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ABSTRACT

Blood clotting is a natural process that happens in the human body to repair leaking blood
vessels and to prevent the outflow of blood. However, even contact with artificial surfaces, for
instance those of vascular or cardiac prostheses, can trigger coagulation. This raises
important issues about the choice of materials used in vascular grafts, as a thrombus that
forms on the duct's inner surface inhibits blood flow which can be fatal if not treated soon,
and about the need of reliable prosthetic monitoring techniques. In this thesis, we focus on
the development of a novel class of smart vascular prosthetics able to detect the event of
thrombosis and hinder the coagulation response. In vivo and ex vivo coagulation monitoring
systems are developed with the goal of designing antithrombogenic and self-monitoring
grafts. First, we focus on in vivo monitoring: blood pressure monitoring can be employed to
determine whether coagulation is happening on the prosthesis. Thus, we develop
piezoelectric composites that can be integrated into vascular prosthesis, to act as blood
pressure sensors. These composites are produced using the dielectrophoresis structuring
(DEP) technique, which involves applying an alternating electric field to the mixture (polymer
and fillers) before and during the curing steps, which rearranges the fillers into columnar
structures along the electric field lines. This process results in an anisotropic material whose
piezoelectric properties are enhanced along the structuration axis. In this work we design
composites with biocompatible piezoelectric fillers (BaTiO; and NaNbOs3) in
polydimethylsiloxane matrix, a thermosetting polymer known for its flexibility and
biocompatibility. Through in-situ microscopy we study the process parameters such as
electric field frequency and amplitude, and shape of the filler, from particles to fiber-shaped,
with the aim of optimizing the process. Dielectric and piezoelectric analyses are performed,
and the results are compared with physical models and Finite Element analysis. Furthermore,
X-ray diffraction (XRD), differential scanning calorimetry (DSC) and dynamic mechanical
analysis (DMA) are carried out to study the effect of DEP structuring on the materials’
properties. Pressure sensors made of structured piezo-composites are suitable for a variety
of medical care approaches for blood pressure monitoring, for instance smart catheters used
in fractional flow reserve measurement (FFR) and smart self-monitoring vascular prostheses,
as proven by two different proofs of concept developed during this research using a
cardiovascular simulator. Secondly, we concentrate on ex vivo monitoring: a new technique
to assess surface contact coagulation by blood impedance spectroscopy is developed.
Through impedance characterization of recalcified human blood, it is possible to identify
significative biomarkers related to the main coagulation’s steps, which are then validated
through comparison with confocal microscopy and rotational thromboelastometry test
(Rotem®). The developed technique gives rise to a comprehensive and evolving picture of
coagulation, allowing for real-time monitoring of the entire process. Furthermore, it is used
to test surfaces with different wettability, proving to be able to characterize materials for
antithrombogenic cardiovascular prosthetics, whose properties can be monitored in situ
and/or online using effective biomarkers. Finally, we present a preliminary study related to
charge/cells interaction. One way to improve vascular grafts while preventing body rejection
and lowering the danger of thrombosis is to cover the prosthesis with endothelial cells, which
are the natural cells that lid the inner layer of a human vessel. To accomplish so, innovative
methods able of accelerating and improving cell culture are needed. For that purpose, we
study the interaction between cells and charged surfaces, by using the charge developed by
photo-capacitive composites (ZnS:CU/PVDF-TrFE-CFE), able to develop a charge in response
to a light. The results are promising, showing good response of cells adhesion to both positive
and negative charges and paving the way for new tissue vascular engineered grafts.
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Nomenclature

a = Dielectric relaxation amorphous phase

a ' = Dielectric relaxation constrained amorphous
phase

a= Polarizability

aj= Polarizability along the j axis

ay= Dilatation coefficient of free volume

a= alpha angle TEG/Rotem

B= Dielectric relaxation

y= Dielectric relaxation

§ = Poling ratio

AC= Capacitance variation

ACp= Heat capacity changes

AQ= Charge variation

ATy= Glass transition temperatures step

&0 = Vacuum permittivity (8.85 x 10-12F m-1)
£0-3m-¢ = Permittivity Maxwell - Garnett model
£0-3 Yamada= Permittivity Yamada’s model

€1-3= Parallel Mixing rule for permittivity 1-3
composites

&= Permittivity of the filler

&’r= Filler real dielectric permittivity

&”r= Filler imaginary dielectric permittivity
e*=Filler complex dielectric permittivity

er= Relative dielectric permittivity
eTr=dielectric constant at constant Temperature
&m= Permittivity of the matrix

&’m= Matrix real dielectric permittivity

&”m= Matrix imaginary dielectric permittivity
&*n = Matrix complex dielectric permittivity

€ quasi 1-3= Bowen'’s model for permittivity of quasi
1-3 composites

n= Viscosity

6= Angle of inclination of the fibers with respect to
the x axe

0= Orientation angle of the particles

vir= Poisson ratio

1 = Mathematical constant (3.14159)

om = Matrix conductivity

or = Fillers conductivity

o = Angle of a fiber with respect to the electric field
o = Stress

7(T)= Relaxation time

7o = Preexponential factor Arrhenius law

Toq = Preexponential factor VTF law
¢@cr=Volume fraction of crystalline phase

¢= Particles volume fraction

&= Impedance angle

®g100d= Blood impedance phase angle

@serum= Serum impedance phase angle

®ot= Clot impedance phase angle

Y = Angular velocity of the fibers

w = Pulsation (=2 1 f)

V = Nabla

a= Electrodes thickness
ACT= Activated clotting time
AFE = Antiferroelectric

BaTiO3 = Barium Titanate

BDS = Broadband dielectric spectroscopy
Bi4Ti3012 = Bismuth titanate

BNT = Ternary compositions BaO-Ti02-Nd203
BSE = Back scattered electrons

BT/PDMS = Barium titanate / PDMS composite

C= Capacitance

Cr=Capacitance of the filter

Cm= Membrane capacitance

Cp= Specific heat

CAD = Coronary artery disease

CABG = Coronary artery bypass grafting
CFT= Clot formation time

CM = Clausius-Mossotti Factor

CR= Clot rate

CT= Clotting time

CTimpedance= Clotting time measured via impedance
magnitude test

CTRrotem= Clotting time measured via Rotem
CVD = Cardiovascular disease

D = Dielectric displacement

D= Fragility coefficient

d= Diameter sphere

DALY = Disability adjusted life-years

DMA = Dynamic mechanical analysis

DSC = Differential scanning calorimetry

dij= djj = Piezoelectric charge coefficient

djj = dielectric charge coefficient

ds3 = Piezoelectric charge coefficient 33 direction
d33 yamada= d33 Yamada’s model

dfs3= d33 for the ceramic inclusions

dm3s= ds3 for the matrix

ds31-3= Parallel Mixing rule for ds3 1-3 composites
d33 quasi 1-3= Van den Ende’s model for d3z of quasi 1-
3 composites

D;i= Dielectric displacement in the i direction

E = Electric field

e= Eccentricity ellipsoid

Eo= Applied electric field

Eorms=Root mean square applied electric field
E2 = Local electric field coefficient

Eq= Activation energy

Ec = Coercitive electric field
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Er = Electric field threshold

Ei= Electric field in the i direction

Epol = Poling electric field

Es= Electric field of saturation on poling
E-= Electric field z direction

EC = Endothelial cells

ECF= Extracellular fluids

ECM = Extracellular matrix

fVII = Protein factor VII

fVIla= Activated protein factor VII
fX= Protein factor X

fXa= Activated protein factor X
fXI= Protein factor XI

fXla= Activated protein factor XI
fXII = Factor XII

fXIla= Activated protein factor XII
Fpep(t) = DEP force

Farag= Drag force

Fprag i= i-th Drag force component
fr= Resonance frequency

FDA = US Food and drug administration
FE = Finite element

FFR = Fractional Flow Reserve
FoM = Figure of Merit

g33 = Piezoelectric voltage coefficient 33 direction
933 Yamada= g33 Yamada’s model

gy = Piezoelectric voltage coefficient

Grr= Shear modulus

HBEpC-p= Epithelial brochial human cells
HBS= Hepes buffered solution

HEK293T= Embryonic kidney cells

HepG2= Human hepatocellular carcinoma cells

i = Imaginary vector

I= Current

ICF= Intracellular fluids

Im = Imaginary part

IQR= Interquartile range

ITA = Internal thoracic artery
ITO= Indium tin oxide

j=a, band c axis for ellipsoidal particle

K’j= Complex polarizability

K"//= Parallel complex polarizability

K"1= Perpendicular complex polarizability
KNbO3 = Potassium Niobate

KNN = Potassium sodium niobate

L= Fiber’s length

L= Inductance of the filter

LC = Inductance-capacitance filter
LiNbO3 = Lithium niobate

LI60= Lysis 60 minutes after MFC
LY30= Lysis 30 minutes after MA

M= Membrane

M,/= Depolarization factor parallel direction

M, = Depolarization factor perpendicular direction
Mj= Depolarization factor along the axis j

MA= Maximum amplitude

MCF= Maximal clot firmness

MEK= Methyl Ethyl Cetone

MEMS = Micro-Electro-Mechanical Systems

MF = Micro-fibers

MP = Micro- particles

N= Number of segments

n = Depolarization factor

NaNbO3 = Sodium Niobate

NaOH = Sodium hydroxide

NaTaOs3 = Sodium tantalate

Nb20s5 = Niobium pentoxide

Nbs0819 = Intermediate compound

NIH3T3= Mouse embryofibroblast

NN_MF/PDMS =Sodium niobate microfibers/PDMS
NN_MP/PDMS = Sodium niobate microparticles /
PDMS

P = Polarization

p*= Dipole moment

Ps= Saturation Polarization

Pr=Remnant polarization

P21ma = Ferroelectric Crystalline space group
PA = Polyamide

PA11 = Polyamide

PAD = Periphery artery disease

Pbcm= Antiferroelectric Crystalline space group
PbNb20s = Lead meta niobate

PBS= Phosphate buffered saline

PCL = Polycaprolactone

PDMS = Polydimethylsiloxane

PDS = Polydioxanone

PE = Paraelectric Phase

PET = Polyethylene terephthalate

PG910 = Polyglactin (Vicryl®)

PGA = Polyglycolic acid

PHA = Polyhydroxyalkanoate

PLA = Polylactic acid

P-L-P= Protein-lipid-protein structure

PMMA = Polymethyl methacrylate

PTFE = Polytetrafluoroethylene

PVDF = Polyvinylidene fluoride

P(VDF)-TrFE = Poly(vinylidene fluoride-
trifluoroethylene)

PVDF-TrFE-CFE= Vinylidene fluoride-
trifluoroethylene-chlorofluoroethylene terpolymer
PZT = Lead zirconate titanate

Q = Charge

0 = Mechanical quality factor
Q1= 25t percentile

Q2= 50t percentile
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Q3= 75t percentile
QDC= Quartile coefficient of dispersion

R =Radius

R= Starting fibrin formation TEG®

R= Perfect gas constant

r= Average size of the particle-interparticle
distance ratio

R1= Rate of fibrin formation Sonoclot®
R2= Second shoulder Sonoclot®

R3= Fibrinolysis shoulder Sonoclot®
Ricr= Intracellular fluids resistance

Recr= Extracellular fluids resistance
RBC= Red blood cell

Re = Real part

Rotem®= Rotational thromboelastometry

S= Surface

s = Distance between two particles

Si= Strain in the I direction

sEy = Mechanical compliance at constant electric
field

sf33= Filler elastic compliance in 33 direction
sm3z= Matrix elastic compliance in 33 direction
SE = Secondary electrons

SEM= Scanning electron microscopy

SV = Saphenous vein

SMC = Smooth muscle cells

T= Penetration depth

t = Thickness

t1= Average size of the particle
tz=Interparticle distance

T° = Temperature of the diffractometer
T = Homogeneous constant VTF law
Tc= Curie temperature

Toer(t) = DEP Torque

Tm= Melting temperature

Ty= Glass transition temperature

Ty=Stress in the ] direction

TreaL = Desired temperature in XRD chamber
tan 6 = Dielectric losses

TEG®= Thromboelastogram

TEVG = Tissue engineered vascular graft
TF= Tissue factor

TP= Time to peak

TrFE = Trifluoroethylene

U(s,0) = Internal potential of particles’ interaction

V= Voltage

v= Volume filler

o= Filler speed

v, = Paralallel velocity of the fiber

1, = Perpendicular velocity of the fiber
= i-th velocity of the fiber component
VTF = Vogel -Tamman - Fulcher

w= Electrodes distance

Xm= Capacitive reactance membrane
XRD = X-ray diffraction

Y= Young’s modulus

Y’= Storage component Young’s modulus

Y”= Dissipation component Young’s modulus
Y33 = Elastic moduli of the filler in 33 direction
Y= Fiber Young’s modulus

Y1= Longitudinal modulus

Ym= Matrix Young’s modulus

Yr= Transversal modulus

Z=Impedance

Zcen= Cell impedance
ZnO0 = Zinc oxide
ZnS= Zinc sulfide
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Le resumé de la these en francais

Ce projet de recherche vise a mettre au point de nouvelles technologies pour les greffes
vasculaires qui permettent un suivi in vivo du dispositif et son intégration complete dans le
corps humain. Cette these est structurée en quatre phases, impliquant différents domaines
scientifiques tels que l'ingénierie des matériaux, le biomédical, 1'électricité et la
bioélectronique. La combinaison de tous ces domaines nous a permis d'apporter des
innovations dans le domaine des dispositifs cardiovasculaires. Dans ce résumé de thése, le
contenu de chaque chapitre sera expliqué étape par étape afin de donner un apercu général
mais détaillé du projet.

Le Chapitre I présente la procédure chirurgicale du bypass vasculaire, qui consiste a ajouter
un greffe vasculaire pour rediriger le flux sanguin lorsque les propres veines ou artéres du
patient sont obstruées. La solution optimale pour cette procédure serait d'utiliser les propres
veines du patient (veine saphene par exemple), car cela permettrait une intégration optimale
du greffon. Cependant, il arrive souvent que cela ne soit pas possible et qu'il soit nécessaire
d'intervenir avec des protheses artificielles. Aujourd'hui, les protheses artificielles les plus
utilisées sont en polyéthyléne téréphtalate (PET) appelé Dacron® ou en
polytétrafluoroéthyléne expansé (ePTFE). Ces prothéses sont utilisées depuis des années
dans diverses procédures de pontage telles que le pontage de l'artére carotide, le pontage
périphérique et le pontage de l'arteére coronaire et sont limitées a des diametres <6mm. De
récents développements ont vu I'émergence de protheses en polyuréthane PU. Cependant, ils
ont créé beaucoup de problémes car une fois insérés dans le corps, ils créaient des sous-
produits nocifs pour les humains. Récemment, plusieurs études ont porté sur le
développement de TEVG, c'est-a-dire de greffons vasculaires issus de l'ingénierie tissulaire,
mais ceux-ci n'ont pas encore été utilisés dans des cas cliniques. Un TEVG se compose d'un
support, de cellules qui y ont été ensemencées et de signaux environnementaux appropriés
(tels que des hormones de croissance et une stimulation physique) pour encourager le
développement de nouveaux tissus. Le principal avantage des TEVG, qui les rend trés
intéressants pour les pontages, est leur excellente compatibilité tissulaire, qui prévient le
rejet et maintient une perméabilité a long terme apres la transplantation. Il existe des
développements récents sur le TEVG avec des substrats biodégradables. Cette classe de
greffons comprend des polymeéres artificiels biodégradables (PLA, PGA, etc.) qui sont capables
de se dégrader avec le temps tout en stimulant la croissance d'un tissu de cellules qui
établiront un nouveau conduit, ou des polymeéres naturels comme 1'élastine ou le chitosan. En
général, toutes ces prothéses présentent des limites considérables qui nécessitent des
solutions urgentes.

