
4.2.2.1.  Field Emission Electron Microscopy  

Microspheres were morphologically characterized by means of field emission scanning 
electron microscopy (FESEM) (AURIGA compact, Zeiss) with an accelerating voltage of 2 
kV. Samples were coated with platinum following a standard sputtering protocol for 90 s 
(JFC 1100, JEOL). 
For observation of nanoparticle distribution, PVDF-CFO microspheres were cross-
sectioned using a focused ion beam (FIB) device coupled to FESEM, and images were 
taken after sectioning.  
Microsphere diameter was assessed from FESEM images. At least 700 microspheres from 
three independent batches were measured using ImageJ software (National Institutes of 
Health, USA). 
 

4.2.2.2. Vibrating sample magnetometer  
Magnetic properties and nanoparticle content in the PVDF-CFO microspheres were 
determined using a Microsense 2 Tesla vibrating sample magnetometer (VSM). 
Magnetization loops M(H) were evaluated up to ± 18 kOe, and pure CFO saturation 
magnetization value (60 emu/g) was compared to the one obtained in the composite 
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samples, to obtain the effective filler content in the microspheres, by means of Eq. (1) 
(Gonçalves, Martins, Correia, et al. 2015): 
 

𝐶𝐹𝑂	𝑤𝑡	% = 	 I12J#12K"L	&1ML$2KN12K"L	&K=#"%!S$#$%
I12J#12K"L	&1ML$2KN12K"L	!J#$	PQR

	𝑥	100         Eq. 1 

 
Measurements were taken from samples produced in three different batches.  
 

4.2.2.3. Fourier Transform Infrared Spectroscopy 
Fourier transform infrared spectroscopy (FTIR) has proven to be an effective technique to 
determine the electroactive phase content of PVDF. Gregorio and Cestari (Gregorio and 
Cestari 1994) described a method based on the identification of representative absorption 
bands at 840 cm−1 and 762 cm−1, which correspond to the β and α phase, respectively, and 
their quantification applying Eq. (2): 
 

𝐹(𝛽) = 	 :D

A
BD

B5		C D:5	):D	
        Eq. 2 

 
Assuming Lambert-Beer’s law Kα and Kβ are the characteristic absorption coefficients at the 
characteristic wavenumbers of the α and β-phases (762 and 840 cm−1, respectively). These 
data were obtained from reference (Gregorio and Cestari 1994) where pristine α or β-phase 
samples were analysed, obtaining values of 6.1 × 104 and 7.7 × 104 cm2/mol, respectively. 
Aα and Aβ are the obtained absorbances at 762 and 840 cm−1, respectively, measured with 
an ALPHA FTIR spectrometer (Bruker) in ATR mode from 4000 to 400 cm−1 at a wavelength 
resolution of 4 cm−1.  
Measurements were taken from samples produced in three different batches.  
 

4.2.2.4.  Differential Scanning Calorimetry  
PVDF semicrystalline nature requires its thermal characterization to determine the 
crystallinity degree (Xc). Produced samples were evaluated by differential scanning 
calorimetry (DSC) in a DSC 8000 (PerkinElmer). A mass of 2-4 mg of microspheres was 
encapsulated in aluminium pans and heated from 0 °C to 200 °C at a heating rate of 20 °C 
min-1 in a dry nitrogen atmosphere. 
Degree of crystallinity was calculated with the obtained data applying Eq. (3) (Martins, 
Costa, and Lanceros-Mendez 2011):  
 
 

𝑋𝑐 = 	 ∆?=
F0123		(G∆?5)H∆?D)

                Eq. 3 

 
where ∆Hm is the melting enthalpy of PVDF and PVDF-CFO microspheres measured by 
DSC and ΔHα and ΔHβ are the melting enthalpies of a 100 % crystalline sample in the α 
and β phases, whose values are 93.07 J/g and 103.4 J/g, respectively (Lovinger, 1981)  
wPVDF is the mass fraction of PVDF within the microspheres (provided by their magnetic 
properties), and x and y are the percentage of α and β phases present in the sample, 
obtained by FTIR measurements. 
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4.2.3. Microsphere polarization 
In order to maximize their macroscopic piezoelectric response, microspheres were 
polarized by corona poling method in a home-made poling chamber. Samples were poled 
for 60 minutes at 100 °C and ~ 10 kV.  
 

4.2.4. Cell response 
4.2.4.1. Microsphere and mesenchymal stem cells encapsulation 

in 3D gelatin injectable hydrogels 
Human bone marrow mesenchymal stem cells (PromoCell) together with PVDF (Gel-PVDF) 
or PVDF-CFO (Gel-PVDF-CFO) microspheres were encapsulated in gelatin hydrogels to 
generate a 3D cell culture platform.  
 
Gelatin (from porcine skin, gel strength 300, type A, Sigma-Aldrich) was conjugated with 
tyramine (Sigma-Aldrich) following the protocol described in reference (Moulisová et al. 
2017), based on N-hydroxysuccinimide (NHS) (Sigma-Aldrich) and 1-ethyl-3-(3 
dimethylaminopropyl) carbodiimide hydrochloride (EDC) (Iris Biotech GmbH) chemistry. 
Tyramine conjugation allows gelatin enzymatic in situ cross-linking as described in 
reference (Poveda-Reyes et al. 2016).  
 
To obtain the hydrogels, tyramine conjugated gelatin was dissolved at 2 % (w/v) in Calcium-
free Krebs Ringer buffer (CF-KRB; 115 mM sodium chloride, 5 mM potassium chloride, 1 
mM potassium dihydrogen phosphate, and 25 mM 4-(2-hydroxyethyl)piperazine-1-
ethanesulphonic acid)) for 30 minutes at 37 °C. Hydrogels were prepared with 80 % (v/v) 
of the gelatin solution, 10 % (v/v) horseradish peroxidase ((HRP) Sigma-Aldrich) at 12.5 
U/mL (1.25 U/mL in the final volume), and 10 % (v/v) H2O2 (Sigma-Aldrich) 20 mM (2 mM 
in the final volume). All solutions were sterile filtered after complete dissolution. 50 µL 
hydrogels were used for cell culture assays. For hydrogels containing microspheres, those 
were added at 0.6 % (w/v) concentration. Microspheres were weighted, resuspended in 
ethanol and placed in an ultrasound bath to avoid agglomeration. Microspheres were 
sterilized by performing three washes with ethanol 70 % under shaking for 5 minutes each. 
After sterilization, due to PVDF hydrophobicity, ethanol was gradually replaced by sterile 
deionized water and microspheres were incubated in a 20 % v/v FBS aqueous solution 
overnight. Then, microspheres were washed three times with deionized water and were 
finally resuspended in a solution of HRP/Gel at a volume ratio of 10/80 (mL of HRP/mL of 
Gel). 
 
MSCs were expanded in basal medium containing Dulbecco's Modified Eagle Medium 
(DMEM) high glucose (4.5 g/L) (Gibco) supplemented with 10 % (v/v) fetal bovine serum 
((FBS) Gibco), 4 mM L-glutamine (Lonza), 1X non-essential aminoacids ((NEAA) Gibco), 1 
mM sodium pyruvate (Gibco), 70 U/mL penicillin, 70 μg/mL streptomycin (P/S; Life 
technologies) and 0.25 μg/mL fungizone (Life technologies), at 37 °C in a humidified 
atmosphere with 5 % CO2. All experiments were performed at passages not superior to 4.  
Cells were resuspended at a concentration of 1 x 106 cells/mL in the HRP/Gel solution 
containing the microspheres, when applicable. 45 µL of cell suspension were cross-linked 
by adding 5 µL of H2O2 on each well of a 48 well plate and left in an incubator for 15 min to 
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ensure hydrogel cross-linking. Once crosslinked, cell culture medium was added. An 
illustration of the 3D cell culture platform and its components is presented in Scheme 4.1.  
 

 
Scheme 4.1. Illustration of the 3D cell culture platform based on the combination of an 
injectable gelatin hydrogel and electroactive microspheres of poly(vinylidene) fluoride 
containing cobalt ferrite oxide. Figure not in scale. 
 

4.2.4.2.  Cell viability assessment  
After 24 hours, viability of MSCs encapsulated with PVDF and PVDF-CFO microspheres 
was evaluated. Hoechst 3342 (1.5 µg/mL, Thermo Fisher) and propidium iodide (1.5 µg/mL, 
Sigma-Aldrich) were added to the cell culture medium and incubated for 20 minutes at 37 
°C. After incubation with fluorescent probes, cells were imaged using the INCELL 6000 
Analyzer system (GE Healthcare). Four randomized visual fields per well were analysed 
and viability was determined using ImageJ software and applying Eq. (4): 

 
𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦	(%) = 	 O3J$	="JL2%Y#$Z	="JL2%

O3J$	="JL2%
	𝑥	100          Eq. 4 

 
Gelatin hydrogels without microspheres (Gel) were used as viability controls 
 

4.2.4.3.  Cell spreading and microsphere distribution 
Cell spreading and microsphere distribution within the gelatin matrix were evaluated after 1 
and 14 days of culture. Hydrogels were fixed in paraformaldehyde 4 % (v/v) for 15 min at 
room temperature. Subsequently, samples were submerged in sucrose (Sigma-Aldrich) 
solution 30 % (w/v) overnight, immersed in OCT (Tissue Tek) and stored at -80 °C. Hydrogel 
sections of 30 μm were obtained using a cryostat (Leica CM 1860 UV) and placed on 
SuperFrost slides (Thermo Scientific).  
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Samples were washed twice with Dulbecco’s Phosphate Buffer Saline ((DPBS) Gibco) and 
permeabilized using Triton X-100 (Sigma-Aldrich) 0.1 % (v/v) in DPBS for 10 minutes. 
Permeabilization solution was removed and samples were washed again twice with DPBS. 
Slides were incubated with Rhodamine Phalloidin (ActinRed 555 ReadyProbes Reagent, 
Invitrogen), following manufacturer’s instructions, and Hoechst 3342 (1:250) for 1 hour. 
Slides were finally washed with DPBS and mounting medium was added. Representative 
images were taken using a fluorescence microscope (Nikon Eclipse 80i). Gelatin hydrogels 
without microspheres (Gel) were used as controls.  
 
Non-cryosectioned hydrogels were also observed in a confocal microscope (Leica DMI8), 
following the same staining protocol, and image processing for 3D reconstructions was 
performed using ImageJ software. 
 

4.2.4.4.  Piezoelectric stimulation influence on mesenchymal stem 
cells proliferation  

Influence of piezoelectric stimulation on MSCs proliferation was assessed by analysing cell 
metabolic activity at day 2, 7, 14 and 21 under static (no applied stimuli) and dynamic (cell 
culture under magnetic stimulation) conditions. An alternating magnetic field (0-230 Oe) 
was provided by means of a magnetic home-made bioreactor placed inside the incubator, 
applying a 0.3 Hz frequency and a 10 mm magnet displacement under the 48 well plate 
(Castro et al. 2020). The stimulation program was divided into an active period of 16 h 
based on 5 minutes of magnetic stimulation and 25 minutes of resting time, followed by a 
non-active period of 8 h, when no magnetic stimulation was applied (Fernandes et al. 2019; 
S. Ribeiro et al. 2020). A diagram of the magnetic stimulation program can be found in 
Scheme 4.1.  
At the different time points, hydrogels were transferred to a new culture plate and basal 
medium was replaced for DMEM without phenol red (Sigma-Aldrich) containing the 
tetrazolium salt MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) (Biovision) at a working dilution of 1:10. Hydrogels were 
incubated for 1 hour at 37 °C. Thereafter, the supernatant was transferred to a new plate 
and absorbance at 490 nm was read with a Victor3 microplate reader (PerkinElmer). Gelatin 
hydrogels without microspheres, stimulated (S) and non-stimulated (NS) were used as 
controls.  
 

4.2.4.5. Influence of piezoelectric stimulation on mesenchymal 
stem cells osteogenic differentiation 

4.2.4.5.1. Gene expression analysis 
To determine the influence of piezoelectric stimulation on MSCs osteogenic differentiation, 
gene expression of characteristic osteogenic markers was analysed.  
 
Gel-PVDF and Gel-PVDF-CFO hydrogels were seeded and after 24 h of culture in basal 
medium it was replaced by commercial osteogenic differentiation medium (PromoCell) and 
stimulated samples were placed in the bioreactor. After 7 and 14 days of culture, hydrogels 
were digested with collagenase 993 U/mL (Collagenase from Clostridium Histolyticum, 
Sigma-Aldrich) in DPBS for 30 minutes at 37 °C. Qiazol lysis reagent (Qiagen) and 
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chloroform (Scharlab) were then added with ratio 5:1 to purify nucleic acids. RNA was 
purified using an RNA extraction kit (RNeasy Micro Kit, Qiagen) and the obtained 
concentration was measured by spectrophotometer (Nanodrop ONE, Thermo Scientific). 
300 ng of total RNA were reverse transcribed using the Superscript III reverse transcriptase 
(Invitrogen) and oligo dT primers (Invitrogen), following manufacturer’s instructions. Real 
time qPCR was performed using LightCycler 480 SYBR Green I Master (Roche) in a 
LightCycler 480 Instrument (Roche) and amplifications were performed for 40 cycles. 
Primers used for amplification were designed from sequences found in the GeneBank 
database and are listed in Table S4.1. For normalization glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) was used.  
 
Primer sequences were validated by dissociation curve/melt curve analysis. The relative 
changes in gene expression were calculated by E-method, applying Eq. (5) (Pfaffl 2004): 
 
Fold difference = (Etarget) Ct(target) calibrator – Ct(target) sample / (Enormalizer) Ct(normalizer) calibrator – Ct(normalizer) 

sample               Eq. 5 
 
Where E is the efficiency of the target gene or the normalizer housekeeping gene GAPDH. 
Non-stimulated Gel-PVDF-CFO hydrogels were used as calibrators. The raw data were 
transferred using the LC480 conversion software (version 2014) and then PCR efficiency 
for each pair of primers was calculated by LineReg PCR (version 2021.1) (Ruijter et al. 
2009).  
 

4.2.4.5.2. Alkaline phosphatase activity determination 
Following the same cell culture protocol as described in section 2.4.5.1, hydrogels were 
kept in culture for 7 and 14 days and alkaline phosphatase (ALP) activity was assessed 
using SensoLyte ® pNPP Alkaline Phosphatase Assay Kit (Anaspec). Briefly, hydrogels 
were digested by adding 200 µL of collagenase 993 U/mL in 1X Assay Buffer for 30 minutes 
at 37 °C. After digestion, 50 µL of Triton X-100 (Sigma-Aldrich) 1.2 % (v/v) in 1X Assay 
Buffer were added and samples were incubated 10 minutes at 4 °C in an orbital shaker. 
Thereafter, samples were centrifuged at 4275 rpm for 10 minutes at 4 °C and the 
supernatant was used to determine ALP activity following kit’s manufacturer instructions. 
Acellular hydrogels were used as blanks.  
ALP activity was normalized against cell metabolic activity determined by MTS assay, 
following the protocol described in section 4.2.4.4. Non-stimulated Gel-PVDF-CFO 
hydrogels were used as controls.  
 