Parmi les principaux problemes rencontrés, on trouve une tendance a la formation de
thrombus due a l'interaction entre le sang et les surfaces artificielles, un décalage entre les
propriétés mécaniques des greffons et des vaisseaux humains, une mauvaise
hémodynamique pouvant induire une hyperplasie intimale, c'est-a-dire 1'accumulation de
cellules endothéliales dans la zone de jonction entre la veine et le greffon, et enfin des
infections.

Compte tenu de tous les problemes soulevés, il est essentiel de mettre au point de nouvelles
prothéses en utilisant des technologies susceptibles d'augmenter leur intégrabilité et d'éviter
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des situations dangereuses pour la santé. C'est pourquoi la recherche actuelle s'est
concentrée sur l'optimisation des greffons de plusieurs points de vue. Dans ce travail, nous
nous focalisons sur la question de la thrombogénicité des greffons; en effet, le fait que le sang
coagule au contact d'une surface artificielle est un phénomene connu depuis longtemps et est
associé a la mauvaise hémocompatibilité des matériaux synthétiques. Cela peut entrainer un
grave danger pour le patient, car la présence d'un thrombus réduit le flux sanguin vers les
organes et, dans le pire des cas, peut provoquer une embolie ou une crise cardiaque. La
conception de nouveaux greffons peut étre abordée sous plusieurs aspects pour résoudre le
probleme de la coagulation. Tout d'abord, malgré les récents développements, les greffons
actuellement utilisés continuent de développer des sténoses et de coaguler, mettant en
danger la vie des patients. Un diagnostic rapide de la thrombose dans le greffon est crucial
pour remplacer la prothese avant que des conséquences mortelles ne surviennent. Il est donc
essentiel de développer un dispositif non invasif de surveillance de la coagulation qui puisse
alerter rapidement l'utilisateur lorsqu'un blocage commence a se former a l'intérieur du
greffon. Deuxiémement, pour mieux comprendre les facteurs qui déclenchent la formation de
thrombus, il est nécessaire d'approfondir la recherche sur I'hémocompatibilité des matériaux.
Pour cela, il faut développer de nouvelles méthodes de test qui permettent d'examiner
rapidement et simplement chaque surface. Enfin, il est essentiel de poursuivre les recherches
sur les TEVGs, en accordant une attention particuliere au potentiel d'ensemencement
endothélial, afin de développer des greffons manufacturés hautement hémocompatibles.
Nous pouvons résumer les principaux objectifs de ce travail comme suit : Développement de
greffons autosurveillés capables de signaler la présence d'un caillot ; Développement d'un
systeme de test dynamique in vitro pour 1'évaluation de la thrombogénicité des dispositifs
médicaux et des biomatériaux ; Conception de protheses hybrides capables de favoriser
I'endothélialisation.

Dans le Chapitre II, nous nous concentrons sur le développement de capteurs a intégrer dans
les prothéses vasculaires afin de les surveiller in vivo. Le besoin de capteurs de pression
flexibles et facilement adaptables aux prothéses nous a conduits a choisir des composites
piézoélectriques pour ce projet. Ces matériaux, composés d'une charge piézoélectrique et
d'une matrice polymérique, possedent la capacité de développer une charge électrique en
réponse a un stimulus mécanique externe et sont donc adaptés a la surveillance de la pression
sanguine. Toutefois, 'une des principales limites de ces matériaux est qu'ils nécessitent
souvent une teneur élevée en charges pour atteindre des niveaux de sensibilité optimaux. En
effet, les composites courants présentent une connectivité 0-3, c'est-a-dire que la charge est
dispersée de maniere aléatoire dans la matrice. De plus, le fort taux de charge de ces
composites 0-3 altére de maniére importante la souplesse de ces matériaux.

L'une des facons d'améliorer leurs propriétés électroactives et mécaniques est d'augmenter
leur connectivité dans une direction, ce qui permet de construire des composites a
connectivité quasi 1-3, sans qu'il soit nécessaire d'augmenter la teneur volumétrique en
charge au détriment des propriétés mécaniques. Cette connectivité implique que les charges
soient disposées de maniere a former des colonnes le long d'une direction préférée, dans le
but de minimiser la distance entre les charges dans cette direction. Pour créer ce type de
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connectivité, nous avons utilisé la technique de structuration par diélectrophorese (DEP-
structuration), qui consiste a appliquer un champ électrique Alternatif basse fréquence au
matériau avant et pendant sa polymérisation. Celle-ci interagit avec les particules
diélectriques, qui se redistribuent pour former des colonnes denses le long des lignes de
champ électrique. Il en résulte des matériaux anisotropes dont les propriétés piézoélectriques
sont renforcées dans une direction spécifique.

Dans un premier temps, les concepts fondamentaux de la piézoélectricité, du ferro/anti-
ferroélectricité, des composites piézoélectriques, de la connectivité et de la diélectrophorése
sont exposés. Ensuite, des composites avec des particules de titanate de baryum (BaTiO3)
dans une matrice de polydiméthylsiloxane (PDMS), appelés BT/PDMS, sont développés et
caractérisés. Apres avoir analysé les parametres optimaux du processus de structuration DEP
en termes de fréquence et d'amplitude du champ électrique (1Hz, 3 V um-1), les composites
BT/PDMS sont préparés avec une connectivité 0-3 et 1-3 et trois contenus volumiques
différents (2,4%v, 12%v et 24%v). Les résultats confirment avec succés une amélioration de
€'y, dzz et gs3 apportée par la structuration DEP. Par rapport au composite non structuré
(24%v), le 1-3 BT/PDMS présente une permittivité diélectrique supérieure de 70%, un
coefficient de charge piézoélectrique (ds3) amélioré de plus de 3 fois, ainsi qu'une
augmentation de 1.6 fois pour le coefficient de tension piézoélectrique (gs3). L'étude sur la
stabilité thermique piézoélectrique met en évidence que le composite quasi 1-3 conserve de
bonnes propriétés piézoélectriques dans une large gamme de température (T~100°C). Les
valeurs expérimentales sont en accord avec les modeles physiques (Bowen, Yamada et Van
den Ende) etl'analyse par éléments finis (FE) reproduite dans ce travail. L'analyse XRD menée
a différentes températures (25-150°C) confirme également la stabilité structurelle des deux
configurations de matériaux, qui commencent a perdre leurs propriétés piézoélectriques aux
alentours de 130°C. L'analyse DMA prouve que la structuration DEP affecte légérement les
propriétés mécaniques du composite en augmentant la rigidité dans la direction
perpendiculaire de l'alignement. Enfin, I'analyse DSC permet de comprendre l'effet de la
teneur en phase inorganique et de la connectivité sur la température de transition vitreuse,
indiquant que la structuration a 24%v de charge affecte la polymérisation des chaines, induit
une seconde transition vitreuse liée a la phase amorphe contrainte et I'apparition d'un pic de
fusion a -48°C, lié au PDMS non polymérisé. La présence d'une phase amorphe contrainte et
I'empéchement partiel de la polymérisation constatée par DSC peuvent justifier
I'augmentation des pertes diélectriques ainsi que le renforcement mécanique constaté pour
le 1-3 BT/PDMS avec 24%v de charge. La spectroscopie diélectrique a large bande en
température, et en particulier tand vs température dans la gamme 100mHz - 1MHz, a permis
de confirmer |'observation faite par DSC. En conclusion, le 1-3 BT /PDMS concu dans ce travail
montre une bonne combinaison de propriétés mécaniques et piézoélectriques. Dans le
chapitre III, 1'échantillon structuré développé ici sera testé comme biocapteur pour la
surveillance de la pression sanguine, intégré sur un cathéter FFR.

Ensuite, une deuxiéme classe de composites est développée a base de Niobate de Sodium
(NaNbOs3) dans une matrice PDMS. Dans cette partie du projet, nous souhaitons comprendre
l'effet du facteur de forme sur les composites structurés. Des fibres et des particules de
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NaNbOs; sont préparées par synthése hydrothermale et utilisées pour produire des
composites avec une connectivité 0-3 et quasi 1-3. Les composites avec fibres (NN_MF/PDMS)
sont produits avec des charges de 1%v, 3%v et 5%v, tandis que les composites avec particules
(NN_MP/PDMS) sont produits avec des charges de 5%v, a des fins de comparaison. La
structuration du NaNbOs en général, qu'il s'agisse de fibres ou de particules, permet d'obtenir
une amélioration par rapport a ses homologues a connectivité 0-3.

En outre, le d33 du 1-3 NN_MF/PDMS est ~3 fois plus élevé que celui du 1-3 NN_MP/PDMS. De
méme, la permittivité et le gz3 du composite a base de fibres dépassent tous les autres
composites produits. Cette amélioration remarquable est due au fait que I'utilisation de fibres
au lieu de particules permet une plus grande connectivité le long de 1'axe de structuration, en
effet le rapport dimension de filler-distance inter-filler est significativement plus élevé.
L'analyse FE est en bon accord avec les résultats expérimentaux rapportés. Les résultats de
I'analyse mécanique montrent que tous les composites ont un module d'Young similaire, ce
qui indique que la structuration modifie les propriétés mécaniques dans une mesure limitée,
ce qui est en bon accord avec les modeles rapportés par Halpin-Tsai pour les composites a
fibres courtes.

Enfin, contrairement au composite BT, la DSC ne montre aucun changement discernable entre
0-3 et 1-3 ou entre les fibres et les particules. Les résultats révélent clairement que le
NN_MF/PDMS avec une trés faible teneur en charge de 5%v présente le meilleur compromis
entre les caractéristiques piézoélectriques (~10 pC N-1) et I'extensibilité (Y~4.5 MPa). Dans
I'ensemble, les deux composites préparés, quasi 1-3 BT/PDMS 24%v et quasi 1-3
NN_MF/PDMS 5%v, semblent trés appropriés pour les capteurs de pression sanguine.

Dans le Chapitre III, nous décrivons des preuves de concept ou les capteurs développés sont
intégrés dans des dispositifs de mesure de la pression vasculaire et testés dans des
simulateurs du systéme cardiovasculaire. Tout d'abord, le BT/PDMS 24%v 1-3 intégré a un
cathéter vasculaire est utilisé comme capteur Fractional Flow Reserve (FFR) dans un
simulateur endovasculaire. Il s'avére étre approprié pour mesurer la pression sanguine afin
de déterminer le coefficient FFR. Cette approche est tres importante pour les controles
préopératoires des pontages, mais elle est également prometteuse pour les contréles
postopératoires. Deuxiémement, le NN MF/PDMS 5%v 1-3 est inclus dans un greffon et testé
comme capteur de pression dans un simulateur vasculaire. Le composite se comporte
parfaitement comme un détecteur de pression sanguine, démontrant une grande précision
dans la mesure de la pression systolique et diastolique, ainsi que la capacité d'identifier la
présence d'obstructions dans le flux qui, dans des scénarios réels, peuvent étre produites par
des thrombus. Dans cette expérience, le capteur a été connecté a une bobine inductive pour
créer un filtre résonant L.C. En cas d'obstruction, la fréquence de résonance du filtre changeait,
signalant le développement d'un caillot sur la prothese. Le systéme développé pourrait étre
implanté dans le corps humain pour fournir des informations en temps réel sur 1'état de la
greffe. Ce chapitre conclut la partie sur le développement des capteurs pour le controle des
prothéses vasculaires.
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Le Chapitre IV aborde le second objectif de ce travail, notamment le développement d'un
systéme de test in-vitro pour évaluer la thrombogénicité des dispositifs médicaux et des
biomatériaux. Dans ce chapitre, une nouvelle technique de surveillance de la coagulation
basée sur la magnitude de I'impédance du sang pendant la coagulation est développée. Le
dispositif se compose de deux électrodes qui peuvent étre utilisées sur tout type de surface et
garantissent une mesure fiable du sang, permettant d'identifier son hémocompatibilité. Le
test consiste a envoyer un signal (tension) a I'échantillon de sang et a recueillir le courant de
réponse. A partir de ces signaux, la magnitude de l'impédance peut étre calculée. Deux
marqueurs significatifs sont identifiés, c'est-a-dire liés a la formation de fibrine (le ler
marqueur) et ala contraction du caillot (le 2éme marqueur). L'étude de la phase d'impédance
(@) confirme la signification du 2éme marqueur, révélant une augmentation du
comportement résistif pendant la contraction causée par l'expulsion du sérum du caillot.
Ensuite, l'imagerie par microscopie confocale fournit le temps de début de la polymérisation
de la fibrine ainsi que le début de la contraction du caillot, fournissant la signification
physique des deux marqueurs d'impédance. En outre, la caractérisation de l'impédance
comparée a l'analyse de référence "ROTEM®" permet de renforcer la signification du ler
marqueur. Le test de magnitude d'impédance donne un apercu du temps de coagulation qui
pourrait étre utilement utilisé comme un indicateur efficace des troubles d'hypo/per
coagulabilité. Le test proposé dans cette étude est non seulement fiable en termes
d'identification du temps de coagulation, mais il permet également de détecter le début de la
rétraction du caillot, habituellement non accessible par les tests courants. En effet, si la
contraction n'a pas lieu ou est retardée, le test ne devrait pas montrer le 2éme marqueur suivi
d'une forte augmentation. Cette technologie, qui repose sur la caractérisation de I'impédance
électrique du sang, permet un suivi en temps réel de la coagulation qui, autrement, est
inaccessible avec les techniques actuelles (analyse Rotem®). L'originalité de ce travail réside
dans le développement d'une technique simple et efficace, adaptable a la surface de plusieurs
matériaux pour analyser leurs interactions avec le sang. L'approche proposée permet
d'étudier le temps de coagulation lié a la mouillabilité.

Les résultats d'un test d'impédance de coagulation sur quatre surfaces a mouillabilité variable
(PET, PET traité aux UV, PVDF cotés positif et négatif) révélent que plus la mouillabilité est
élevée, plus le temps de coagulation est rapide. Ceci prouve que le test d'impédance de
coagulation est adapté a la détermination de la thrombogénicité des matériaux afin
d'identifier les candidats les plus hémocompatibles. L'étude de la thrombogénicité des
matériaux est cruciale car 1'une des principales limites des protheéses cardiovasculaires est
leur tendance a induire une thrombose une fois en contact avec le sang. Il existe donc un
besoin urgent de matériaux capables de retarder ou d'éviter la coagulation, afin de prévenir
les patients de graves problemes de santé tels que l'ischémie, la crise cardiaque ou l'embolie.
La caractérisation du sang par impédance peut donc ouvrir la voie a une nouvelle génération
de matériaux intelligents qui pourraient surmonter le verrou technologique actuel des
prothéses cardiovasculaires ou la coagulation est un probléme sérieux. Les perspectives
d'avenir de cette étude incluent le développement de dispositifs intégrables dans une vraie
greffe pour effectuer un suivi in vivo en temps réel.
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Enfin, le Chapitre V aborde le dernier objectif de ce travail, a savoir la conception de
protheses hybrides capables de favoriser I'endothélialisation. Ce chapitre présente une étude
préliminaire de l'interaction des cellules avec les surfaces chargées positivement et
négativement par rapport aux surfaces non chargées. Grace a cette étude, nous sommes en
mesure de présenter des résultats préliminaires sur l'interaction charge/cellules humaines.
L'intérét pour cette question découle du fait que les protheéses humaines, en particulier les
protheses vasculaires au cceur de cette these, bénéficieraient énormément d'un revétement
de cellules endothéliales, c'est-a-dire les cellules qui tapissent la lumen des conduits
vasculaires. Ce travail est réalisé sur des cellules épithéliales, car elles sont plus pratiques
pour réaliser une premiére série de tests, mais les projets futurs incluront I'étude de
l'interaction entre les cellules souches/endothéliales et la charge du substrat. La charge est
générée par des échantillons photo-capacitifs basés sur des charges semi-conductrices
ZnS:Cu dans une matrice ferro-relaxor P(VDF-TrFE-CFE) déposée sur des lames d'ITO/verre,
qui sont capables de générer une charge de surface en réponse a une source lumineuse a une
longueur d'onde de 470 nm. L'échantillon éclairé subit une augmentation de capacité de 40%,
produisant une charge de surface de 90 pC/cm?. La face du composite éclairée par la source
lumineuse génére une charge positive, tandis qu'une charge négative est générée sur la face
opposée alalumiére. Le systeme photo-capacitif (composite sur lame d'ITO/verre) est couplé
électriquement a une autre lame d'ITO/verre non recouverte, ce qui permet de véhiculer des
charges positives ou négatives selon le c6té connecté, et un test de mouillabilité a 1'eau pure
est effectué. En présence d'une charge positive, la goutte d'eau présente une réduction de
~15% de l'angle de contact par rapport a I'lTO/verre non chargé, tandis que la réduction est
de ~20% avec une charge négative, ce qui indique l'influence de la charge sur la surface. Enfin,
des tests d'adhésion de cellules épithéliales sur des surfaces chargées positivement et
négativement a différents niveaux de charge sont réalisés en comparaison avec des surfaces
non chargées ; les résultats révelent que la charge positive et négative surpasse le substrat a
charge nulle. Il semble donc que l'effet des charges positives et négatives soit la clé de
I'accélération de I'adhésion. Ces résultats sont prometteurs, néanmoins l'association entre la
quantité de charge et I'adhésion ainsi que l'impact de la charge sur la croissance (temps de
test >24h) nécessitent des tests supplémentaires. En outre, il pourrait étre utilisé pour induire
ex vivo la prolifération des cellules endothéliales sur les protheses vasculaires avant qu'elles
ne soient implantées dans le corps. Cependant, des tests supplémentaires sont nécessaires
pour comprendre si ce phénoméne est reproductible sur les cellules endothéliales. Toutefois,
I'intéraction démontrée des cellules éphithéliales avec une surface dont la charge électrique
est induite par la lumiere présente des retombées prometteuses pour le développement de
patch permettant une cicatrisation accélérée.