4.2.5. Statistical analysis 
Cell culture experiments were performed, at least, in triplicates and a minimum of two 
replicates were used per technique. All results were expressed as mean ± standard 
deviation. Statistical analysis was performed on GraphPad Prism 9 (USA). Non-parametric 
Kruskall-Wallis and Dunn’s multiple comparison test were applied, and a 95 % confidence 
interval was set to accept significant inter-group differences (p-value < 0.05). 
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4.3. Results and discussion 
4.3.1. Microsphere characterization 

PVDF and PVDF-CFO microspheres were produced by electrospray. Electrospray is a one-
step technique allowing to produce narrow size distributions of microspheres, overcoming 
the limitations of emulsion-based approaches. As presented in Figure 4.1a, the produced 
microspheres show a diameter distribution comprised between 0.5 to 6 µm in the case of 
PVDF and 0.5 to 4 µm for PVDF-CFO, with mean diameters of 2.46 ± 1.08 and 1.64 ± 0.6 
µm, respectively. Differences in size distribution and mean diameters are originated on the 
different PVDF concentration in the initial solution. The addition of CFO nanoparticles to the 
PVDF solution increased its electrical properties and viscosity, hindering the droplet 
formation, so a lower concentrated solution had to be used (Bock et al. 2011). PVDF 
concentrations from 4 to 10 % (w/v) lead to microsphere production, with increasing 
diameters, whereas higher concentrations favour fibre formation, as described by Correia 
et al. (Correia et al. 2014). This concentration range allows a semi-dilute moderate 
entanglement of the polymer chains, giving rise to round dense microspheres, as the ones 
presented in Figure 4.1a.  
 
CFO incorporation was assessed cross-sectioning the microspheres by means of FIB. 
Figure 4.1b shows a representative cross-section image of PVDF-CFO microspheres where 
CFO nanoparticles are observed, as pointed by white arrows. CFO aggregates are in direct 
contact with the polymer matrix, allowing the coupling of the magnetostrictive and the 
piezoelectric phases, favouring the magnetoelectric effect once a magnetic field is applied, 
as already described by Gonçalves et al. for the same type of microspheres (Gonçalves, 
Martins, Correia, et al. 2015). The amount of incorporated CFO nanoparticles was 
determined by vibrating sample magnetometer (VSM) and so, the nanoparticle loss during 
the manufacturing process is also assessed. The typical hysteresis loop for PVDF-CFO 
nanocomposites is presented in Figure 4.1c. Comparing saturation magnetization of the 
analysed sample with pure CFO powder by applying Eq. (2) revealed that CFO final 
concentration was 7.8 ± 1.8 % (w/w). Composite solution concentration corresponded to a 
20 % (w/w), which indicates a MNPs loss of more than 50 % during microsphere production. 
These results are in agreement with the ones obtained by Gonçalves et al. (Gonçalves, 
Martins, Correia, et al. 2015) where different concentrations of CFO in the composite 
solution were compared to the final concentration present in the electrosprayed spheres, 
revealing that the content in the multiferroic spheres is always lower than in solution, due 
to the higher density of the CFO, compared to the polymer matrix, which causes the settling 
of the nanoparticles on the bottom of the syringe, reducing their content in the microspheres 
and reaching a plateau maximum concentration.  
 
Characterization of PVDF cell culture supports implies the analysis of their different 
crystalline phases since PVDF can present five polymorphs (a, b, g, d and e), but not all of 
them are electroactive. a, b, g are the most commonly obtained phases by the standard 
manufacturing techniques. Piezoelectric stimulation of different cell types requires the 
presence of an electrically active phase, thus b-phase crystallization is usually preferred 
due to its high piezoelectric coefficient. The vibrational spectra of PVDF polymorphic 
polymers via FTIR has been validated for phase identification (Cai et al. 2017).  
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Figure 4.1. Physical characterization of PVDF and PVDF-CFO electrosprayed microspheres. 
a) FESEM images of PVDF and PVDF-CFO microspheres and their corresponding diameter 
frequency distribution. Scale bar 5 µm b) Cross-section image of PVDF-CFO microspheres 
showing the presence of CFO nanoparticles embedded in the polymer matrix. Scale bar 2 µm 
c) Room temperature hysteresis loop of PVDF-CFO microspheres. d) FTIR-ATR spectra of 
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PVDF and PVDF-CFO microspheres. e) DSC heating thermograms of PVDF and PVDF-CFO 
microspheres. 
 
The method is based on the identification of absorption peaks that exclusively appear in 
one of the phases. In the case of the a-phase, the non-electroactive one, its characteristic 
peaks are around 410, 489, 532, 614, 762, 795, 854, 975, 1149, 1209, 1383 and  
1423 cm-1, being 762 cm-1 the one used to unequivocally identify it (Cai et al. 2017; Martins, 
Lopes, and Lanceros-Mendez 2014).  
 
In the case of the electrically active phases b and g, their identification by means of FTIR 
has been a matter of debate in the recent years. Traditionally, the peak around 840 cm-1, 
present in the studied samples (Figure 4.1d), has been considered a characteristic b-phase 
peak. Nevertheless, it has been recently accepted that this band is common to both 
polymorphs, but it is just a strong band for the b-phase. For the g-phase, it appears as a 
shoulder of the 833 cm-1 band (Boccaccio et al. 2002; Imamura, Silva, and Gregorio 2008). 
To clearly distinguish between these two polymorphs, the bands at 1279 and 1234 cm-1, 
which are exclusive of b and g phases, respectively, can be consistently used (Cai et al. 
2017).  
 
The representative FTIR-ATR spectra of both types of microspheres are displayed in Figure 
4.1d, showing a-phase characteristic bands at 489, 762 and 975 cm-1, as highlighted in the 
graph. The existence of the b-phase in the microspheres can be corroborated by the 
presence of the band at 1279 cm-1, exclusive of this polymorph, and of course, the strong 
band at 840 cm-1, used to quantify the percentage of the crystalline phase in the samples 
applying Eq. (2). Quantification revealed that the percentages of b-phase in PVDF and 
PVDF-CFO microspheres were 84.8 ± 2.9 % and 84.6 ± 3.3 %. The crystallization of b-
phase during electrospray process is due to the processing at temperatures below 70 °C 
which favours polymer crystallization in this electroactive phase (Gregorio and Cestari 
1994; Sencadas, Gregorio Filho, and Lanceros-Mendez 2006). The high voltage applied to 
the initial solution and high stretching ratio of the jet (Davis et al. 1978) and the incorporation 
of fillers in the PVDF matrix (Martins, Costa, and Lanceros-Mendez 2011) can also 
contribute to improve b-phase content, but in the present case, those effects are negligible 
when compared to the effect of the solvent evaporation temperature (C. Ribeiro et al. 2018). 
Finally, thermal properties of the electrosprayed microspheres were investigated by means 
of differential scanning calorimetry (DSC). Since PVDF is a semi-crystalline polymer, its 
crystalline regions are immersed in an amorphous polymer matrix and the degree of 
crystallinity (Xc) can be calculated from the obtained melting enthalpies applying Eq. (3). 
Figure 4.1e shows the presence of endothermic peaks around 170 °C. Melting 
temperatures (Tm) corresponding to PVDF and PVDF-CFO microspheres were similar, 
being 167.9 and 168.8 °C, respectively. The main difference between both thermograms 
was the presence of a double endothermic peak in the samples containing magnetostrictive 
nanoparticles. This double peak can be attributed to crystalline imperfection, since the 
presence of CFO can generate crystal defects in the sample. These data correlate with the 
Xc, being higher in PVDF microspheres (58 %) compared to PVDF-CFO (54 %). As 
described by Martins et al. (Martins, Costa, and Lanceros-Mendez 2011) composite 
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materials tend to have a lower degree of crystallinity compared to pristine PVDF due to the 
presence of CFO.  
 

4.3.2. Human mesenchymal stem cells viability and distribution within 
the 3D construct 

PVDF or PVDF-CFO microspheres and MSCs were encapsulated in gelatin hydrogels to 
generate an injectable electroactive 3D cell culture platform. MSCs viability was evaluated 
after 24 h of encapsulation, since CFO has proven to be cytotoxic for this cell type (Moise 
et al. 2017). Figure 4.2a shows representative images of hydrogels, where MSCs nuclei 
were stained with Hoechst and dead cells nuclei with propidium iodide. Gel-PVDF and Gel-
PVDF-CFO hydrogels images show the presence of the microspheres, which appear as 
black dots in the case of the ones containing ferrite. After quantification (Figure 4.2b) no 
significant differences were observed compared to the gelatin hydrogels without 
microspheres, used as viability control (Vaca-González et al. 2020). These results revealed, 
on the one hand, that the magnetostrictive nanoparticles were enclosed inside the polymer 
matrix, reducing their cytotoxicity, and not affecting MSCs viability. On the other hand, the 
inclusion of electroactive microspheres inside the gelatin hydrogel was successful, resulting 
in a viable 3D cell culture platform that could be used to stimulate MSCs.  
 

 
Figure 4.2. Viability assessment of MSCs encapsulated in gelatin hydrogels (Gel), gelatin 
hydrogels containing PVDF (Gel-PVDF) or PVDF-CFO (Gel-PVDF-CFO) microspheres after 24 
h in culture. a) Representative fluorescence microscope images of cell nuclei (Hoechst - blue) 
and dead cell nuclei (propidium iodide-red) merged with hydrogel brightfield images. Scale 
bar 200 µm. b) Quantification of cell viability (n=3). Statistical differences were determined by 
non-parametric Kruskal-Wallis and Dunn’s multiple comparison test.   
 
This is not the first time that a hydrogel-based magnetoelectric microenvironment has been 
described for cell stimulation. Hermenegildo et al. (Hermenegildo et al. 2019) used 
methacrylated Gellan Gum to encapsulate PVDF-CFO microspheres, nevertheless, cells 
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were not embedded in the hydrogels, but were seeded on the surface reducing the effect 
of the local piezoelectric stimulation.  In a similar way, Carvalho et al (Carvalho et al. 2020) 
used the same type of hydrogel but combined with poly-L-lactic acid (PLLA)-CFO 
microspheres. In these case cells were both seeded on the surface and also injected inside 
the hydrogels to generate a 3D environment. 
 
After assessing MSCs viability, a closer look into cell spreading and distribution within the 
hydrogel was taken by cryo-sectioning the samples after 1 and 14 days of culture. Figure 
4.3 shows an evenly cell distribution along the gelatin matrix in every type of sample. In the 
case of the hydrogels containing microspheres, these appear also uniformly distributed, 
surrounding the cells and assuring a local electromechanical stimulation. Regarding cell 
spreading, after 24 h cells show a rounded morphology with a scarcely developed 
cytoskeleton. Nevertheless, after 14 days in culture MSCs present a fibroblastic morphology 
with a spindled-shape, characteristic of this cell type in adherent substrates.  
Gelatin is a molecular derivative of type I collagen, although less organized, it is 
biocompatible, cheaper and preserves the linear tripeptide Arginine-Glycine-Aspartate 
(RGD) recognition sequence that binds to several integrin proteins promoting cell 
attachment, migration, and survival (Bello et al. 2020), as demonstrated by the images 
taken after 14 days. MSCs encapsulation in a gelatin hydrogel provides the biological active 
cues lacking in PVDF chemical structure, avoiding PVDF surface modification, in a 3D 
environment allowing ECM-cell and cell-cell interaction. 

 
Figure 4.3. Representative fluorescence images of Gel, Gel-PVDF and Gel-PVDF-CFO cryo-
sectioned hydrogels merged with hydrogel brightfield images after 1 and 14 days of static 
culture. Actin cytoskeleton appears in red and cell nuclei in blue. Scale bar 100 µm. 
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These results are supported by Figure S4.1, where a 3D reconstruction of a non-cryo-
sectioned Gel-PVDF hydrogel is shown (see Z projections in supporting information). In 
their interior, MSCs are completely elongated and forming a 3D interconnected network.  
 

4.3.3. Effect of piezoelectric stimulation on mesenchymal stem cells 
proliferation and osteogenic differentiation 

Proliferation of MSCs was determined after 2, 7, 14 and 21 days in static (non-stimulated) 
and dynamic (stimulated) conditions. Gelatin hydrogels without microspheres were used as 
controls to evaluate the effect of the magnetic field itself, generated by the bioreactor. Each 
condition tested, Gel, Gel-PVDF and Gel-PVDF-CFO was compared with its stimulated 
counterpart and the rest of the conditions at every time point. Gel-PVDF-CFO stimulated 
condition is the only one able to provide piezoelectric stimulation, due to the presence of 
the magnetostrictive nanoparticles and the magnetic field.  
 
As presented in Figure 4.4a, no significant differences in proliferation are observed after, 2, 
7 and 14 days. A significant change in proliferation can be noted after 21 days between Gel 
NS and Gel-PVDF-CFO S. Nevertheless, no rise nor decrease in proliferation is observed 
when comparing Gel-PVDF-CFO stimulated and non-stimulated condition at any of the 
studied times. Since there is no difference between Gel NS and S hydrogels it can be 
assumed that the magnetic field generated by the bioreactor has no influence on MSCs 
proliferation. In the same way, the lack of significant difference in Gel-PVDF-CFO NS and 
S demonstrates that piezoelectric stimulation has no influence, either positive or negative, 
in MSCs proliferation using this 3D cell culture support and with the applied stimulation 
parameters. 
 
These results are different to the ones obtained by Fernandes et al. (Fernandes et al. 2019) 
where an increase in cell proliferation was observed after 4 days when comparing static 
and dynamic conditions. Although they used a 3D scaffold and stimulation parameters 
applied were the same, the study was performed using MC3T3-E1 pre-osteoblast cells, a 
different cell type that might respond in a different way to piezoelectric stimulation. Carvalho 
et al (Carvalho et al. 2020) also described an increase in proliferation after 3 days when 
using a combination of a gelatin hydrogel with embedded PLLA-CFO microspheres 
stimulated with similar parameters, compared with non-stimulated samples. Even though 
the cell culture platform is similar to the one here described, they also used MC3T3-E1 cell 
line, which, as already mentioned, can respond different to this kind of stimulation.    
 
Differences between time points, thus the increase or decrease in proliferation between 2, 
7, 14 and 21 days within the same hydrogel composition, were also assayed but no 
significant changes were found, meaning that there is no proliferation observed over time 
in any type of hydrogel. This phenomenon was also observed by Moulisová et al. (Moulisová 
et al. 2017), not showing MSCs proliferation in gelatin hydrogels when using basal medium 
after a period of 14 days. In our case, the presence of microspheres alone or its combination 
with a magnetic field inducing electromechanical stimulation in the 3D support does not alter 
MSCs proliferation behaviour in the gelatin matrix. 
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The effect of electromechanical stimulation on MSCs osteogenic differentiation was tested 
after 7 and 14 days in culture by analysing gene expression of characteristic osteogenic 
markers and ALP activity. For differentiation assays, electromechanical stimulation was 
combined with commercial osteogenic medium.  
 
Figure 4.4b shows the relative expression of ALP, COL I and RUNX2 at 7 days of culture, 
and ALP, COL I and OCN at 14 days. As can be seen in the graph, there are significant 
differences in the expression of the early osteogenic marker RUNX2 at day 7 when 
comparing Gel-PVDF-CFO stimulated and non-stimulated samples. Nevertheless, no 
expression differences are observed in mid-stage markers ALP and COL I. After 14 days it 
is surprising to find that not only there is no increase in the expression in the Gel-PVDF-
CFO S condition, but there is a rise in the expression of COL I in Gel-PVDF S, which is 
under the influence of the magnetic field, but where no electromechanical stimulation is 
experienced since it does not contain magnetostrictive nanoparticles. These expression 
results are in agreement with the ones obtained for the ALP activity at a protein level (Figure 
4.4c). At 7 days of culture no differences in ALP activity are observed between the studied 
conditions, as is the case for the ALP gene expression at the same time point.  
 

 
Figure 4.4. Effect of electromechanical stimulation on MSCs proliferation and differentiation 
in non-stimulated (NS) and stimulated (S) conditions. a) MTS assay at short and long term (2, 
7, 14 and 21 days). Graphs show significant differences for each time point between different 
hydrogel compositions (n=3). Differences between time points for the same hydrogel 
composition were also assayed but no significant changes were found. b) Relative gene 
expression of characteristic osteogenic markers (Alkaline phosphatase (ALP), collagen type 
I (COL I), Runt-related transcription factor 2 (RUNX2) and osteocalcin (OCN)) after 7 and 14 
days of culture (n=4). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used to 
normalise gene expression c) ALP activity determination after 7 and 14 days of culture (n = 
3). Circles correspond to data collected for Gel-PVDF-CFO NS, squares for Gel-PVDF S and 
triangles represent Gel-PVDF-CFO S samples, for both b) and c) graphs. All statistical 
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differences were determined by non-parametric Kruskal-Wallis and Dunn’s multiple 
comparison test. * indicates p-value < 0.05. 
 