Enfin, ce projet permet de franchir des étapes intéressantes dans la direction de greffons
vasculaires intelligents issus de 1'ingénierie tissulaire, capables a la fois de s'autosurveiller et
de s'intégrer au corps humain sans induire de réactions négatives, ouvrant ainsi la porte a
une nouvelle classe de greffons vasculaires intelligents issus de l'ingénierie tissulaire.
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Purpose of this thesis

This thesis seeks to create novel technologies to enhance the functionality of vascular
prostheses, mainly grafts. These devices, in reality, have various drawbacks, the most serious
of which is that they promote blood clotting, resulting in thrombi, which are exceedingly
dangerous to the patient. In this work we address the issue of thrombosis on three levels:

e The first point is based on an engineering approach that involves developing blood
pressure sensors that, once embedded within the vascular graft, can monitor blood
flow and detect the presence of a thrombus. Furthermore, they must be able to quickly
transmit the occurrence via wireless network with point-of-care devices.

e The second point comprises two combined engineering and scientific methods for
examining the interaction of blood with different surfaces via the development of a
novel bioimpedance coagulation technique. This enables the evaluation of a surface's
thrombogenicity, meaning tendency to induce blood to coagulate.

e Finally, the third point is investigating the interaction of charged scaffolds and cells.
In fact, in order to optimize vascular prosthesis implantation, strategies that promote
cellular coverage must be considered (endothelial cells). To do this, new procedures
capable of stimulating the entire cell culture process must be developed in order to
decrease the time of coverage and risk of infection. A possible approach appears to be
the use of positively charged surfaces (photo-capacitive or piezoelectric materials).

Finally, the combination of these three distinct aspects of the research may enable the
development of new generations of vascular prosthesis that can integrate into the circulatory
system and self-monitor without inducing thrombogenic reactions.

Under the direction of thesis director Dr. Pierre-Jean Cottinet and co-director Dr. Jean-Fabien
Capsal, this project was executed at the Laboratoire de Génie Electrique et Ferroélectricité
(LGEF) of INSA de Lyon in collaboration with the cardiovascular department of the Hospices
Civils de Lyon with Prof. Patrick Lermusiaux and Dr. Nellie della Schiava.
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Chapter I
Vascular bypass grafting: state of the art

Summary

The state-of-the-art of vascular prostheses (grafts) used in vascular bypass surgeries is covered

in this chapter. First, cardiovascular diseases (CVDs), the disorders that require bypass grafting,
are introduced. Following that, the various types of synthetic and hybrid vascular grafts and the
procedures in which they can be employed are explained. The primary issues associated with the
usage of synthetic materials are reviewed, including compliance mismatch, Ilumen
thrombogenicity, infection, and poor fluid hemodynamics. A review of the approaches presented
to date in response to these issues is provided, with a focus on biodegradable polymers and
hybrid grafts (Tissue Engineered Vascular Grafts). This study's approach, which aims to optimize
vascular prosthesis, may be summed up as follows:

- Development of vascular prostheses capable of self-monitoring and determining the
reduction in blood flow, usually due to thrombosis or hyperplasia;

- Development of new techniques to study blood coagulation in contact with synthetic
materials;

- Development of novel techniques that will allow for the rapid and safe coating of
prostheses in endothelial cells (endothelialization of the grafts).

1. Cardiovascular diseases

Nowadays cardiovascular disease (CVD) is one of the leading causes of death globally,
accounting for 18 million deaths per year, of which 85% are due to heart attack and stroke
[1,2]. CVDs, in general, are associated with a build-up of fatty deposits inside the arteries
(atherosclerosis) and an increased risk of blood clots. Their occurrence grew in the past
century due to changes in lifestyle and lengthening of the average lifespan. Previously, most
deaths were linked to other circumstances such as plagues and malnutrition; however, these
factors have continuously declined as food availability, cleanliness standards, and public
health (vaccines and antibiotics) have improved. The average life expectancy has risen far
above 50 years, and excessive consumption of fast food, alcohol, and tobacco has ushered in
the so-called noncommunicable disease era, among which CVDs have outpaced mortality
from infectious illnesses and hunger. Due to a variety of social and economic reasons, the
prevalence of CVDs is not consistent around the world. Eastern Europe and Central Asia
continue to have the greatest per capita burden of CVDs globally. In 2016 the highest overall
burden of CVD was in East Asia (78.1 million CVD disability adjusted life-years [DALYs] and
South Asia (65.6 million CVD DALYs), being associated to their large and aging populations
[3,4]. These countries are followed by low- and middle-income nations with populations of
more than 100 million, where the CVD burden rate is increasing year by year (Figure 1).
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Figure 1 2016 disability adjusted life-years (DALYs) by country, global cardiovascular disease (CVD)
DALYs per 100,000 inhabitants, 2016 [4].

Unhealthy eating, inactivity, usage of tobacco, and abusing alcohol are the main behavioral
risk factors for heart diseases and stroke. Individuals may experience elevated blood
pressure, elevated blood glucose, elevated blood lipids, as well as overweight and obesity
because of those behavioral factors. There are other additional underlying factors that
contribute to CVDs incidence, for instance urbanization, pollution, population aging, and
globalization related to social, economic, and cultural change. Poverty, stress, and inherited
factors are other important CVD risk factors (Figure 2 a-b) [1,5].
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Figure 2 a) Deaths per year associated with different diseases in the world; CVDs are the highest cause of
death accounting for 18 million death per year. b) CVDs risk factors.
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Chapter I. Vascular bypass grafting: state of the art

CVDs are generally associated with narrowing or obstruction of blood vessels, resulting in
reduced blood flow to the organs, which may not receive sufficient oxygen and nutrients. The
consequences could be life-threatening, as in the case of cardiac attacks, when there is
insufficient blood flow to the heart, or ischemic strokes, when the brain does not receive
adequate flux of blood [2] .

CVDs include

e Coronary artery disease (CAD), which is the buildup of plaque in the arteries that
supply oxygen-rich blood to the heart [6];

e Peripheral artery disease (PAD), which is associated with reduced blood supply to the
limbs due to clogged arteries [7];

o Cerebrovascular disease, a group of conditions that affect blood flow and blood
vessels in the brain due to narrowing of vessels (stenosis), clot formation
(thrombosis), blockage of arteries (embolism), or rupture of blood vessels
(hemorrhage)([8];

e Deep vein thrombosis, occurring when a blood clot (thrombus) forms in one or more
of the deep veins in the body, usually in the legs [9,10];

e Rheumatic heart disease - damage to the heart muscle and heart valves from
rheumatic fever, caused by streptococcal bacteria [11];

o (Congenital heart disease - birth defects that affect the normal development and
functioning of the heart caused by malformations of the heart structure from birth
[12].

Except for the last two points, CVDs are associated with vascular occlusion. The most effective
way to revascularize a clogged vessels is through bypass grafting, especially for patients with
a life expectancy of more than two years (Figure 3) [13]. Bypass grafting involves diverting
the normal path of blood by adding a piece of blood vessel taken from the patient or using an
artificial graft. More than 400,000 artery bypass procedures are performed per year in the
United States [13]. Generally, it is preferable to use autologous vessels! for such a purpose,
including the internal thoracic artery (ITA), radial artery and especially the saphenous vein
(SV). This procedure is called autografting bypass [14-16]. However, it often happens that
autologous vessels have limited availability, or their extraction may cause donor site
morbidity. It is estimated that about 20% of patients who need bypass grafting cannot
proceed with autografting [17]. Additionally, the quality of autologous blood vessels can
deteriorate over time, and the likelihood of postoperative complications increases. It is
crucial, from a clinical standpoint, to develop artificial vascular prosthetics that can act as
blood vessels in order to replace damaged blood vessels and restore blood flow around
obstructions, when autologous vessels are not available [18].

A suitable choice is to use artificial grafts, usually made of polyethylene terephthalate (PET),
also known as Dacron® and polytetrafluoroethylene (PTFE). Synthetic grafts are suitable for

1 A vessel (vein or artery) extracted from the patient during surgery to be utilized as a bypass transplant. The most common are the
saphenous vein and the internal thoracic artery.

10

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0122/these.pdf
© [G. D'Ambrogio], [2022], INSA Lyon, tous droits réservés



Chapter I. Vascular bypass grafting: state of the art

bypassing large and medium-sized arteries, i.e., >8mm or between 6-8mm in diameter, while,
to this day, they are not used for smaller vessels, with a diameter lower than 6mm. Typical
artificial bypass grafts are applied on carotid or femoral artery replacement, aortoiliac
replacements, peripheral artery grafting, aorto-bifemoral grafting [7]. Biodegradable
polymers and natural materials have also been proposed for the development of synthetic
grafts, although their use has been limited as they are currently under investigation. Finally,
tissue-engineered vascular grafts (TEVGs) are recently gaining a lot of attention being very
promising for vascular grafts of small dimensions [18].

ARTIFICIAL

CLOGGED VESSEL BYPASS GRAFTING

—

Figure 3 Representative image of clogged vessel and bypass grafting.

2. Preoperative risk evaluation

A preoperative risk assessment must be performed before proceeding with bypass
revascularization. Coronary angiography and fractional flow reserve (FFR) method are the
procedures used to perform this examination. Coronary angiography employs X-Rays and a
specific dye (contrast material) to examine how blood flows through the arteries, whereas
FFR uses a vascular catheter equipped with sensors to detect blood pressure within the
vessel. In contrast to FFR, which can clearly define the degree of stenosis in terms of a
pressure drop across a coronary lesion, the angiography might be subjective and cannot
always predict the functional importance of an occlusion to the flow. A severe stenosis is
commonly defined as having an FFR < or equal to 0.75. Revascularizations guided by the FFR
have been linked to considerably better outcomes. FFR is often executed with vascular
catheters supplied with a pressure sensor capable of monitoring and transmitting blood
pressure in the vicinity of an obstruction (Figure 4) [19,20].

PRESSURE SENSOR
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FLEXIBLE VASCULAR CATHETER

Figure 4 Drawing of FFR catheter equipped with pressure sensor.
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3. Prosthetic bypass grafting

Artificial vascular grafts are now manufactured using a variety of materials, including
synthetic polymers, natural materials, or a combination of sorts. Dacron®, PTFE and expanded
PTFE are the materials most frequently employed in vascular prostheses [21]. Dacron® grafts
are mainly used for large diameter aortic and peripheral vessels being stiffer, while PTFE and
ePTFE grafts, already used for heart valves, are employed in lower limb bypasses [21,22] .
There are several clinical studies reporting the efficiency of artificial grafts, which however
remain less compatibles than autologous ones. For instance, a three-years research pursued
by Post et al. reported a 65% primary patency for Dacron® bypass grafting and a 61% primary
patency for PTFE grafts, while Jensel et al. found a 2-years patency of 70% and 57%
respectively [23,24]. Prager et al. studied the 5 years patency of expanded PTFE grafts
employed for aorto-iliac bypass, proving their functionality in the 90% of the cases [25]. For
smaller vessels, artificial grafts were proven to be inadequate at the actual state, showing a 2
year patency of 32% compared to 90% of SV autologous grafts [23]. Figure 5 represents an
artificial graft, where anastomoses are the connection points of the graft with the human

vessels.
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Figure 5 Drawing representing an artificial graft. Anastomosis indicates the points of connection between
the graft and the human vessels.

The ideal artificial vascular graft should exhibit strong hemocompatibility and
biocompatibility that would last till reendothelialization is complete, and it should match the
mechanical properties of the vessel that is bypassing [18,21]. Human arteries are composed
of three different structural layers: tunica intima, medium, and externa (or adventitia)
(Figure 6). This structure is directly connected to blood vessel physiological functions. The
most promising materials should mimic it and facilitate in vivo tissue regeneration with long-
term patency as well as provide mechanical support comparable to autogenous blood arteries
to support blood pressure load. There are several requirements depending on the size of the
vessel; for example, non-thrombogenic intima is crucial for small vessels while mechanical
properties are more relevant for large vessels [18]. Other features, such as biodegradation,
can be advantageous; however, this phenomenon must be carefully monitored since it might
resultin irreversible changes in the graft properties [26]. Other than Dacron® and PTFE, there
are variety of materials with interesting qualities that enable good adaptability to the human
body [7]. The existing types of grafts, their usage in vascular surgery, the primary drawbacks
and issues that still need to be resolved and the future prospective will be covered in detail in
the paragraphs that follow.
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Tunica intima

Smooth muscle cells

Figure 6 Representation of human artery structure. There are three layers, tunica intima media and
externa. The inner surface of the vessel, named intima or lumen is covered in endothelial cells (ECs), while
the tunica media is composed of smooth muscle cells (SMCs). Created with BioRender.com.