However, after 14 days, there is an increase in ALP activity in the non-stimulated condition 
compared to Gel-PVDF S and Gel-PVDF-CFO S, which does not match the results obtained 
for gene expression levels at this time point, where no differences are observed. It is 
possible that the analysis of gene expression at only two time points may have missed ALP 
expression peak, which is usually reported after 10 days of culture and after that, the 
differences are only shown in ALP activity at protein level after 14 days.  
 
RUNX2 is a key transcriptional regulator of osteoblast differentiation and bone formation. 
Its activation by phosphorylation in MSCs leads to osteogenic commitment and the 
subsequent expression of downstream genes involved in the differentiation process such 
as alkaline phosphatase, collagen type I, osteopontin and osteocalcin (Rahman et al. 2015). 
Piezoelectric stimulation in the proposed 3D cell culture platform is able to activate the 
osteogenic differentiation pathway with an increased expression of the master regulator 
RUNX2, nevertheless this effect is not sustained in time. The following expression of mid-
stage markers such as ALP and COL I is not enhanced, and neither is the ALP activity.  
 
Several factors may influence the effect of piezoelectric stimulation on MSCs differentiation 
towards the osteogenic lineage (Guillot-Ferriols et al. 2022). Selection of cell culture media, 
stimulation parameters and treatment times are non-trivial choices when designing 
stimulation experiments. The lack of a standardized stimulation protocol for MSCs makes 
the comparison difficult between published results.  
 
Regarding stimulation parameters, the use of different bioreactors for the activation of 
piezoelectric substrates comprises the use of different stimulation parameters in literature. 
Treatment times are also a matter of debate when stimulating MSCs for differentiation. In 
this work, a stimulation program divided into an active period of 16 h based on 5 minutes of 
magnetic stimulation and 25 minutes of resting time, followed by a nonactive period of 8 h, 
was selected to simulate human daily activity. Stimulation was applied for the total duration 
of the culture. Again, despite the influence that treatment time may have in a highly 
orchestrated and time-dependent process such as osteoblastogenesis no studies have 
been published on its optimization when using piezoelectric cell culture supports. Other 
types of electrical stimulation, the one using conductive cell culture supports and an external 
power generator, have explored the effectiveness of diverse factors regarding treatment 
time. First, stimulation time per day, thus, the number of hours that cells are subjected to 
stimulation each culture day, second, the number of days those cells receive the stimulation 
along the duration of the culture and last, the moment where the stimulation is introduced 
(early, mid or late stages).  
 
Wechsler et al. (Wechsler, Hermann, and Bizios 2016) demonstrated that for MSCs cultured 
in indium tin oxide-coated glass the optimal stimulation time per day was 6 hours rather 
than shorter (1-3 hours) and longer (24 hours). On another note, Zhu et al. (Zhu et al. 2017) 
artificially divided the 21-day culture time into 7-day periods and applied ES for 1.5 hours a 
day for the selected period. Day 1 to 7 stimulation resulted in an improved expression of 
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MSCs bone related markers rather than application from day 8 to 14 and 15 to 21. This 
corroborates the results obtained by Hu at al. (Hu et al. 2019) where stimulation was applied 
for 4 h on a selected day (day 0, 2, 4, 6, 8, 10 and 12) demonstrating that day 8 was the 
optimal one since MSCs showed a higher level of mineral deposition after 14 days, 
supported by the upregulation of osteogenic genes.  
 
These data reveal that stimulation application for osteogenic differentiation induction is a 
time-dependent process and if optimized it should only be applied at specific time-points. 
In this case, application along the culture may have a detrimental effect in the differentiation 
process, as shown by the results in gene expression and ALP activity after 14 days, where 
no improvement is seen in electromechanical stimulated conditions.  
 
Finally, media selection in combination with electromechanical stimulation may influence 
the result. In this work, commercial osteogenic medium was used, nevertheless MSCs 
osteogenic fate determination has been widely reported as a result of using piezoelectric 
biomaterials as cell culture supports in the presence of growth medium (X. Zhang et al. 
2016; C. Zhang et al. 2018; Zhou et al. 2016, 2019; Yu et al. 2017; Yang et al. 2020; Li et 
al. 2017). The strong effect of biochemical inducers present in the osteogenic medium may 
have covered the effect of piezoelectric stimulation. Even so, this physical cue combined 
with osteogenic medium is able to trigger RUNX2 expression in a greater extent than 
osteogenic induced non-stimulated samples.  
These results leave room for improvement and open the door for future optimization of the 
stimulation protocol, regarding treatment times and parameters. The study of different cell 
culture media may also be beneficial for the use of this biomimetic and biocompatible 3D 
piezoelectric cell culture platform in bone tissue engineering approaches.  
 

4.4. Conclusions 
PVDF and PVDF-CFO microspheres were produced by electrospray, a reliable technique 
that allows PVDF crystallization in b-phase, its most electroactive polymorph. The produced 
PVDF-CFO microspheres incorporated CFO nanoparticles in their interior, without 
compromising their crystallinity degree, which was similar to the one obtained in the ones 
non-containing magnetostrictive nanoparticles. Microspheres, together with MSCs, were 
successfully encapsulated in a tyraminated gelatin hydrogel, generating a 3D cell culture 
platform. This platform resulted non cytotoxic for MSCs, meaning that the CFO was well 
enclosed in the microsphere polymer matrix. MSCs and microspheres were evenly 
distributed in the gelatin matrix after 1 day of culture allowing local stimulation. After 14 days 
MSCs showed a well-developed cytoskeleton with fibroblastic-like shape, forming an 
interconnected 3D network when cultured in expansion medium and no stimulation. 
Magnetically induced piezoelectric stimulation had no influence, either positive or negative, 
on MSCs proliferation in the proposed 3D cell culture platform. Regarding MSCs osteogenic 
differentiation, combination with osteogenic medium revealed an increase of RUNX2 
expression after 7 days compared to non-stimulated samples, indicating a stronger 
activation of the osteogenic differentiation pathway.  
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4.7. Supplementary material 
Supplementary data associated with this article can be found in supplementary material: 
Real time qPCR primer sequences and Z projection of non-cryosectioned Gel, Gel-PVDF 
and Gel-PVDF-CFO hydrogels after 14 days in culture.  

 
Table S4.1. Primer sequences used for real time qPCR.  

Gene Forward Primer (5’-3’) Reverse Primer (5’-3’) 
Annealing 

Temperature 
(°C) 

ALP ATGAAGGAAAAGCCAAGCAG CCACCAAATGTGAAGACGTG 55.2 

COL I GCCAAGACGAAGACATCCCA GGCAGTTCTTGGTCTCGTCA 59.5 

RUNX2 TCACAAATCCTCCCCAAGTA GGCGGTCAGAGAACAAACTA 55.7 

OCN GTGCAGAGTCCAGCAAAGGT TCAGCCAACTCGTCACAGTC 59.2 

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA 62.4 
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Figure S4.1. Representative Z projection of non-cryosectioned Gel, Gel-PVDF and Gel-PVDF-
CFO hydrogels after 14 days in culture in static conditions. Actin cytoskeleton appears in red 
and cell nuclei in blue. Scale bar 100 µm. 
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Discussion 
 
 
 
 
 
 
 
 

Mesenchymal stem cells meet the requirements for their use in advanced osteogenic 
regeneration therapies. Besides their immunomodulatory properties and easy obtainment 
from an autologous source, their differentiation capacity to osteoblasts is their most valuable 
asset for bone reconstruction purposes. Directing stem cell fate towards a specific lineage 
is a challenging process, which requires to have a complete view from the embryonic 
developmental process to the adult stem cell niche and the signals that govern it. 
Specifically, MSCs osteogenic priming induced by electromechanical or piezoelectric 
stimulation tries to reproduce the electroactive microenvironment of the stem cell niche.  
 
To do so, different poly(vinylidene) fluoride cell culture supports for MSCs culture in two-
dimensions (2D) (Chapters 1, 2 and 3) and three-dimensions (3D) (Chapter 4) have been 
developed. Different manufacturing techniques have been presented allowing to tailor cell 
culture support structure and crystallization in the electroactive phases b or g. All of them 
were also compatible with the introduction of magnestostrictive CFO nanoparticles to create 
magnetoelectric composites stimulable with a magnetic bioreactor.  
 
PVDF membrane structure and crystalline polymorphs can be tuned by using different non-
solvents when non-solvent induced phase separation (NIPS) is used as processing 
technique. In this work, ethanol (Chapter 1) and water (Chapter 2) were used as examples 
of soft and harsh non-solvents, respectively. The use of ethanol reduces the solvent-
nonsolvent exchange, allowing crystallization, a slower process, before liquid-liquid 
demixing takes place, giving rise to completely homogeneous porous membranes. 
Nevertheless, the presence of water in the coagulation bath leads to rapid liquid-liquid 
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demixing before crystallization and asymmetric membranes containing a flat surface are 
obtained (Young et al. 1999). Crystalline phases present on the membranes also depend 
on the use of the different solvents and therefore, the events governing crystallization. In 
the case of ethanol membranes presented a high percentage of g-phase, probably related 
with the use of polar solvents that favour crystallization in trans phases due to their 
interaction with the polymer, rotating the C-F bond around the C-C bonds of the chain 
backbone (Salimi and Yousefi 2004). In the case of water, the asymmetry present in the 
structure is also associated with the presence of different polymorphs. The membranes are 
mostly β-phase in the finger-like structure, with a contribution of g-phase to the porous part. 
The smooth surface, some microns thick, is composed of a and β crystals. This difference 
between the electroactive phases present in the membranes is obviously related with the 
crystallization process affected by the type of non-solvent used, although the underlying 
mechanism associated with the crystallization of every polymorph is still far from being 
understood.  
 
Mesenchymal stem cell deficient initial response to highly porous surfaces, as is the case 
of the membranes developed in Chapter 1, has gradually moved the research focus on 
obtaining flatter and thinner surfaces. Membranes produced in Chapter 2 presented a 
smooth surface where MSCs were cultured, nevertheless, the high contribution to the 
overall structure of the porous part difficulted polarization of the samples because high 
porosities induce electrical breakdown during the polarization process. Usually, films 
obtained using a temperature below 70 °C, without the presence of a nucleating filler, lead 
to the production of b-phase highly porous, fragile, opaque and difficult to polarize films. 
Nevertheless, when the films are produced using higher temperatures (>70 °C) or produced 
from the melt (T ~ 210 °C) to ensure complete solvent evaporation they show smoother 
surfaces, but are crystallized mainly in the non-electroactive a-phase (C. Ribeiro et al. 
2018). In the case of the films produced in Chapter 3, the introduction of the ionic liquid 
[Bmim][Cl] favoured the interaction of PVDF chains with the ionic species present, 
promoting the nucleation in the most electroactive polymorph even if the films were 
produced by crystallization from the melt (Meira et al. 2019). They were thinner, presented 
flatter spherulites and a high percentage, superior to 80 %, of b-phase, solving the 
aforementioned drawbacks and making them perfect candidates for stimulation 
experiments.  
 
PVDF is a highly hydrophobic polymer, with contact angles values reaching 130 º on porous 
surfaces, not allowing efficient cell attachment and interaction with cellular populations. 
Many have been the attempts to modify PVDF’s surface to enhance initial cell response. 
Simple techniques such as plasma treatment (Kitsara et al. 2019; Mirzaei et al. 2019), pre-
incubation in culture media to favour serum protein adsorption (S. Wu et al. 2018; Guo et 
al. 2012) or adsorption of specific proteins such as poly-L-lysine or fibronectin have been 
described (Hoop et al. 2017; Sobreiro-Almeida et al. 2017; C. Ribeiro, Panadero, et al. 
2012). Protein grafting has also been reported in PVDF substrates, which may enhance 
protein functionality by exposing in a more efficient way functional sequences (Young et al. 
2009, 2010; Park et al. 2020; Klee et al. 2003). Although these approaches may result 
suitable to enhance cell adhesion, a new generation of smart materials which aspire to go 
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beyond basic attachment and proliferation functionalities is being developed. In this 
Doctoral Thesis, PVDF membranes have been coated with different proteins and 
polysaccharides by means of the layer-by-layer technique. LbL is a versatile approach that 
allows the deposition of different polyelectrolytes with other charged or uncharged 
macromolecules. This versatility allows to coat almost every surface with an endless 
number of molecules. It can help to create a biomimetic microenvironment resembling the 
extracellular matrix, which can include features that enhance cell adhesion, promote 
osteogenic differentiation or present growth factors efficiently (Petrila et al. 2021).  
 
As far as we know, this is the first time that LbL technique has been described to coat 
electroactive PVDF substrates for cell culture. Elastin-like recombinamers containing RGD 
sequences (Chapter 1) and collagen type I/heparin (Chapter 2) have been deposited on 
PVDF membranes, to enhance their initial adhesion properties. Besides, the presence of 
the adhesion sequence RGD in both types of coatings promotes integrin mediated binding 
of cells being the foundation for cell growth and differentiation (Alberts et al. 2002). The 
importance of the presented work relies on the versatility of the techniques used, that can 
be adapted to meet the needs for different tissue engineering applications. The absence of 
functional groups on PVDF structure requires its pre-treatment to introduce active chemical 
species that can react with the first layer. Two methods to modify PVDF surface have been 
described. In Chapter 1 membranes were first treated with plasma to activate the surface 
while in Chapter 2 membranes were aminolized by means of an alkali treatment, introducing 
amine groups in the surface. These groups can be used either to covalently bond molecules 
of interest or, as is the case, to deposit the first LbL layer. After surface modification, LbL 
was carried out and surfaces were coated by the electrostatic interaction of heparin and 
collagen type I molecules or strong covalent bonds mediated by click chemistry between 
the ELR peptides (González De Torre et al. 2014). These techniques here described can 
be tailored to meet the needs for different approaches. In our case, membrane coating 
resulted fundamental to enhance MSCs initial adhesion and proliferation, especially due to 
the porous character and hydrophobicity of ethanol-based NIPS membranes.  
 
These surface modifications were carried out using 2D substrates, which provide an easier 
platform to develop and characterize coating techniques, as well as to study MSCs 
behaviour. Nevertheless, 2D cell culture supports offer a reductionist approach to 
understand cell phenomena and do not reflect the physiological behaviour of cells in vivo. 
3D culture elicits a more physiological state and allows more realistic cell-to-cell and cell-
to-matrix interactions that are important for differentiation, proliferation and cellular functions 
(Baker and Chen 2012). 3D cell culture platforms were produced and characterized 
(Chapter 4) to test MSCs osteogenic differentiation under electromechanical stimulation. 
Encapsulation of MSCs together with electroactive PVDF microspheres containing 
magnetostrictive nanoparticles in an injectable gelatin hydrogel allowed to create an 
electroactive biomimetic 3D environment. The presence of the gelatin matrix generates a 
biomimetic platform and avoids the need of PVDF functionalization while the presence of 
the PVDF-CFO microspheres allows MSCs stimulation using a wireless approach based 
on a magnetic bioreactor.  
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The use of piezoelectric stimulation for MSCs priming implies necessarily to culture these 
cells in vitro, adding into the equation several factors that need to be considered and that 
can modify its outcomes. Stimulation parameters, combination with biochemical cues using 
an osteoinductive cell culture medium or treatment times are not independent and their 
combined effects tend to overlap revealing that their boundaries are not tight.  
 