3.1 Poly (ethylene terephthalate) Dacron® vascular grafts

Dacron® is the DuPont® trademark for PET, a highly durable polyester thermoplastic polymer
that can be processed into synthetic fibers (Figure 7-a). DeBakey introduced the first knitted
Dacron® prosthesis in 1957; it is produced in strands that are either woven or knitted
together to shape a graft. Knitted grafts feature larger pores that allow better tissue ingrowth
and are more compliant than woven grafts[18,27]. Figure 7-b displays scanning electron
microscopy of inner and outer surfaces of a knitted Dacron® graft. Knitted Dacron® grafts
must be pre-clotted with albumin, gelatin, or even blood prior to use, especially in high
pressure conduits like the aorta, due to the larger pore sizes. The inner albumin or gelatin
coating fades over 2 to 3 months. As for the mechanical properties, Dacron® is robust, with a
tensile strength of 170 MPa to 180 MPa, a tensile modulus of 14,000 MPa, and a highly
crystalline nature [28]. Dacron® grafts are nonbiodegradable (complete resorption within 30
years), although they do have a propensity to swell over time. Currently, Dacron® is mostly
employed with certain success in aortic and large diameter peripheral bypass grafts
(>6mm)[18,29,30]. Since 1957, studies have demonstrated that Dacron® large-diameter
grafts (7-9 mm) have a 5-year patency rate of 93% in aortic bypass grafts. However, this
percentage reduces noticeably with lower artery diameters (7mm) [28]. Dacron® grafts'
primary drawback is thrombogenicity?[31]; To this end, several type of Dacron® grafts in
therapeutic settings has been authorized. Grafts coated with bioactive heparin® or passivated
with fluoropolymers to lessen surface thrombogenicity have been developed. Immobilized
heparin may also lessen the hydrophobicity of Dacron® in addition to improving the
performance of heparin-binding proteins. Femoro-popliteal bypass grafts with heparin-
bonded Dacron® had a three-year patency rate of 55% compared to 43% for the untreated
type [26]. In spite of heparin's biological effects, this shift in surface chemistry may affect the
proteins at the interface and the biocompatibility. A Dacron® graft with silver coating has also
been recently developed to lessen the likelihood of graft infection [28]. To ascertain if these
improvements enhance the patency, extensive follow-up research is needed.

2 Thrombogenicity refers to the tendency of a material in contact with the blood to produce a thrombus, or clot.

3 Anticoagulant used to prevent and treat thrombotic events such as deep vein thrombosis, pulmonary embolism, and atrial fibrillation.
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Figure 7 a) Picture of Dacron® aorto-bifemoral graft (Albograft®)[32] . b) SEM pictures of internal and
external surface of the graft.

3.2 Polytetrafluoroethylene (PTFE) grafts
DuPont® registered the fluoropolymer PTFE under the Teflon® trademark in the late 1930s.
It is hydrophobic, physically robust, and chemically inert and non-biodegradable [33]. PTFE
is highly crystalline (>90%), has a stiffness of 0.5 GPa, and a tensile strength of 14.0 MPa.
Being PTFE biostable, it won't degrade biologically once in the human body [28]. It was first
utilized as fibers in textile-based grafts. PTFE grafts have been gradually substituted by
expanded ePTFE (Gore-tex®), patented by Gore® in 1969 [26]. The process of stretching,
heating, and extruding the expanded polymer results in a microporous substance that is more
suited for firm tissue attachment. In 1972, ePTFE grafts were inserted for the first time in
animals, and in 1976, Campbell et al. reported their first clinical application. The advantage
of using ePTFE is its microporosity that enhances cells adhesion compared to plain PTFE and
itis now widely used as lower limb bypass grafts (7-9 mm) with excellent results [34]. Figure
8-a displays a typical ePTFE graft from B|Braun® while Figure 8-b represents the inner and
outer surface of an ePTFE graft pictured using scanning electron microscopy. The porosity of
ePTFE is around 30um, nonetheless several studies on animals suggest that an increase to 90
um could enhance the reendothelialization [35]; Clinical studies proved that at five years,
more than 90% of aorto-iliac ePTFE grafts are still functional, whereas only 45% of femoro-
popliteal bypass grafts are still functional, compared to 77% of autologous vein grafts [36].
An advantage of PTFE and ePTFE grafts is the electronegative luminal face, which in principle
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enhances antithrombogenicity. Nonetheless, its applicability in vessels smaller than 7 mm is
limited by the adherence of materials to its surface leading to thrombosis. Efforts are being
undertaken to modify ePTFE for this purpose. The electronegativity can be improved via
carbon-coating, as it has antiplatelet effect [37]. Heparin impregnation have been applied also
on ePTFE grafts to improve hemocompatibility, nonetheless there are some concerns on the
release rate of heparin from the graft [28,38]. Biodegradable elastomers based on citric acid
have also been considered as ePTFE coating materials [39]. They were discovered to be
biocompatible in porcine carotid artery circulation and did not enhance the risk of
thrombosis, restenosis, or inflammation [40]. These results are significant because they might
be at the basis of a drug-eluting#* vascular graft. The relative stiffness of ePTFE grafts is a well-
known drawback since it results in a compliance mismatch between the prosthesis and host
artery, which might exacerbate anastomotic intimal hyperplasia® [41]. The patency rates of
Dacron® and ePTFE grafts are comparable, despite some data indicating that platelet
deposition and complement activation are lower on ePTFE prostheses than on Dacron® ones
[42].

Internal surface - intima

Exteal surface
a) b)

Figure 8 a) Picture of ePTFE vascular graft produced by B|Braun® [43]. b) SEM pictures of internal and
external surface of the graft.

3.3 Polyurethanes (PU) grafts

The goal to eliminate compliance mismatches between artificial and human vessels drove the
design of a new class of polyurethane vascular prostheses. Before being used for grafts,

4 Slow-release medication to help prevent blood clots from forming in a graft.
5 Thickening of arteries at graft anastomoses (e.g., junction) due to excessive cell population increase.
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polyurethane has been employed as a polymeric coating for several medical devices and
implants, for instance pacemaker leads, breast implants, and barrier films for cutaneous
wounds [18,22,28]. Polyurethane is a copolymer composed of three monomers: a
diisocyanate hard domain, a chain extender, and a diol soft domain. The soft domains give
flexibility at physiological temperatures, whereas the hard domains provide strength [22].
The mechanical properties of polyurethane prosthesis may be adjusted by varying the
composition of the monomer repeat units. Tensile strength varies from 20 MPa to 90 MPa
with a tensile modulus of 5 MPa to 1150 MPa, depending on the ratio of its hard and soft
segments [28]. Intimal hyperplasia (IH), an abnormal accumulation of cells in the vascular
tunica intima at the anastomotic sites should occur less often, thanks to PU mechanical
properties, which gives rise to a new generation of radially compliant polymers. This together
with biocompatibility make it an interesting choice for vascular grafts. Nonetheless, the first
generation of PU grafts revealed a big problematic related to in vivo degradation of the polyol
soft segments, which may eventually induce a buildup of materials causing graft occlusion
[44]. In response to this problematic polyether-based PU grafts were developed, solving the
problem of polyol degradation, nonetheless, were susceptible to oxidative degradation [45].
Thoratec® Laboratories' polyetherurethaneurea grafts were another promising solution to
the issue of degradation, however they exhibited major graft elongation issues, which led to
an increase in intimal hyperplasia [46]. A new generation of PU grafts based on polycarbonate
is emerging. This class of grafts is more stable from oxidation and biodegradation point of
view. Additionally, in some clinical studies it proved faster reendothelialization, early
stabilization of ECs proliferation as well as thinner neointimaé compared with ePTFE
grafts[26]. There are several contradictory researches studying the tissue response to PU
grafts. This is a consequence of the variety of existing PU compositions, graft manufacturing,
porosity, and surface changes which all have an impact on the graft performances. It is hard
to predict whether PU grafts would work better than ePTFE or Dacron® grafts until further
data are released. The possible carcinogenic effects of PU grafts' degradation products are one
of the main concerns preventing the choice of PU for grafts [33]. In vitro and animal
investigations have shown that the most recent generation of polyurethanes based on
polycarbonate are inert to both hydrolysis and oxidation [47].

3.4 Scaffold - based tissue engineered vascular grafts (TEVGs)
A tissue engineered vascular graft (TEVG) consists of a scaffold, cells that have seeded into it,
and the right environmental signals (such as growth hormones and physical stimulation) to
encourage the development of new tissue [18,48]. The key benefit of TEVGs, which make them
very appealing for bypass grafting, is their excellent tissue compatibility, which prevents
rejection and maintains long-term patency after transplantation. The scaffold is usually
manufactured using synthetic and organic biodegradable components [13,49]. High porosity
and a microstructure capable of supplying, orienting, and supporting cell connections are two
crucial requirements. It is important to provide hemocompatibility, stenosis resistance, and
mechanical qualities that match those of the autologous vessels. The scaffold initially offers

6 Neointima is a term used to describe scar tissue that develops inside tubular anatomical systems like blood veins.
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structural stability to the TEVG's as well as the framework for cell attachment and remodeling
and it may be made of biodegradable polymers or natural biomaterials[18].

3.4.1 Biodegradable polymer based TEVGs

TEVG made of biodegradable polymer is an alternative to the synthetic grafts mentioned
above. After being placed into the body, the graft progressively becomes covered in human
tissue and starts to degrade. Only human tissue will remain after total degradation,
guaranteeing the same function of autologous vessels. A fundamental aspect of bioresorbable
grafts is that they must regenerate a tissue with adequate strength prior to loss of prosthetic
integrity to decrease the potential of aneurysmal dilatation’[13,22]. The biodegradable
polymers' rate of breakdown is influenced by several variables, for instance pore size.
According to Matsuda et al., reendothelialization is most effective in pores with a diameter of
18 to 50 um [50]. Smaller pores would trigger an inflammatory response, whereas those that
are excessively big may permit excessive blood leakage. Radial compliance of vessels is also
improved by increasing pore diameters and porosities. It is possible to classify single
component and multiple components biodegradable grafts. Single components grafts are
temporary scaffolds for vessels being gradually replaced by human tissue composed by only
one polymer. Examples of materials are polylactic acid (PLA), polyglycolic acid (PGA),
polydioxanone (PDS) and polyhydroxyalkanoate (PHA). Multiple components are grafts
constructed by at least two bioresorbable polymers or a bioresorbable polymer with a non-
resorbable one [28]. They have the advantage of combining different resorption rates, and
they can be designed to completely disappear when the regenerated tissue is strong enough.
An example is polyglactin (Vicryl®) (PG910) a copolymer of polyglycolic and polylactic acid.
Vicryl® dissolves in two months, hence it has been coupled with slower degrading polymers
to delay absorption and allow for arterial regeneration. In the rabbit aorta model, researchers
developed composite polymeric grafts of Vicryl® (PG910) and PDS (74%:26%) capable of
100% patency at 1 year [51]. The aortoiliac arteries of dogs were implanted with partially
resorbable grafts made of 70% PDS and 30% polypropylene or 69% PG910 and 31%
polypropylene [52]. For up to a year, there were no aneurysms and an overall patency rate of
90% for PG910/polypropylene and 86% for PDS/polypropylene. PDS took four months to
completely resorbed, while PG910 took two months. Tissue ingrowth was induced by both
grafts, and it remained histologically stable for 4 months to 1 year [22]. The main limitation
of this class of prosthetics is that the vessel reconstruction strongly depends on a delicate
balance between the host cells' invasion, the degradation of the materials, and the
replacement by human tissue. If the pace of decomposition of the degradable substance does
not coincide with the rate of vascular tissue regeneration, aneurysms or even vascular
rupture may occur. Another relevant problem is the possibility of over-proliferating cells,
leading to restenosis in the latter post-implantation phase while the endodermis & of the
artificial blood vessel grafts is not fully developed [18]. These problems make it difficult for

7 A 50% increase over the normal diameter of the vessel is considered aneurysmal dilatation.

8 The endodermis is a thin layer of tightly packed cells that acts as an impermeable barrier or water repellent layer through which water
can only go in one direction, toward the root system's core.
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grafts to adequately maintain biocompatibility in vivo and fully realize vascular tissue
regeneration. Nowadays mainly polycaprolactone (PCL) is used for tissue engineered
scaffolds as the US Food and drug administration (FDA) approved it [18,53].
It is possible to conclude that while synthetic polymers (Dacron®, ePTFE and PU) guarantee
strength of the graft, they come with poor cellular compatibility as well as thrombogenicity.
Biodegradable materials may be a better solution as they gradually disappear leaving behind
only humans’ cells, nonetheless they are still under study, being biodegradation extremely
complicated to control.

3.4.2 Natural Biomaterials

TEVGs can be also based on organic biomaterials. Natural elastin, for instance, has been
widely used to produce TEVGs’ scaffolds. It is the main component of the extracellular matrix,
which provides the compliance to the vessels. It is unsolvable and challenging to work with
when building scaffolding. For these reasons few scaffolds are created entirely of elastin,
while it is rather added to scaffolds already consisting of other supporting materials [48]. For
instance, with a two-layer scaffold made of an outer layer of PCL and an inner layer of
recombinant human tropoelastin, Wise et al. have reported successful results in a rabbit
model [54]. Although these grafts appear promising, more research is essential to ascertain
their scaffolding qualities. Chitosan, a natural polymer derived from shellfish, has also been
employed in the design of TEVGs, being porous, antibacterial, and exhibiting high mechanical
properties. It has already been successfully used to replace bones and cartilage. Because of its
large pore diameters, quickly dissolving chitosan is supposed to facilitate cell invasion and
neovascular remodeling when incorporated into a scaffold [55]. Finally, it is worth
mentioning tissue decellularization. This technique consists in decellularizing animals’
arteries, for instance swine and bovine or human umbilical arteries. All the cellular and
nuclear material is removed from these arteries so that only the extracellular matrix (ECM),
which is in the media of the vessel, is left intact [48,56]. Using this scaffold helps to suppress
the immunological responses. Additionally, the acellular scaffold promotes cells adhesion,
differentiation, and proliferation, as well as ensure good mechanical matching with the
autologous arteries. These grafts are promising, nonetheless the complete removal of tissue
antigens is a huge problematic. Additionally, during a decellularization process, ECM
components may be subjected to physical and chemical stress, which could negatively impact
an ECM's biomechanical capabilities [48,57]. The inability to change an ECM's composition
and structure, the varying quality of donor materials, and the possibility of viral transmission
from animal tissues are all drawbacks of decellularized materials. As a result, they are still
under assessment and not being used in therapeutic treatments.

4. In Vivo and Clinical Applications

As was previously mentioned, not all vascular conduits can accommodate artificial bypass
grafting using the prostheses that are now available. Moreover, the right graft should be
selected according on the flow and pressure circumstances. Following the typical bypass
grafting involving artificial grafts are presented.
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4.1 Peripheral Bypass Graft

Peripheral artery disease (PAD) is a consequence of the blocked blood vessels due to plaque
builds up on the arterial walls (atherosclerosis). The obstruction restricts normal blood flow
that usually gives oxygen and nutrients to the body's lower extremities, and this causes the
cells and tissues of the legs and feet to die. In the worst circumstances, this might result in
gangrene in the limbs and subsequent amputation since normal cells growth and repair
cannot occur. More than two hundred million individuals are estimated to have PAD globally,
with symptoms ranging from mild to severe [58]. The frequency of PAD grows with age and
affects a significant fraction of the elderly population (>20% in adults >80 years old), despite
being very uncommon in younger people [58]. A peripheral vascular bypass, also known as a
lower extremity bypass, is a minimally invasive treatment that uses general anesthesia and
tiny incisions that are ~5-7 cm long and the insertion of a graft to redirect blood flow around
a blocked blood artery. The graft establishes a new path for the blood flow. Peripheral
vascular bypasses are classified by the arteries that will be bypassed and the artery that will
receive the diverted blood (Figure 9) [59]. For instance, aorto-bifemoral refers to a bypass
that reroutes blood from the abdominal aorta to the two femoral arteries in the groin, femoro-
popliteal from the femoral to the popliteal arteries above or below the knee, and femoro-tibial
from femoral artery to the tibial artery. Dacron® has been widely used for peripheral bypass
grafting for large diameter grafts of 7-9mm, showing 3 years patency rates of 93%. ePTFE
grafts have been often selected for smaller diameter grafts >7mm in femoro-popliteal bypass
procedures [60]. Postoperative results of autologous vein and ePTFE grafts were examined
in one research including 75 infrainguinal bypasses. The primary patency rates at 4 years
were 82% for veins and 80% for ePTFE grafts, respectively, with no statistically significant
difference between these groups [61]. Most clinical investigations show that femoro-popliteal
bypass grafts made of Dacron® or ePTFE are acceptable. Smaller diameter infrapopliteal
artificial grafts, however, have not performed as well at lower pressures. ePTFE showed a
12% primary patency at 4 years for infrapopliteal bypass grafting for instance [61]. A patency
rate of 23% for ePTFE in tibial artery bypass grafts after 5 years post-surgery indicates that
the performance must still be optimized [61]. Several techniques have been attempted to
improve the patency rate of artificial grafts, such as endothelialization of ePTFE grafts, i.e.,
coating the graft with autologous endothelial cells, demonstrating a significant improvement
in patency rates; The 5-year patency rate in infrapopliteal grafts was 76% in a 9-year
randomized clinical study employing endothelialized 6-mm ePTFE grafts [62]. Autologous
vein grafts reinforced with prosthesis were employed by other surgeons [63]. Studies are now
being conducted on endothelialized PU bypass grafts for lower extremity revascularization
treatments. They are resistant to deterioration and show similar natural compliance,
according to preliminary in vivo research. Additionally, PU grafts are less thrombogenic than
ePTFE or Dacron®. Endothelialized polyurethane grafts have been assessed in canine femoral
artery model remaining 4 weeks after implantation with minimal to no thrombus
development [28].
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Figure 9 Drawing representing the most common Peripheral bypass grafting. Created with
BioRender.com.

4.2 Carotid Artery Bypass Grafts.

Carotid artery surgery is a procedure to treat carotid artery disease. The carotid artery
supplies the brain with vital blood. When fatty substance, i.e., plaque, partially or completely
obstruct blood flow in this artery a stroke may occur (Figure 10). Surgery on the carotid
arteries is performed to get the brain's blood flow back to normal. At three years after
implantation, carotid artery bypass grafting using autologous vein grafts has been
demonstrated to have patency rates above 80% [28]. However, within a year following the
surgery, some of these vein grafts tend to stenose. At one year after carotid bypass grafting,
6-mm-diameter ePTFE and autologous vein grafts were compared and the result was that
ePTFE stenosed less than autologous vein, proving that ePTFE grafts are at least as effective
as autologous vein grafting. Porous 5-mm polyurethane vascular grafts with a 38% patency
rate have been used in experiments on sheep carotid arteries [64]. This low patency was a
result of the hydrolysis-induced biodegradation of polyurethanes with an ester structure.

4.3 Coronary Artery Bypass Grafts.
Coronary artery bypass graft surgery (CABG) is performed to treat coronary artery disease
(CAD). The blood channels that feed the heart with oxygen and nutrients are called the
coronary arteries. When these arteries get congested due to fatty deposits, the amount of
oxygen-rich blood that can reach the heart muscle is reduced and this leads to CAD. Bypass
grafting is performed to revascularize those vessels. The majority of CABGs are conducted
using autologous vein [65]. Only a small percentage of all procedures employs synthetic
polymeric grafts, when utilizing autologous veins is contraindicated. This is because, as
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compared to autologous veins, prosthetic cardiac bypass has much lower patency rates. Vein
grafts have a reported 86% one-year patency rate, compared to just 59% for ePTFE grafts
[66]. On the other side, Dacron® has been employed in a few case reports as a polymeric graft
(3-4 mm) with patent vessels at 17 months. Longer term outcomes, however, are not yet
available. It may be preferable to use polymers that are more flexible, like PU. For instance,
1.5 mm electro sprayed polyurethane-polydimethylsiloxane grafts (Cardiothane 51) were
implanted in a rat aorta model [21]. The importance of porosity for long-term graft patency
is highlighted by the fact that at 3 months after implantation, of small porosity grafts were
occluded while those with medium porosity had a 76% patency rate with no intimal
hyperplasia and full end. Clearly, before being applied clinically, these results will need to be
replicated in humans [28].

Coronary
Artery
D isease Artery cross-section

R i

Normal blood flow

/ Coronary artery disease (narrowed artery)
: Artery cross-section
i N Narrowed ﬁ"TPI'_\'
\ ., ]

Obstructed blood flow

Figure 10 Scheme displaying coronary artery disease. Created with BioRender.com.

5. Problematic of vascular prosthetics

Vascular prosthesis can fail for a variety of causes, as described in the previous sections, while
discussing current grafts state and bypass grafting procedures. The major cause is the difficult
mechanical and biochemical replication of the essential properties of vascular conduits.
Grafts failure is associated to restenosis and clots formation often consequence of poor
hemodynamics, poor endothelialization, poor hemocompatibility of the intima of the graft
and insufficient compliance matching between the graft and human tissue. These issues are
magnified for small diameters, making it challenging to execute synthetic bypass surgery
below 6 mm in diameter [13,67]. In most cases, graft failure during the first month of insertion
is the result of technical difficulties during surgery or the patient's thrombophilia. The
primary issues between six months and three years later are usually related to thrombus
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development and abnormal cell accumulation leading to intimal anatomical hyperplasia.
Infection of prosthetic devices is uncommon, although it does occur sometimes due to
bacteria's proclivity to thrive on synthetic polymers [18,68].

5.1 Compliance issues

The percentage change in diameter of a vessel between diastolic and systolic® pressure is
defined as compliance. A compliance mismatch between a somewhat extensible host vascular
conduit and a stiffer graft results in an area of excessive mechanical stress, which may
contribute to anastomotic intimal hyperplasia (Figure 11) and give rise to subtle arterial wall
injuries [69]. A particular feature of human conduits is their dynamic compliance inversely
related to blood pressure. This means that at low physiological pressure, natural arteries may
be better equipped to conserve pulsatile energy and maximize flow than non-compliant
prosthetic grafts. In comparison to a native artery (0.059%/mm Hg) and vein (0.044%/mm
Hg), Dacron® (0.019%/mm Hg) and ePTFE (0.016%/mm Hg) grafts are considerably
noncompliant, whereas polyurethane grafts show compliance comparable to the host artery
[22,70]. Many researches showed a favorable association between compliance and patency
rates. However, the two most often used prosthetic materials, ePTFE and Dacron®, are very
stiff across the physiological pressure range [22]. Additionally, compliance of synthetic grafts
may decrease after implantation due to the creation of a fibrous capsule around the graft,
which stiffens the graft’s wall. As a result, determining the influence of early compliance on
long-term patency may be challenging.

Graft cross section

/“"“—\

Excessive growth of ECs
inducing stenosis of the graft

—_

INTIMAL HYPERPLASIA

Figure 11 Cross section of an artificial vascular graft with intima hyperplasia, i.e., excessive growth of
endothelial cells.

5.2 Poor hemodynamics
Poor hemodynamics often induce anastomotic intimal hyperplasia (IH), which is a frequent
cause of prosthetic graft failure, owing to changes in wall shear stress and local flow
disruptions (e.g.,, flow separation, recirculation, reattachment, stasis, and reflux). Indeed,
endothelial cell (EC) function may be modulated by local flow conditions [18,70]. For instance,
in disrupted flow at anastomosis, endothelial cells may become activated and prothrombotic.

9 Systolic blood pressure indicates how much pressure the blood is exerting against the artery walls when the heart beats, while diastolic
blood pressure indicates the pressure of blood on the artery walls while the heart is resting between beats.
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Activated endothelium, in turn, stimulates vascular smooth muscle cell (SMC) proliferation
and migration, as well as matrix protein synthesis. Thrombus production may also be aided
by zones of stasis caused by low blood velocity and high shear rates, which activate platelets
locally [71].

5.3 Infections

Graft infections are more likely to happen with synthetic implants because foreign bodies can
be colonized by bacteria. These infections cause persistent inflammation in which bacteria
produce toxins that interfere with graft healing [72]. A bacterial biofilm develops on the graft
surface, protects germs from antibody and cell-mediated assault and affects the efficacy of
antibiotics. Graft infection occurs at a rate of 1% to 6%, and infection is linked with a 50%
amputation rate and a 25% to 75% death rate [70]. Attempts have been made to reduce
bacterial infection by binding rifampicin®, silver, and other antibacterial substances to the
luminal surface of grafts [22,73]. However, it has been difficult to determine the efficacy of
rifampicin-coated or silver-coated grafts.

5.4 Thrombogenicity
Beyond compliance mismatch, thrombogenicity is the main factor contributing to the failure
of artificial grafts and it remains the one of most difficult problems solve in grafts design
(Figure 12). Thrombogenicity of vascular grafts can lead to serious health risks for patients,
as the blood clots developed on the inner surface of the conduct decrease its sectional area,
as consequence blood flow is reduced, and embolisms and fatal strokes may occur [67,74].

HH.HHH
® ®
....

Blood Clot

Figure 12 Development of thrombosis in the intima of the graft due to poor hemocompatibility of synthetic
materials.

This is mainly related to blood/material interaction, and it can be worsened by poor
hemodynamic often induced by compliance mismatches [75]. This problem is somewhat
connected to every issue mentioned in the preceding subsections. In general, coagulation is a
typical defensive mechanism that activates nearly instantly in response to damage and serves
as a prelude to the inflammatory reactions that comprise the healing process. Numerous
lipids, proteins, and cells work together in the coagulation reactions to cause localized
amplification. The propagation and termination of these reactions are controlled by several
negative feedback mechanisms. Because many of these antithrombotic feedbacks are
exclusive to the endothelium, existing artificial prostheses are not able to reproduce them,
and this often leads to graft failure [31,70,75]. In order to understand the dynamic of contact
surface induced coagulation, the structure of the coagulation cascade must be introduced. In

10 Rifampicin (rifampin) is an antibiotic used to treat a variety of bacterial infections.
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Chapter I. Vascular bypass grafting: state of the art

this section this matter will be briefly described, and more details will be given in Chapter IV.
The coagulation cascade is a chain of reactions that ends with the formation of a stable clot. A
stable clot is made of activated platelets, red cells, and fibrin. Platelets and red cells are
already present in the blood, while fibrin is the product of the coagulation cascade [76]. The
cascade comprises two possible pathways for triggering blood clotting, extrinsic and intrinsic
(Figure 13). The extrinsic pathway is activated by the contact of blood with Tissue Factor
(TF), produced by endothelial cells outside the lumen when the vessel in presence of
damaged. The intrinsic pathway occurs through the activation of a protein called factor XII
(fXII) after exposure to subendothelial collagen. Both pathways, through consecutives
reactions, lead to the common pathway, where prothrombin activates in thrombin which
converts fibrinogen to fibrin, ending with the formation of the a network around platelets and
reds cells [76-78]. This happens when a vessel is injured. Nonetheless activation can be
triggered by synthetic surfaces as well, as described in the next subsection.

INTRINSIC PATHWAY

Contact with endothelial
collagene-autoactivation

= EXTRINSIC PATHWAY
Endothelial cells produce
Xl 7™ Xla Tissue Factor (TF)
IX ’L‘ IXa ’SF
Ca** PL Vila < Vil
Vilia /
X /\Xa

/ @ COMMON PATHWAY
Prothrombin #~\ Thrombi

%

Fibrinogen 7~ Fibrin

Cross-linked
fibrin clot

Figure 13 Coagulation cascade. There are two possible paths for triggering the coagulation, the intrinsic
and the extrinsic. While the extrinsic is activated due to contact with Tissue Factor, present in the outside
of the vessels, the intrinsic pathway is triggered by the activation of the protein named fXII, which may be
activated by a trauma as well as contact with artificial surface. Both the pathways continue with a
common pathway involving platelet activation, that ends with the formation of fibrin.

5.5 Contact coagulation
Blood contains several cells, for instance, platelets, white cells, and red cells, as well as
numerous proteins. The adsorption of proteins is one of the first events that take place when
blood meets an artificial surface. The structure of the adsorbed protein layer directly
influences the thrombotic response, through the activation of the coagulation cascade [67,75].
The protein's size, charge, and structure, as well as surface physiochemical factors including
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topography and chemical composition, heavily influence the adsorption process. It's still
difficult to prevent thrombogenic proteins from adhering in vivo. Proteins are transported to
a surface both by convection and diffusion. Blood velocity and flow profile affect convective
transfer. However, protein transport mostly happens through diffusion very close to the
surface, in an area known as a boundary layer [70]. The attraction of bound proteins to the
surface depends on several other factors, including surface charge and wettability, a protein's
propensity to unfold, and protein charges [70]. The composition of the protein layer changes
in time, this dynamic variation is referred to as "Vroman effect". The equilibrium surface
composition of the adsorbed species is determined subsequently by unique binding affinities
and exchange interactions with other proteins present in the blood [74]. After adsorption,
proteins unfold and reveal a region that in some way set off processes that lead to thrombosis.
Depending on the surface type, different proteins will adsorb determining the starting of
coagulation through two possible different mechanisms. Negatively charged and hydrophilic
surfaces initiate the intrinsic pathway with the activation of fXII, while hydrophobic surfaces
support the adsorption of fibrinogen and a conformational change that positively correlates
with platelet adhesion and activation [74,79]. In each case, the process ends with the
formation of fibrin and the generation of a stable clot [79]. The blood flow may influence
contact coagulation, for instance at an anastomosis, locally disturbed flow or eddies may
produce recirculation regions where clotting factors are concentrated.

6. Improving endothelialization and reducing
thrombogenicity

In vascular graft applications, especially in small-diameter or low-flow artery bypass,
thrombosis is a non-negligible cause of restenosis. As result a suitable non-thrombogenic
luminal surface is required. The surface may be synthetic, cellular or biochemical, but it must
prevent protein and cell adsorption, stop blood coagulation from occurring when it comes
into touch with the intima of the graft, and hinder platelet adhesion and activation to prevent
thrombosis in the arterial system [31]. To address this issue, for instance, heparinized grafts
have been recently produced: heparin, immobilized on the surface of the graft, hamper the
adherence and activation of platelets as well as fibrinogenesis, preventing clotting [80].
However, a significant problem in the development of heparinized grafts is the release and
stability of heparin [28]. Another solution to prevent thrombosis and maintain patency is to
induce fast endothelialization of the intima of the graft; indeed, endothelial cells (ECs) offer a
proper interface between blood and surrounding tissue guaranteeing antithrombogenicity as
well as deterring intimal hyperplasia [18,74]. A method to promote in situ endothelialization
of vascular grafts is trans-anastomotic ingrowth of the endothelium of the innate arteries; in
this process, the host intima responds to the damage caused by the implantation operation
by growing ECs from the anastomosis sites towards the center of the graft, i.e, there is a
migration of endothelial cells from the anastomosis to the graft intima [81]. Another
technique to exploit the effect of endothelial cells is prosthetic graft seeding, consisting in ECs
coverage of the graft intima prior to its insertion into the human body [29,82]. This biohybrid
graft may improve the biocompatibility and patency rates of prostheses. One of the
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technological limitations is the low seeding density of these cells to current biomaterials,
particularly once they are exposed to arterial flow.

7. Purpose of this work: developing new vascular grafts

Given all the issues raised, it is essential to develop new prostheses using technologies that
can extend their patency rates and avert health-threatening circumstances. Therefore,
current research has centered on graft optimization from several points of view. In this work
we focus on the issue of grafts’ thrombogenicity; Novel graft design may be approached from
several aspects to address the coagulation problem. First, despite recent developments, grafts
that are now in use continue to develop stenosis and clotting, endangering the life of the
patients. A timely diagnosis of thrombosis within the graft is crucial for replacing the
prosthesis before deadly consequences arise. Therefore, it is essential to develop a non-
invasive coagulation monitoring device that can promptly alert the user when a blockage
begins to form inside the graft. Secondly, to better understand the factors that trigger the
formation of thrombi, it is necessary to further research of materials' hemocompatibility. To
achieve this, new testing methods that make it quick and simple to examine each surface must
be developed. Finally, it is essential to keep researching on TEVGs, paying close attention to
the potential of endothelial seeding, to develop high hemocompatible engineered grafts. We
can summarize the main objectives of this work as follow:

e Development of self-monitoring grafts capable of signaling the presence of a clot;

e Developing an in vitro dynamic test system for thrombogenicity evaluation of medical
devices and biomaterials;

e Design of hybrid prostheses capable of promote endothelialization.