Mesenchymal stem cell osteogenic commitment is the first step in the osteoblast 
differentiation pathway. These cells become preosteoblasts, characterized by the 
expression of RUNX2 followed by the activation of OSX which subsequently activates ALP 
and COL I expression (Nakashima et al. 2002). Further on, these preosteoblasts acquire 
the characteristic cuboidal osteoblastic phenotype, expressing mature markers such as 
osteocalcin and osteopontin (Gavazzo et al. 2021). Conceiving differentiation as an 
organized cascade of expression events involves the fact that electrical stimulation can be 
applied at different time points. Three parameters may be carefully adjusted to determine 
the most suitable stimulation program to induce MSCs osteogenic differentiation regarding 
treatment time. On the one hand, stimulation time per day, thus, the number of hours that 
cells are under stimulation each day. On the other hand, stimulation period along the 
duration of the culture should be considered, ergo, the number of days cells are subjected 
to ES. Finally, the moment in which stimulation is introduced, at earlier, middle or later 
stages of the osteogenic differentiation process.  
 
Authors that use bioreactors to produce electromechanical stimulation by means of 
piezoelectric samples usually apply it for the total duration of the culture. Short periods a 
few times a day or continued stimulation may be chosen although there is no consensus. 
Damaraju et al. (Damaraju et al. 2017) applied dynamic compression three times a day for 
1 hour on and 1 hour off. In the case of Zhou et al. (Z. Zhou et al. 2019) a 5 N constant 
dynamic cyclic force was applied. Liu et al. (W. Liu et al. 2020) used a pressurized culture 
and stimulated the cells for 1 hour a day for the whole duration of the culture. In the case of 
piezoelectric scaffolds activated by ultrasounds, stimulation was applied three times a day 
for 20 seconds each time by Yang et al. (Yang et al. 2020) and 10 minutes daily for 4, 7 
and 14 days in the case of Fan et al. (Fan et al. 2020). In this work, a stimulation program 
defined by Lanceros-Méndez group was applied to stimulate 2D and 3D cell culture 
platforms to test the response on MSCs in chapters 3 and 4, respectively. The program was 
based on reproducing human daily activity, which means 16 hours of stimulation, where a 
short cycle of 5 minutes of stimulation and 25 minutes of rest is repeated, and 8 hours of 
rest (Fernandes et al. 2019; S. Ribeiro et al. 2020). Stimulation was able to induce changes 
in MSCs cytoskeleton after 3 days of culture in the 2D platform, although long term effects 
were not studied. For the 3D cell culture support, application of constant stimulation resulted 
detrimental for MSCs expression of osteogenic related genes, such as ALP, and was also 
confirmed by enzyme activity analysis at the same time point, 14 days. This result confirms 
the importance of treatment time optimization, as has already been demonstrated by 
different authors using conductive substrate mediated ES. Application of stimulation only at 
earlier stages of the osteogenic differentiation process (day 1 to 7) favours the expression 
of bone-related markers compared to its use after this time point (8-14 and 14-21 days) 
(Zhu et al. 2017). In fact, stimulation period may be reduced to one day if it is properly 
introduced, as demonstrated by Hu et al., where cells stimulated only at day 8 showed a 
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higher level of mineralization after 14 days, which was supported by the upregulation of 
osteogenic genes, especially RUNX2 immediately after the ES treatment (W. W. Hu et al. 
2019).  
 
As far as we know, just few authors have considered treatment time as a determining 
parameter when studying the effects of ES on MSCs osteogenic differentiation, thus the 
number of studies covering this aspect is reduced. It is even more reduced, nearly 
inexistent, when using piezoelectric cell culture supports. This could be a new path to 
explore, since osteoblastogenesis is a time-dependent process and applying stimulation at 
early stages of the differentiation process may be enough to determine MSCs fate.   
 
Nevertheless, it is worth to mention that treatment time cannot be considered as an isolated 
parameter that may affect ES outcome. It influences MSCs osteogenic differentiation 
together with other factors such as cell culture medium. The presence of a biochemical 
osteogenic inductor may be essential to trigger the effect of stimulation, especially in the 
case of ES using general stimulation or substrate mediated by means of conductive 
supports (Leppik et al. 2018; Mobini et al. 2017; Srirussamee et al. 2021; Hronik-Tupaj et 
al. 2011; W. W. Hu et al. 2014; J. Zhang, Neoh, and Kang 2018; W. W. Hu et al. 2019; Jing 
et al. 2019). Nevertheless, MSCs osteogenic fate determination has been reported as a 
result of using piezoelectric biomaterials as cell culture supports in the presence of growth 
and osteogenic media (X. Zhang et al. 2016; C. Zhang et al. 2018; Z. Zhou et al. 2016, 
2019; Yu et al. 2017; Yang et al. 2020; Y. Li et al. 2017; Damaraju et al. 2017; Jia et al. 
2019; J. Li et al. 2015; Fan et al. 2020) demonstrating less reliance on the need of an 
osteogenic triggering. Optimization of the appropriate cell culture medium, again, has been 
scarcely reported in combination with electromechanical stimulation. The importance of 
media selection was demonstrated by Damaraju et al. where the combination of 
piezoelectric stimulation with either chondrogenic or osteogenic media favoured MSCs 
osteogenesis or chondrogenesis depending on media formulation and scaffold 
piezoresponse (Damaraju et al. 2017). As cell culture medium may actuate in synergy to 
exploit the effect of stimulation, we have tested the role of different cell culture media on 
MSCs initial adhesion in 2D piezoelectric supports through the study of focal adhesion 
complexes (Chapter 3). The use of combined osteogenic and adipogenic media resulted in 
longer focal adhesions and larger cells, a required step for MSCs osteogenic differentiation 
(Biggs et al. 2009). Moreover, the presence of osteogenic and adipogenic cues does not 
condition MSCs to choose a differentiation pathway but provides the right stimuli to guide 
them in combination with electromechanical stimulation. This is the first time that cell culture 
medium formulation was optimized prior to electromechanical stimulation experiments for 
MSCs osteogenic differentiation. In the case of the 3D cell culture platform (Chapter 4) 
osteogenic medium was directly used. Although the stimulated samples in combination with 
biochemical induction showed a stronger expression of RUNX2 after 7 days compared to 
non-stimulated ones, this effect faded after 14 days. As already mentioned, constant 
stimulation and the powerful effect of commercial osteogenic media may mask the effect of 
electromechanical stimulation. It is important to note that many parameters need to be 
adjusted giving rise to endless combinations, which are difficult to test in vitro. This forces 
to randomly set some of them to facilitate the experimental design and the handling of the 
obtained data.  
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Treatment times, cell culture media or cell source may vary along the different research 
papers. At the same time, outcome comparison between published studies results difficult 
due to the amount of different conductive and piezoelectric cell culture supports, with 2D 
and 3D configurations, and the applied parameters (waveforms, electric fields, frequencies, 
bioreactors…) (Guillot-Ferriols et al. 2022). This reflects the need of performing systematic 
studies that may lead to a standardized stimulation protocol for clinical translation. 
Nevertheless, protocol standardization is the first step in a devious and long road until these 
approaches could be used in clinic. Ensuring a stable and non-reversible MSCs osteogenic 
phenotype may be the next goal for the scientific community working in the field. To the 
date the main application with future translation into clinics is the use of piezoelectric cell 
culture supports in vivo to treat critical size bone defects. Positive results when compared 
with non-poled piezoelectric materials or non-piezoelectric ones have been obtained (X. 
Zhang et al. 2016; Yu et al. 2017; H. B. Lopes et al. 2014; Fan et al. 2020; C. Zhang et al. 
2018; Y. Liu et al. 2017; F. Zhao et al. 2020). The scaffolds are implanted in the defect 
without previous seeding of MSCs. When placed in the injured site cells from the 
surrounding healthy tissue invade the scaffold, recruited by the biomaterial electrical cues 
(X. Zhang et al. 2016). Among the different cell types, MSCs are present and can be 
induced to differentiate into osteoblasts in response to the electrical stimulus, initiating the 
process of bone regeneration. Their biggest advantage relies on the piezoelectric effect 
itself. The absence of an external power supply is overcome by the mechanical deformation 
of the scaffold, produced by the movements of the human body, which generates an 
electrical output. Moreover, the presence of an associated surface charge provides an 
electric microenvironment enhancing protein adsorption in an active conformation favoring 
cell adhesion (Jia et al. 2019).This approach presents some drawbacks, as can be the non-
degradability of the piezoelectric scaffolds, which in most cases are ceramics or non-
biodegradable polymers that will reside in the body unless surgically removed. Moreover, 
bone microenvironment at the injured site can be compromised due to immune-mediated, 
inflammatory, and degenerative diseases hindering MSCs homing and thus the 
regeneration process. This problem may be solved by using piezoelectric biodegradable 
materials or piezoelectric cell culture supports as priming platforms for MSCs pre-
differentiation. In the latest, once a stable phenotype is achieved, cells can be harvested 
and seeded onto biodegradable and already FDA approved scaffolds.  
 