7.1 Self-monitoring smart grafts

Clot development in contact with the surface is one of the most common reactions to the
implantation of a foreign, synthetic material into the human body, as previously discussed.
However, once a vascular prosthesis is implanted, it is impossible to access it directly to
determine eventual thrombosis, without resorting to somewhat intrusive procedures. New
measurement tools that enable instantaneous thrombosis recognition are demanded so that
timely intervention may be taken. An interesting approach may be to monitor blood flow and
pressure; indeed, a clot alters the blood pressure due to the change in the cross-sectional area
of the duct. The monitoring of blood pressure is therefore an indication of the state of the
graft. The integration of pressure sensors within the prosthesis, would allow daily graft
condition monitoring. Since there is a demand for a circuit-free, sensitive, and long-term
stable system that could be easily integrated into the conduit design while maintaining the
mechanical properties of the prosthesis, electroactive materials are a viable option. Being able
to generate an electrical charge in response to an external pressure, they could easily be
inserted into grafts and perform in vivo monitoring of blood flow. Once integrated they could
detect any change in blood pressure. Additionally, the sensor should include an RFID system
and be able to interact with point-of-care devices, so that to be comfortably used at home by
the patient to get easily fast diagnostic results (Figure 14).
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In this work we propose ferro/piezoelectric composite based pressure sensors: this class of
materials is gaining a lot of attention in the field of sensors as they possess the piezoelectric
capabilities of the ceramic filler with the mechanical behavior of the polymer matrix, as it is
suited for a wide range of applications. Being easily processed, soft, and requiring a lower
poling field'!, piezoelectric composites present noticeable advantages compared to other
ferroelectric materials such as the electroactive polymers PVDF and P(VDF-TrFE) [83,84]. In
light of these factors, we focus a part of

this study on developing high-performance piezoelectric composites for in-vivo blood
pressure monitoring.

L Y4

CLoT

Figure 14 Schematic representation of a self-monitoring vascular graft, able to communicate with a point-
of-care device. Created with BioRender.com.

7.2 In vitro dynamic test system for thrombogenicity evaluation

of medical devices and biomaterials

The examination of the hemocompatibility of various surfaces is a crucial aspect. It is
important to have a quick and simple method for studying the materials' hemocompatibility
in vitro. As matter of fact, in vitro coagulation tests are usually based on viscosity
measurements, which do not enable testing of different surfaces [85]. In this study, we
propose a novel method for determining the thrombogenicity of a graft by measuring the
impedance magnitude of blood during coagulation. This method is simple to use on various
surfaces and provides access to the clotting time. In the future, this method may be integrated
in grafts in order to track in vivo coagulation-related impedance changes and advance in vivo
monitoring in addition to pressure monitoring.

11 Every ferroelectric material requires the poling field in order to trigger the sensing activity and become piezoelectric.
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7.3 Scaffold for fast cells seeding

Various studies have now shown that cell adherence may be improved by charge stimulation.
Depending on the kind of cell, a positive or negative charge could enhance cell adhesion and
growth, speeding up seeding and encouraging thicker cell layers on the scaffold. Fastening
cells culture would also be advantageous in reducing bacterial contamination, linked to
prolonged culture durations. Indeed, a faster culture has a better chance of surviving [86]. In
this regard, using the charge produced by electroactive materials to fasten cell culture could
be a suitable choice. Electroactive materials capable of generating surface charge in response
to an external input may promote cells’ layers development (Figure 15). In the final part of
this work we will focus on the effect of charge on cells adhesion.

Human cells

Cell in vitro

Cellular growth
enhanced by electro-

o /« _— active material
L ) - '

-
e .«

Prosthesis

Figure 15 Drawing of endothelial seeding stimulated by an electroactive material, to fast cover a
cardiovascular graft.
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Chapter II
Structured piezoelectric composites for biosensor
applications

Summary

This chapter discusses the development of high-performance piezoelectric composites produced
through a technique known as dielectrophoresis structuring (DEP). BaTiOs (particles) and
NaNbO:; (fibers and particles) are selected as electroactive fillers, while the chosen matrix is
Polydimethylsiloxane (PDMS). BaTiOs-based composites, named BT/PDMS are produced in
three volume concentrations (2.4%v, 12%v and 24%v) with 0-3 and quasi 1-3 connectivity. The
first connectivity simply indicates composites with fillers randomly dispersed in the matrix, while
the second is the result of DEP structuring and describes fillers arranged in columns along the
thickness of the sample. This is obtained by applying an alternate electric field across the blend
before and during the polymerization. NaNbO; fibers composites (named NN_MF/PDMS) are
then produced in 0-3 and quasi 1-3 connectivity with three filler concentrations (1%v, 3%v and
5%v). In order to compare the effect of the form factor, NaNbO; particles-based composites
(NN_MP/PDMS) with 5%v filler are developed as well with 0-3 and quasi 1-3 connectivity and
compared with their equivalents with fibers. NaNbO; fillers are manufactured via a
hydrothermal synthesis process. Finite element (FE) simulation as well as dielectric and
piezoelectric characterizations prove that DEP structured composites outperform 0-3
composites regardless of filler or form factor. Furthermore, using fibers instead of particles
allows for even greater piezoelectric coefficients. The effects of filler content and connectivity on
mechanical properties and degree of crosslinking are studied using dynamic mechanical
analysis( DMA), differential scanning calorimetry (DSC) and broadband dielectric spectroscopy
in temperature (BDS).

Introduction

In this chapter the fabrication of a new class of piezoelectric composites for blood pressure
sensors is presented; their production involves a technique named dielectrophoresis
structuring (DEP), which allows the fillers to arrange in aligned columns under the effect of
an external electric field. This structure, known as quasi 1-3 connectivity, provides for a
significant increase in piezoelectric sensitivity over composites with randomly dispersed
fillers, i.e., with 0-3 connectivity. First composites made of BaTiO3z in Polydimethylsiloxane
matrix (named BT/PDMS) with 0-3 and quasi 1-3 connectivity are fabricated and
characterized at different volume contents; Secondly, composites with NaNbOs fillers (fibers
and particles) in PDMS matrix (named NN_MF/PDMS and NN_MP/PDMS) with 0-3 and quasi
1-3 connectivity are developed varying the volume content and characterized. The goal is to
examine and understand the effect of connectivity and form factor over dielectric,
piezoelectric, and mechanical properties. The experimental results are supported by physical
models and Finite Element analysis, performed via COMSOL®. Additionally, this research
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focuses on determining the best DEP settings to induce perfect alignment. The developed
piezocomposites are chosen for biosensor applications because of their high sensing
potential, biocompatibility, and stretchability. Indeed, as thoroughly explained in the
previous chapter, there is a need for pressure sensors that can be integrated into
cardiovascular devices to perform in vivo blood monitoring. In the next sections, the theories
of  piezoelectricity, ferroelectricity, antiferroelectricity, dielectrophoresis and
piezocomposites will be fully covered in order to provide foundation for the science
underpinning the materials developed in this work. Later on, the materials and techniques
used in this work will be described, followed by the results and discussion. The
implementation of the sensors in real vascular devices will be discussed in Chapter III.

1. Piezoelectricity: concept and models

1.1 Piezoelectric materials

Piezoelectricity, from the greek meifw and nAektpov, which means electricity produced by
pressure, is defined as the ability of some crystalline bodies to develop an electric charge as
consequence of a mechanical stress (direct piezoelectric effect) and vice versa is the
mechanical deformation developed under the action of an electric field (reverse piezoelectric
effect); the reciprocal relationship is referred to as the piezoelectric effect [87]. Pierre and
Paul Jacques Curie discovered the direct piezoelectric effect while exploring quartz properties
in 1880, and only later, in 1881, they demonstrated the reverse effect predicted by Gabriel
Lippman. The piezoelectric effect is a linear and reversible mechanism: a stress causes a linear
change of the internal polarization and thus the development of an electrical field across the
material boundaries (Figure 16) [87-91]. Materials exhibiting direct effect always show the
reverse piezoelectric effect. Because of this feature, piezoelectric materials are well suited for
sensors, actuators, transducers, and energy harvesters.
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Figure 16 Conceptual representation of the piezoelectric effect.

31

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0122/these.pdf
© [G. D'Ambrogio], [2022], INSA Lyon, tous droits réservés



Chapter Il Structured piezoelectric composites for biosensor applications

Piezoelectricity has been observed in inorganic ceramics as well as organic polymers. The
source of the piezoelectricity in ceramics can be attributed to the non-centrosymmetric
crystalline structures, which leads to the production of electric dipoles as a result of
mechanical distortion. Twenty-one of the thirty-two crystal classes into which all crystalline
materials can be classified have non-centrosymmetric structure and twenty of them can
exhibit piezoelectricity. When a distortion is established on the piezoelectric crystal, electric
dipole moments are generated due to the lack of a center of symmetry [91,92]. This does not
happen in centrosymmetric structures because when the crystal is strained, all of the
generated dipoles annihilate each other, leaving the net dipole at zero [90-92]. Often,
piezoelectric ceramics are ferroelectrics that require a polarization to display piezoelectric
activity, which involves poling technique [87,92,93]. The piezoelectric activity is quantified in
charge created per unit of force (pC N-1), named piezoelectric charge coefficient dy. For
instance, piezoceramics exhibit outstanding piezoelectric characteristics (hundreds of
pC N-1). Among them, Lead-Zirconate-Titanate (PZT) is a major piezo-ceramic that is widely
employed for energy harvesting and storage applications. Other ceramics include Barium
Titanate (BaTiO3) and Potassium Niobate (KNbO3) [87,94,95]; Temperature has an impact on
piezoelectric behavior of inorganic materials. Indeed, each piezoelectric crystal has a specific
temperature, known as the Curie Temperature (Tc), above which piezoelectric activity is lost.
Above this temperature, the crystal structure transforms from non-centrosymmetric to
centrosymmetric, resulting in a non-piezoelectric paraelectric material [83].

Piezoelectric behavior can also be observed in materials different from crystalline ceramics,
for instance in organic electroactive polymers. This class of materials possesses piezoelectric
properties due to the presence of dipoles in the molecular structure of the polymer that can
be oriented in a preferential direction by poling process [88,96] . Especially worth mentioning
are semicrystalline electroactive polymers, including the well-known polyvinylidene fluoride
(PVDF) and its copolymers (P(VDF-TrFE)), polyamides, and parylene-C. This class behaves
similarly to inorganic materials, as being semi-crystalline, they have microscopic crystals
distributed in the amorphous part. The crystalline domains are responsible for piezoelectric
activity since they contain dipoles that, when properly oriented, impart piezoelectricity [88].
PVDF and its copolymers are among the most well-known, showing high piezoelectric
constants (-20 to -28 pC N-1) which make them superior to other bulk piezopolymers. PVDF
is synthesized via polymerization of H,C=Cf, monomers. When two CF; or CH; groups link, a
flaw in the polymer chain arises. The polarity of the polymer is linked to these imperfections,
and the more faults there are, the higher the piezoelectricity. This material is typically
copolymerized with trifluoro ethylene TrFE, which improves its piezoelectric properties
significantly [88,97-99]. Parylene-C, which has molecular dipoles due to the solitary chlorine
atom in the benzene ring, is another bulk electroactive polymer. It exhibits, however, a modest
piezoelectric constant of -2 pC N-! [88,100]. Polyimide falls within the amorphous group of
electroactive bulk polymers, although it always exhibits lower piezoelectric constants (-3 pC
N-1) [88,101]. Both parylene-C and polyimide are mostly used in MEMS. Other electroactive
polymers worth of mention are polyamides (PAs) (1.1 pC N-1) and poly lactic acids (PLA)
(-1.58 pCN-1) [96,102,103] . As well as piezo-ceramics, electroactive organic polymers feature
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a Curie limit temperature at which their piezoelectric capabilities deteriorate, which usually
is lower than those of inorganic piezoelectric materials [104].

Finally, among piezoelectric materials it is worth to mention piezoelectric composites, made
of a polymeric matrix and an inorganic piezoelectric filler. Such a combination enables good
piezoelectric activity with the appropriate mechano-electric characteristics [83,88]. Tuning
the phases is possible to get a wide range of piezoelectric composites, such as PZT/Epoxy,
BaTiOs/Epoxy, PA11/BaTiOs; or ZnO/PMMA to name a few [93,105-107]. Generally, the
piezoelectricity range extends from the unit to tens of pC N-1.

In conclusion, piezo-materials can be classified in the three main classes reported: ceramic,
polymers and composites; each one presents characteristics that make it more suitable for a
determined set of applications. As stated in the introductory paragraphs, piezo-composites
were found to be the best solution for the problematic presented in this project, therefore,
more information on piezoelectric composites will be provided in the next sections. The
thermodynamic formulation of piezoelectricity, which applies to all the above categories of
piezoelectric, will be discussed in the following paragraphs. Following that, the concepts of
pyroelectric and ferroelectric materials, a subclass of piezoelectric inorganics, will be
introduced as these materials were chosen as fillers in the composites designed in this work,
thus it is important to discuss the physics that regulates their piezoelectric activity.

1.2 Analytical formulation of piezoelectricity and figure of
merit (FoM)

Based on the thermodynamic theory it is possible to define the mathematical coefficients and
relationships describing the piezoelectric effect. Considering temperature and entropy as
constants, the relationships are between stress (T}), strain (S;), electric field (E;) and electric
displacement (D;), where I and J are indices with values from 1 to 6,7 and j from 1 to 3, thus D
and E are (3x1) tensors and T and S are (6x1) tensors. Concerning the direct piezoelectric
effect, when a stress is imposed to a piezoelectric material, the electrical polarization changes,
and an electric charge develops on the material's surfaces. Taking into consideration the
elastic properties of the material, the direct effect can be described by the following
relationship[91,92,108]:

where & is the permittivity of the free space and €I is the dielectric constant of the material
at constant stress. dy is the coefficient that represents the direct proportionality between
force and charge. It is a tensor of rank 3 and is defined as piezoelectric charge coefficient. For
the direct piezoelectric effect, considering the external electric field, E, equal to zero, it is
expressed in coulomb/Newton as follows:

di] =—L (2)
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Piezoelectric reverse effect describes a deformation produced by and applied electrical field
and for an elastic material can be expressed as:

where s}"} is the material’s mechanical compliance matrix at constant electric field and dj; is
the coefficient which defines the direct proportionality between the applied electric field and
the generated strain. [t is a tensor of rank 3 and has the same value of the piezoelectric charge
coefficient measured for the direct piezoelectric effect. For reverse piezoelectricity in
unstrained conditions, i.e., T equal to zero, the piezoelectric strain coefficient is expressed in
meters/volt and is computed as[91,92,108]:

d;j = Si/E; (4)

dy denotes the electric polarization generated in direction i per unit of mechanical stress of
index J, and djrepresents the mechanical strain in / direction per unit electric field applied in
direction j. The piezoelectric charge coefficient and the piezoelectric strain coefficient are
equals. dj is essential for evaluating piezoelectric materials, and it is especially useful for
actuators. Depending on the direction i of the charge displacement and J of stress application
it is possible to define 18 operating modes; If stress and electric polarization are in the same
direction (d11, d22 and ds3), the mode is defined as longitudinal. The transverse mode is when
a change in electric polarization is perpendicular to the mechanical load (di2, di3, d21, d23, d31
and ds;) while longitudinal shear mode is when a shear stress is applied and induces an
electric polarization change perpendicular to the plane of shearing stress (di4, d3s and d3¢).
Finally the transverse shear mode is related to a change in polarization in the plane of the
applied shearing stress (dis, dis, d24 d26 d34 and d3s) [108]. The most used piezoelectric charge
coefficients are d3; and ds3, which represent respectively the transverse coefficient and the
longitudinal coefficient (Figure 17) [91,92,108].

33 mode 13 mode

Figure 17 Representation of 33 and 31 transduction modes [1].

Another relevant coefficient used to describe the piezoelectric behavior of a material is the
piezoelectric voltage coefficient, g;, defined as follow [83]

d;
giy = —= (5)
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It represents the electric field generated by a piezoelectric material per unit of mechanical
stress applied or, alternatively, the mechanical strain experienced by a piezoelectric material
per unit of electric displacement applied. It is a tensor of rank 3 and its unit of measure is
V m N-L [tis crucial in understanding a material's suitability for sensing (sensor) applications
[83,108]. Figures of merit (FoMs) are a valuable indicator for identifying optimal piezoelectric
materials based on the application. For instance, in the case of transducers, sensors, and
energy storage devices, the most effective FoM is the product of the piezoelectric charge and
voltage coefficients (di*gy). The higher the FoM, the stronger the electromechanical coupling,
defined as the ratio of stored electrical energy to applied mechanical energy or vice versa. One
the other side, dy *Q is useful for evaluating high power piezoelectrics operating at their
resonance frequency, being Q the mechanical quality factor associated with the vibration [83].

1.3 Pyroelectric and Ferroelectric ceramics

In the opening section the causal relationship between non-centrosymmetric crystalline
structure and piezoelectricity was introduced. As mentioned, due to a lack of center of
symmetry in the crystal structure, twenty of the thirty-two crystalline classes display
piezoelectric activity [109]. Among these it is possible to identify an additional subclass of ten
crystalline structures, named pyroelectric materials. These materials are classified as
piezoelectric pyroelectrics, as opposed to other crystalline types that just exhibit
piezoelectricity. All pyroelectrics are piezoelectric but not vice-versa [91,92]. This subclass of
piezoelectrics is characterized by the presence of a single polar axis under non-stress
conditions, resulting in a net electric dipole.

A discrepancy in the centers of positive and negative charges in a unit cell causes the dipole
to form. At rest, however, the internal dipole is neutralized by the charges on the crystal faces.
When this material is subjected to stress or uniform heat, the spontaneous polarization of the
material changes, causing a change in the strength of the dipole and surface charges to
develop at the crystal's end [90,91]. This external charge, consequence of a change in the net
internal dipole, is called polarization, and is measured as charge per unit of area. In summary,
such materials differ from the other piezoelectric materials since they display spontaneous
polarization at rest, additionally electrical charge develops not only in response to stress but
also to uniform heating. This occurs because temperature variations can slightly alter the
locations of atoms inside the crystal structure, changing the material's polarization [110,111].
Non-pyroelectric piezoelectric crystals, on the other hand, have all their dipoles displaced in
such a way that they counterbalance each other when unstrained, thus there is no net crystal
dipole in the absence of external stress. When a stress is applied, one of the dipoles' directions
is preferred, and a net crystal dipole is formed. Because uniform heat does not cause
variations in the dipole, they are not pyroelectric. Quartz is an example of non-pyroelectric
piezoelectric [90,91].

Finally, a subclass of materials known as ferroelectric materials may be distinguished within
the pyroelectric one. Ferroelectrics are pyroelectrics that have a net dipole that can be
reversed by applying an external electric field. Being pyroelectrics, the polarity of
ferroelectrics resides in a non-centrosymmetric crystalline structure with a singular polar
axis in non-stress conditions [90-92,111]. However, not all pyroelectrics are ferroelectric: the
poling field, which is required to reverse polarity, may be greater than the material
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breakdown of some pyroelectrics, or some pyroelectrics simply have an irreversible
asymmetrical arrangement of atoms [91]. The crystallographic structures of ferroelectric
ceramics are perovskite, tungsten bronze, layer bismuth and pyrochlore structures
[83,112,113]. Perovskite is the most important among them, being highly piezoelectric. Such
a structure, which is displayed in Figure 18, is characterized by an ABO3 structure, where the
A (metal) site is placed on the corner of a cubic cell, B smaller cation (metal) in the center and
oxygens O in the center of the faces [90,92,114].
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Figure 18 a) Cubic unit cell of perovskitic Barium titanate above the Curie temperature; b) below the Curie
temperature the unit cell is tetragonal with Ba?+ and Ti** displaced with respect to 0%, and consequently
the center of positive charge does not coincide with the center of negative discharge.

Being the piezoelectric, the ferroelectric materials have a characteristic Curie temperature,
Tc. For T>Tc there is a paraelectric phase, where the cubic symmetry of the unit cell is in
equilibrium. Below this Tc, the unit cell deforms, and the metal cations are displaced from
their symmetry sites relative to the oxygen anions, resulting in an electrical dipole moment,
which is associate to the ferroelectric behavior. Among all the ferroelectrics, perovskite
piezoelectric materials offer high dielectric and piezoelectric properties and a relatively high
Curie Temperature, that must be taken into account for high temperature applications [115].
Furthermore, it is possible to distinguish lead based and lead-free ferroelectric ceramics.
Barium Titanate (BaTiO3), for instance, is a lead-free ceramic with a Curie temperature of
120°C/130°C. Thanks to its perovskite structure it has high dielectric and piezoelectric
properties and it is interesting as piezoelectric bulk for several structural applications or as
filler for piezocomposites for biomedical applications, being biocompatible [92,116-119].
Lead zirconate titanate (PZT) is an example of lead based polycrystalline ferroelectric ceramic
and it seems to be the more promising choice for high temperature applications, in aeronautic
and aerospace fields; it is characterized by high Curie temperature and high piezoelectric
properties [91,92,120,121]. However, due to the presence of lead atoms, it is unsuitable for
application in the biomedical area. Other lead-free perovskites worth mentioning are BNT
(ternary compositions BaO-Ti02-Nd203), potassium niobate (KNbO3) and Sodium tantalate
(NaTaO03). All the perovskites are suitable for actuator and high-power applications [116].
Other ceramics with non-perovskite structure that can be used as bulks or to design
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piezocomposite are: lead meta niobate (PbNb,0s), with tungsten bronze structure and Curie
temperature of 570°C; layer bismuth oxides such as bismuth titanate BisTiz012, with higher
Curie temperature of 675°C, which are particularly suitable for resonator applications and
filters; Finally corundum structure-based ceramic such as LiNbO3z with Tc of 1150°C [90-
92,116]. When discussing ferroelectric materials, a necessary step to activate the
piezoelectricity is the poling (or polarization), which means applying an electric field to orient
the internal dipoles. This procedure is discussed in the next subsection.

1.4 Ferroelectric polarization

As previously explained, ferroelectric materials have a net polarization due to their unique
polar axis. They do, however, contain numerous crystalline domains, i.e., net polarization
zones, which have differing polarization directions and annihilate each other, resulting in a
zero net dipole [90,91]. Multiple crystallographic domains are usually separated by domain
walls and in polycrystalline materials different domains may exist in the same single crystal.
To exhibit piezoelectric behavior, all domains must be oriented in the same direction, and that
may be accomplished by applying an external electric field across the material, technique
named poling. During such a procedure all the dipoles orient parallel to the electric field lines
and when the electric field is withdrawn, they exhibit a residual polarization [90,92,122].
Then, once a mechanical stress is applied on a poled material a shift of the residual
polarization occurs, resulting in the piezoelectric phenomenon. There are no changes in the
crystalline structure during the poling orientation for ferroelectrics. In some way, the poling
treatment imparts artificial anisotropy to the material, allowing the ferroelectric component
to exhibit piezoelectric behavior. The piezoelectricity is then maintained as long as the
material is not de-poled: de-poling occurs when the ferroelectric material is exposed to
temperatures higher than Tc, or when high electric fields are applied in the opposite direction
to the previous poling direction. Figure 19-a shows the typical bipolar polarization curve,
where the Polarization P (C m2) is displayed against the Electric field E (Vm-1)[122,123]. The
initial polarization of an unpoled ferroelectric material is zero. When an electric field is
supplied across the ferroelectric, all of its dipoles align parallel to it. The polarization
increases nonlinearly and eventually reaches a maximum, Ps, which is the saturation
polarization corresponding to the maximum dipole alignment. When the electric field is
released, the material retains a residual polarization, P, known as the net remnant
polarization. E. is the coercive electric field, or the electric field necessary to de-pole the
material. Figure 19-b depicts the dipole orientation in a multiple domain system before,
during, and after poling [124].The electric field required for polarization saturation, Ej, is an
intrinsic property of each ferroelectric.
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Figure 19 a) Typical bipolar polarization curve; b) dipole orientation in a multiple domain system before,
during, and after poling.

1.5 Antiferroelectric ceramic materials

According to Kittel, antiferroelectric materials (AFE) have spontaneously ordered dipole
moments that are antiparallel and cancel out at zero field on a unit-cell basis, i.e., the net
dipole is equal to zero [125]. The AFE phase is typically the consequence of a structural phase
transition from a higher temperature paraelectric phase (PE) and occurs at Curie's critical
temperature. PE to AFE phase transition occurs via displacive soft mode, i.e., caused by atom
or ion displacements via a mechanism involving a phonon frequency that falls to zero at the
transition temperature, or by order - disorder process, where previously disordered dipoles
become organized [126]. One of the most significant features of AFE is that the application of
an adequate electric field may orient all the dipoles in the same direction, resulting in a shift
from antiferroelectric to ferroelectric phase. An electric field might trigger a transition from
AFE to FE since the free energy of AFE is equivalent to that of the polar phase. Double
polarization hysteresis loops are used to represent this effect macroscopically (Figure 20)
[127,128]. The critical field is temperature dependent; for example, PbZr0Os, a well-known
AFE, cannot be reversed to FE at room temperature because its electric field threshold (Ef) to
reach AFE to FE transition is greater than the material's electric breakdown; however, at high
temperatures Erdecreases linearly, and the phase transition can occur at temperatures near
the material's antiferroelectric Tc [127].
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Figure 20 Typical antiferroelectric material's double hysteresis.

The phase transition produced by an electric field might be reversible or irreversible,
depending on the material and on the temperature. For those that are reversable, it is feasible
to revert to an antiferroelectric condition by lowering the electric field until a certain value
named E, ie., the electric field to antiferroelectric state [126,127]. However, some AFE
materials, such as NaNbOs, are irreversible, thus the application of an electric field induces FE
phase, and then, at the removal of the electric field, a residual polarization is left on the
material, with no coming back to AFE phase. The polarization loop for such irreversible AFE
is not double, but rather a single loop, as for ferroelectrics (Figure 19-a). By raising the
temperature or changing the chemical composition of materials that are reversible at ambient
temperature, the irreversible phase transition can be achieved. A particular case is the one of
NaNbOs: at any temperature, no double polarization hysteresis loops have been found for it
[128,129]. In light of the foregoing, antiferroelectric materials can be employed as
transducers in the same way as ferroelectrics can, or likewise as energy harvesting materials,
and for such a reason are selected as fillers for the composites produced in this research, for
bio-sensors development.

1.6. Piezoelectric composites

The large range of applications that need piezoelectric transducers has driven the design and
development of novel and increasingly high-performance piezo-materials. Among them,
piezocomposites are gaining incredible attention. Piezoelectric composites are a class of
electroactive material consisting of a passive polymer matrix and embedded electroactive FE
or AFE ceramic fillers [83]. As for bulk ceramics, they require poling to display piezoelectric
activity [130]. Their expanding popularity stems from their capacity to be customized to meet
a variety of application needs, which may be achieved by combining an appropriate matrix
and fillers. As a result, they cover a wide range of applications as sensors, transducers and
energy harvesters from aerospace and aeronautics, where high sensitivity to external stimuli,
chemical and high temperature resistance are required, to biomedical fields where
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biocompatibility, = non-toxicity, sensitivity, and  stretchability @ are  essential
[83,88,112,120,130-132].

Non-destructive testing, structural health monitoring, energy harvesting, underwater
acoustics, medical imaging and treatments, and wire bonding are just a few examples of the
typical applications [88,107,120,133,134]. While the filler determines the piezoelectric
properties, the matrix dictates the composite's mechanical behavior. The possibility to select
the matrix makes them extremely adaptable to any application and easy to integrate to
complicated geometries and convoluted courses. This is a considerable advantage over
piezoceramic bulks, which, although having much higher piezoelectric dy coefficients (more
than ten times higher), are rapidly being abandoned in favor of piezocomposites, due to their
stiffness, brittleness, and difficulty in shaping and integrating in complex systems. In addition
to that, piezocomposites have a lower dielectric constant than bulks and hence a higher
piezoelectric voltage coefficient g [83,91]. They are also preferred to electroactive polymers
(PVDF, P(VDF-TrFE)) for a variety of applications which requires high temperature resistance
as well as flexibility and stretchability. Despite being extremely piezoelectric with an
exceptional piezoelectric voltage coefficient, organic electroactive polymers frequently have
low temperature resistance with Curie temperatures around 100°C, are stiffer than
composites with elastomeric matrix, and require extremely expensive production cycles and
expert manpower, as well as large polarization fields (100-200 V um-1) [89,135-137]. Several
figures of merit can be designed to account for important factors such
as working temperature, polarization electric field, elastic modulus, and so on, so that piezo
materials can be effectively compared by selecting the most relevant application-related
aspects [83,112,120]. For instance, in our prior study, we developed a FoM, computed
according to Eq.6, to compare piezo-materials based on three different aspects which were
piezoelectric coefficient ds3, poling electric field, Ep., and degree of crystallinity (¢cr), (ie.,
amount of filler for piezocomposites). The unit of measure of the FoM was C m V-1N-1*10-18,

ds3
Epot X @cr

FoM = (6)
The aspects considered are quite critical; first of all, ds3 is a measure of a material's transducer
behavior; the higher the value of ds3, the larger the charge that is generated in response to a
mechanical input. From a production standpoint, the electric polarization field is crucial; the
larger the field, the less feasible manufacturing is; the volume content of crystallinity reflects
the filler content in piezocomposites, and the crystalline phase in electroactive polymers. It
has a significant impact on the mechanical properties; for instance, the higher the percentage,
the more brittle the material. From an economic perspective high crystallinity means high
costs since it is related to the filler content, while high poling field is inconvenient because it
raises energy costs as well as safety issues. In that analysis, several piezoelectric composites
and electroactive polymers were selected as reported in Figure 21 [120]. The best material
among those under analysis, according to this FoM, is a piezocomposite based on PZT fillers
in PDMS matrix, with a particular connectivity named quasi 1-3, which will be introduced later
in this chapter. Nonetheless being non-biocompatible it would not suit the biomedical
application of this work. However, considering the elements on which the FoM is built,
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piezocomposites outperform organic electroactive materials. This is an example of the
usefulness of FoMs, which may be tailored to meet the needs of a specific application.
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Figure 21 Comparisons between FoM of different piezoelectric composites and polymers described in the
literatures [131,138-143].