During the development of this Doctoral Thesis, the manufacturing process and 
functionalization of 2D and 3D biomimetic cell culture supports for mesenchymal stem cell 
electromechanical stimulation has been described. Results show that MSCs are able to 
respond to this physical cue in terms of adhesion and cytoskeleton reorganization in 2D cell 
culture supports. Also, 3D stimulation is able to enhance RUNX2 expression, master 
regulator of the osteogenic differentiation pathway. These promising results lead the way 
for future uses of these biomaterials as priming platforms after systematic optimization of 
the involved parameters.  
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Conclusions 
 
 
 
 
 
 
 
 

After the experimental evidence shown along this work concerning the development of 
electroactive PVDF cell culture supports and the influence of electromechanical stimulation 
on MSCs, the following conclusions can be highlighted: 
 
Chapter 1 

1. Non-solvent induced phase separation using ethanol as non-solvent gives rise to 
highly porous symmetrical and electroactive PVDF membranes mostly in g-phase.  

2. Argon plasma treatment allows PVDF membrane activation reducing hydrophobicity 
and facilitating the deposition of the first LbL layer.  

3. Layer-by-layer is a suitable and versatile technique for PVDF membrane coating, 
allowing the deposition of elastin like recombinamers.  

4. Deposition of ELRs containing RGD sequences is needed to enhance MSCs initial 
adhesion and proliferation due to PVDF hydrophobicity but also due to the spherulite 
porous surface. Fibronectin absorption is not enough to promote MSCs initial 
adhesion.  

 
Chapter 2 

5. Non-solvent induced phase separation using water as non-solvent produces 
asymmetric membranes with a thin smooth surface and a highly porous structure 
underneath.  

6. The smooth surface presents a mixture of a and b phase, while the membrane bulk 
crystallizes mostly in b-phase, the most electroactive one, with a contribution of the 
electroactive g-phase.  
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7. Incorporation of CFO magnetostrictive nanoparticles is effective using NIPS and 
does not change the overall structure but increases spherulite diameter. Presence 
of the different polymorphs and crystalline content are slightly modified due to CFO 
presence.  

8. Alkali treatment allows the incorporation of amine groups onto the membrane 
surface, facilitating the deposition of the first heparin layer. 

9. Layer-by-layer enables to create a biomimetic environment for MSCs culture 
combining collagen type I and heparin bilayers. 

10. PVDF-CFO membranes are non-cytotoxic for MSCs culture, regardless the type of 
coating. Although initial MSCs adhesion is similar both with traditional fibronectin or 
LbL coating, the presence of the LbL coating favours MSCs proliferation in PVDF-
CFO membranes compared to fibronectin.  

 
Chapter 3 

11. The ionic liquid [Bmim][Cl] induces PVDF crystallization in b-phase when 
manufacturing films by doctor blade technique. PVDF and PVDF-CFO films with the 
same microstructure and physical properties can be produced in the presence of 
[Bmim][Cl]. 

12. [Bmim][Cl] is efficiently removed after several washes with water. 
13. PVDF and PVDF-CFO films, once the IL is removed, are non-cytotoxic and support 

MSCs initial adhesion and proliferation after 7 days.  
14. Balanced medium, a mixture 1:1 of osteogenic and adipogenic media, promotes 

larger cell areas and longer FA adhesions when MSCs are cultured in static 
conditions, regardless the cell culture support. 

15. Electromechanical stimulation in the presence of balanced medium promotes the 
formation of longer focal adhesions and a decrease in vimentin intensity, which may 
be an earlier sign of osteogenic differentiation.  

 
Chapter 4 

16. Electrospray enables PVDF crystallization in b-phase, obtaining magnetostrictive 
microspheres with incorporated CFO into the polymer matrix.  

17. Gelatin hydrogels provide a continuous matrix for mesenchymal stem cell 
encapsulation together with electroactive microspheres for MSCs piezoelectric 
stimulation. 

18. The 3D electroactive cell culture platform is not cytotoxic for mesenchymal stem 
cells, regardless the presence of microspheres containing CFO. 

19. Electromechanical stimulation does not affect MSCs proliferation, either positively 
or negatively. 

20. Piezoelectric stimulation enhances the expression of early osteogenic marker 
RUNX2 but does not affect the expression of later markers such as ALP, COL I or 
OCN.  
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Future perspectives 
 
 
 
 
 
 
 
 

In this Doctoral Thesis different cell culture platforms for mesenchymal stem cell 
piezoelectric stimulation have been successfully produced and functionalized to present a 
biomimetic environment. The potential of electromechanical stimulation as an inductive cue 
for MSCs osteogenic differentiation has been studied.  
 
The implication of several factors (stimulation parameters, treatment time, cell culture 
medium) in the differentiation process implies the need for optimization to obtain the best 
results. Cell stimulation platforms have already been produced and characterized, 
therefore, next steps of the project entail to design systematic studies combining interesting 
variables that may affect differentiation outcomes. Optimized parameters, already 
described in this Doctoral Thesis, may be used as a starting point. Optimization should lead 
to a standardized priming stimulation protocol that may be tested for clinical translation. 
Once a standard protocol for MSCs pre-differentiation is achieved, these platforms must 
accomplish the criteria of quality cell therapy standards following good manufacturing 
practices (GMP), maintaining and ensuring a long-lasting osteogenic phenotype but at the 
same time resulting convenient for their commercialization.  
 
Usually, therapies based on the use of MSCs require the injection of a large number of 
cells. The platforms here described are suitable for in vitro MSCs stimulation from a 
research point of view, but its use as real priming platforms for clinical application imply their 
scale up. Electrospray, as demonstrated, is a good candidate for electroactive microsphere 
production, but it is a time-consuming technique which presents some difficulties for scaling 
up. Moreover, environmental parameters play a crucial role in microsphere obtainment. 
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Alternative methods for microsphere production are currently under investigation in our 
research group. Microfluidics has been postulated as an option for automatized 
microsphere production which allows to obtain a higher number of microspheres per unit of 
time with a higher range of diameters. Additionally, this technique facilitates environmental 
conditions control giving rise to a more reproducible protocol for microsphere production. 
PVDF and PVDF-CFO microspheres have already been produced by this method and their 
electroactive properties have been characterized, so the next steps will involve testing their 
use as cell culture supports for MSCs piezoelectric stimulation.  
 
On the other hand, the proposed 3D system for MSCs culture requires hydrogel break-up 
to recover pre-differentiated MSCs. Optimization of the recovering protocol may be another 
interesting objective. At the moment, cells are being obtained for their characterization by 
means of a collagenase treatment, although cell integrity has not been assured. Further 
studies are required to stablish a protocol that allow to obtain undamaged MSCs after 
stimulation. Moreover, other 3D approaches combining electroactive microspheres are 
being studied. The use of MSCs spheroids has been widely described and it is possible to 
combine spheroids together with electroactive microspheres, which are incorporated when 
the spheroid is formed due to cell-cell interaction. This gives rise to a 3D cell culture 
environment which can be stimulated using a magnetic bioreactor, and the process for cell 
recovery becomes easier, since no hydrogel needs to be processed. Our research group is 
currently working towards the use of layer-by-layer functionalized microspheres 
incorporated into MSCs spheroids for piezoelectric stimulation.  
 
The proposed models and the obtained results here described lay the groundwork for future 
research projects. Although there is still room for improvement, this fact motivates us to 
keep researching with the aim to achieve the use of piezoelectric stimulation as a real 
applicable tool for mesenchymal stem cell differentiation.  
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