The scientific interest on piezocomposites in the recent years is increasing (Figure 22) and
much effort has recently been devoted into developing increasingly high-performance
composites for a wide range of different applications (Figure 23).
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Figure 22 Number of publications on piezocomposites from 1970 to 2020.
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Capsal et al. produced piezoelectric sensor coatings with a piezoelectric constant dz; of
5 pC N1 based on BaTiO3 in a Polyurethan matrix for real-time impact detection and
localization on aircraft structures [138]. D'Ambrogio et al. designed PZT-based composites in
PDMS matrix for aircraft ball bearings health condition monitoring, with dz; values of 16 pC
N-1 [120]. Nguyen et al. recently fabricated composites for the same purpose, employing
Barium titanate in Polyurethane acrylate, achieving a ds; of 1.5 pC N-1 [144]. Beside health
condition monitoring, piezoelectric composites being flexible and reliable, are also implied
for low vibration energy harvesters. Park et al. developed a flexible nanocomposite generator
consisting of BaTiO3z nanoparticles and graphitic carbons that can generate an open circuit
voltage of 3.2 V and a short circuit current of 250-350 nA when mechanically tapped on a
regular basis[145]. Similarly, Xu et al. developed PMN-PT Nanowire/PDMS composites
capable of producing 7.8 V and a short circuit current of 2.29 A when a 1cm x 0.5cm sheet was
mechanically tapped [146]. Piezocomposites have also been widely used in biomedical
applications, most notably in medical imaging, as reported by Lee et al. [83]. Their strong
coupling coefficients significantly enhance bandwidth and energy transmission, resulting in
a significant rise in signal-to-noise ratio. Furthermore, their low acoustic impedance enables
great energy transfer between transducers and propagating medium [83]. Recently,
electroactive composites have been used for a novel set of application-related physical health
monitoring for orthopedic implants. Grinberg et al. designed 3D printable BaTiO3/PU
composites with dsz of 4 pC N-! that could be included into smart orthopedic implants for in
vivo monitoring and increased osteo-inductivity[147]. Tang et al. reported a similar results in
their research on graphene/BaTiO3/PMMA composites [148]. Finally, it is worth mentioning
their use as tactile sensors, as described in the work of Kumar et al. who developed
composites containing BaTiO3 incorporated in a PDMS matrix[149].
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Figure 23 Example of the variety of applications that piezocomposites cover.
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Several essential parameters must be considered when designing a piezocomposite, as
displayed in Figure 24. The first step is to properly choose the phases, as their properties will
determine the ultimate characteristic of the composite. Thus, dielectric, electric and
piezoelectric properties of matrix and filler must be taken into consideration, together with
mechanical and thermal properties [83,88,150]. Multiple filler types may be selected to
develop ternary composites with additional conductive fillers, added to enhance the poling
procedure [112,150]. The filler volume fraction, form factor and size are other factors that
influence the final product together with the manufacturing process, extremely relevant in
tuning the properties of the materials. One of the key criteria in the study of high-performance
piezocomposites is the connectivity between the phases. As matter of fact,
isotropy/anisotropy and ultimate performance of the composite are determined by how the
filler is arranged in the matrix [83,108,150]. The next sections will address the selection of
fillers and the matrix suitable for the application proposed. Finally, the role of connectivity

will be explored.
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Figure 24 Fundamental parameters in designing piezocomposites.

1.7 Fillers: Biocompatible ferroelectric BaTiO3 and

antiferroelectric NaNbOs3
The ferroelectric filler determines the piezoelectric characteristics, but also greatly affects
dielectric, electrical, mechanical, thermal, and biocompatibility properties [150]. Depending
on the size of the ceramic particles, micro- or nanocomposites can be produced to develop
piezoelectric composite materials with the suitable properties associated to the application
and depending on the shape is possible to design particulate or fiber composites [88]. The
biomedical application presented in this work requires biocompatible materials with high
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electromechanical coupling: lead based fillers cannot be selected, being toxic for the human
body, even if they present the best set of piezoelectric parameters. Biocompatible fillers that
have been widely used are Zinc Oxide (Zn0O), Barium Titanate (BaTiO3), Sodium Niobate and
Potassium Sodium Niobate (NaNbO3;, KNN) [83]. As matter of fact the moderate piezoelectric
activity of Zn0O, makes it unsuitable for the purposes mentioned in this work [151]. Lead-free
ferroelectric BaTiO3 and antiferroelectric NaNbOs; fully match the application's requirements;
their biocompatibility and remarkable piezoelectric activity are the distinguishing factors
[118,152]. When properly embedded in a matrix, they can impart piezoelectricity to the
composite. For instance, by carefully selecting the matrix, flexible piezoelectric biosensors
can be easily integrated in FFR catheters that require substantial flexibility to enter tortuous
venous conduits, or in smart vascular prosthetics, without compromising their mechanical
features and operability.

1.8 The matrix

When designing a piezoelectric composite, the matrix must be carefully selected based on the
application and the operating environment. The polymer phase's primary functions are to
impose their mechanical properties while decreasing density and permittivity [83]. In terms
of mechanical properties, elastomers are typically chosen as matrices for compliant and
flexible composites because of their low Young's modulus and high Poisson ratio: these two
qualities give less constraint to piezoelectric vibration, allowing for a great electromechanical
coupling [8][29]. Epoxies, which are stiffer, are the best option if the material is intended to
be used as a resonator, whereas thermoplastics, which are ductile, are appealing in terms of
manufacturing because they can be easily shaped in various geometries, remolded, recycled,
and combined with 3D printing processes [153,154]. When it comes to vascular devices, for
instance smart catheters and prostheses, the flexibility of the matrix is critical, and an
elastomer seems to be the ideal choice. Additionally, low dielectric permittivity is an essential
parameter since it decreases the total composite's permittivity, resulting in a larger
piezoelectric voltage coefficient, gs;3, meaning better voltage sensitivity. There are several
other parameters that must be taken into account, including temperature stability,
biocompatibility, and electrical conductivity. For instance, the conductivity of a matrix is
relevant for the poling process: a totally conductive matrix would induce a short circuit during
the poling of the material; a modest conductivity, on the other hand, might intensify the poling
effect [150,155]. Additionally, the polymer shouldn't have a low electric breakdown since it
would make it difficult to apply an electric field to the sample. Temperature resistance is
related to the environment of application, which is not a concern for implantable biosensors
as the operating temperature is 37°C, i.e., the human body temperature. One of the major
constraints imposed by the application is biocompatibility. The material employed should be
chemically inert and non-toxic in order to be harmless. The application's requirements
motivated the use of an elastomeric passive silicone as the matrix (Poly-dimethyl siloxane)
(Sylgard® 184 Dow Corning®) [156].

1.9 Connectivity
The filler/polymer design is critical in establishing the overall properties of the composite.
The arrangement of the phases, named connectivity, can be tuned to gain the maximum
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advantage from both the components and to improve the properties of the material [157].
There is a formal classification that defines all the current connectivities in a diphasic
composite. According to Newnham's theory, for a composite with two phases, connectivity is
defined by two numbers, of which the first represents the connectivity of the
electromechanically active phase, whereas the second number characterizes the passive
phase. Each number can range from 0 to 3, indicating the number of dimensions that are
connected for the electroactive and for the passive phase [87,158]. For diphasic composites
there are ten possible connectivity combinations: 0-0, 1-0, 2-0, 3-0, 1-1, 2-1, 3-1, 2-2, 3-2 and
3-3 (Figure 25) [158-160].

Figure 25 All the possible connectivity described by Newnham et al. for a diphasic composite [161].

Connectivity in piezoelectric composites influences electromechanical interaction between
the phases and affects the distribution of the internal electric and mechanical fields.
Additionally, it deeply affects the distribution of the electric field during the poling procedure.
The most renowned structures for piezoelectric applications are “0-3”, where the particles
are completely separated and surrounded by the polymer material, and “1-3”, where the
active phase is in form of bars or columns aligned across a preferential direction. Since the
connectivity dictates the composite properties, 0-3 and 1-3 structures exhibit different
piezoelectric and mechanical behavior. The “1-3” connectivity outperforms the “0-3” one
along the column axis. Another significant connectivity is the so-called “quasi 1-3”. In this
design spherical or ellipsoidal fillers are aligned building columnar chain-like structures, but
not in contact within the column, being separated by minor polymeric gaps. When compared
to a 0-3 composite, quasi 1-3 connectivity shows higher dielectric and piezoelectric properties
in the alignment direction; nonetheless, the composite is less performant than a fully 1-3
composite because the filler is not completely in contact within the columns. However, from
a mechanical perspective, quasi 1-3 is more convenient; fully 1-3 may drastically enhance the
stiffness of the material, whereas quasi 1-3 connectivity has a weaker effect over the
mechanical properties of the composite. As a result, quasi 1-3 is a good compromise between
improved piezoelectric properties and composite flexibility. The reason behind the
improvement of dielectric and piezoelectric properties from 0-3 and to quasi 1-3 composites,
is related to the displacement of the filler in pillars across the thickness: the particles are
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tightly bunched along the thickness, and this induces an increase in the concentration of the
filler along that direction (i.e., higher density of dipoles), with consequent depletion of fillers
in the others. The result is an anisotropic material with higher dielectric and piezoelectric
properties along the alignment direction [160,162]. A schematic drawing of 0-3 and quasi 1-
3 connectivity is reported in Figure 26.
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Figure 26 Schematic drawing of 0-3 and quasi 1-3 connectivity in 2D.

The enhancement in piezoelectric properties is also a consequence of the distribution of the
electric field during the poling process, which is more efficient in quasi 1-3 composites rather
than in 0-3 ones. Generally, for composites under poling field, the electric field distribution is
non-homogenous in the two phases, due to the large difference in dielectric properties
between the matrix and fillers, and it concentrates more effectively on the material with a
lower dielectric constant, which is commonly the polymer. Clearly, the electric field
distribution is not favorable in 0-3 connectivity, resulting in small electric field reaching the
ceramic particles, due to the high matrix’s shielding effect. After the removal of the electric
field, the remnant polarization on the ceramic phase is lower that the one experienced by a
bulk ferroelectric material poled in the same conditions, which leads to lower piezoelectric
properties. To overcome the problem, high poling field are required or alternatively high filler
contents, which would result in increased filler connectivity [163]. However, firstly the
electric field required could overcome the breakdown of the polymer, secondly a large
concentration of filler would considerably worsen the mechanical properties [83]. On the
other side, in quasi 1-3 connectivity, the filler is less masked by the matrix along the columnar
direction, as less matrix surrounds it, resulting in a greater electric field inside the filler during
the poling process than in 0-3 structures, thus, in better polarization and stronger
piezoelectric activity. In other words, assuming that poling is parallel to the alignment
direction, by applying the same poling field to the 0-3 and quasi 1-3 composites, the filler in
the first configuration will receive a weaker electric field than the filler in the second
configuration. Accordingly, to achieve similar piezoelectric performances, a lower electric
field is required to polarize composite quasi 1-3 than composite 0-3, regardless of volume
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content. To summarize, quasi 1-3 connectivity produces anisotropic composites with
improved electrical impedance matching between particles and polymer matrix, resulting in
exceptional piezoelectric and dielectric performance in the alignment direction, without
compromising the composite's mechanical properties. Electrically conductive, thermally
conductive, and magnetic composites may benefit from quasi 1-3 connectivity as well as
piezoelectric characteristics do.

There are several physical models to describe the dielectric and piezoelectric activity of 0-3,
1-3 and quasi 1-3 connectivity. As for 0-3 connectivity, the simplest model for dielectric
constants is the Maxwell-Garnett one, which considers the 0-3 composites as built with
spheroidal particles in homogenous matrix (Eq.7). Bowen et al. experimentally proved the
efficacy of this model [164]:

3p(er—em)/(2em+e5)
(er-em) (7)

2€m+£f

E-3m-¢c =1+

1-¢(

Where ¢ is the particles volume fraction, &, is the dielectric constant of the polymer matrix
in the poling direction, & is the dielectric constant of the ceramic inclusions in the poling
direction. Yamada et al. developed a more accurate model which describes ellipsoidal
particles homogeneously dispersed in an isotropic matrix; the composite is considered to be
mechanical and electrical loss free [165]; Van den Ende et al., James et al. and Babu et al.
studies confirmed the validity of the model [105,143,166]. Dielectric constant is modeled as
follow:

no(ef—em) } (8)

Eo— =&l
0-3 Yamada m { nep+ (gf—sm)(l—(p)

where n is the inverse of the depolarization factor, which is the electric field developed by a
dielectric particle when subjected to and external field and changes in function of the ratio of
the ellipsoidal axes of the particles; n should be 3 for perfect spherical particles. Like the
dielectric coefficient, the piezoelectric charge coefficient may be physically predicted using
models. Following the Yamada's model for ds; of the 0-3 composite with homogeneously
dispersed ellipsoidal inclusions:

d33 Yamada = §06E2 d:.,}:g (9)

d£3 is the piezoelectric charge coefficient for the ceramic inclusions, § is the poling ratio of
the ceramic inclusion and E the local electric field coefficient in the poling direction acting on
the particles:

E, = N*€0-3 yamada 10
2 N*€9-3 yamada*(§f—€0-3 Yamada) ( )
E is function of the dielectric constant of the particles and the matrix. It is lower with respect
to the applied electric field, and it is strongly dependent on the difference between the
dielectric constants of the particles and the matrix. The piezoelectric voltage coefficient, g;3,
is computed as[105]:
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d33 yamada (1 1)

933 vyamada™
€0-3 Yamada*€o

Where & is the vacuum permittivity, 8.85 *10-12C V-im-1. There are several physical models
that can be used to describe its dielectric and piezoelectric behavior of 1-3 connectivity
composites. This connectivity is referred to structures as rode or bars inserted in a polymeric
matrix. In these structures the piezoelectric phase is completely in contact within the
direction of the column. The permittivity and the piezoelectric charge coefficient for those
composites are usually described by the parallel mixing rule according to Eq.12 and Eq.13
[164,167]:

g3=&@+(1—@ey (12)

_ -p)apsh+ealsh
d3s, ., = 7 (13)
13 (1-@)sT+¢s3,

Where sm3; and sf33 are the elastic compliances of polymer matrix and ceramic fillers for
stresses normal to the electrodes. The dielectric and piezoelectric values reached by fully 1-3
composites are higher than those reachable by quasi 1-3 composites where particles are not
in contact but among them there is a small portion of polymer matrix. The presence of the
polymer particle interfaces disrupts the continuity of the filler phase causing a reduction of
the permittivity of the composite. Bowen et al. developed a model to predict the dielectric
behavior of quasi 1-3 structured composite. The particles within the columns are separated
from each other by a small gap of the polymer. According to the model, the particles are
squares and connected in series to the polymer within chains. Each chain is then connected
in parallel within the outside neighboring polymeric area, which is depleted of filler (Figure
27) [105].

Electrical model

Chain-polymer series

Filler
- ) - Matrix
Matrix I
Matrix
Filler

==z=u: Chain-polymer series cannection within the chain

= === = Chain-polymer parallel connection

Figure 27 Figure displaying the electrical model proposed by Bowen et al. to describe the behavior of
quasi 1-3 composites [164].
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The dielectric properties of the overall composite can be computed using Eq.14

reme
quasi1i-3 = @ ( f) + (1—@)eny (14)

EmtEFT

where r denotes the ratio between the average size of the particles (¢; in Figure 27) and the
interparticle distance (¢t;in Figure 27); interestingly, this ratio affects the fraction of electric
field acting on the particle during the poling procedure. Following the model for permittivity,
Van den Ende et al. modeled the piezoelectric properties of quasi 1-3 composites considering
electrical and mechanical behavior of the components. The particle-matrix within chains are
equivalent to two capacitors in series (electrical domain) and two springs in series
(mechanical domain) [105]. The piezoelectric charge coefficient of the structured composite
is estimated as:

(1+r)2*sf*(p*Y3f3 *d§3

d33 quasi1-3 = (sf+rsm)*[(1+r(p)*Y3f3 +(1-¢@)*r¥p] (15)
where d§3 is the piezoelectric charge coefficient of the filler in 33 mode; Y, and Y3f3 are the
elastic moduli of the matrix and of the ceramic filler, respectively, in the chain direction.
Clearly, quasi 1-3 composites, due to the larger connectivity of the ceramic phase, feature
improved piezoelectric properties in the direction of the alignment when compared to 0-3
ones [168]. In terms of manufacturing techniques, 0-3 composites are simple to develop, and
both flexible and complex shapes can be easily obtained, as the procedure consists in mixing
the uncured polymer with the filler until a homogeneous dispersion is obtained, casting, and
then curing the blend. Fully 1-3 connectivity on the other hand requires specific and
sophisticated procedures such as rod placement technique, dice-fill technique, ultrasonic
cutting, injection molding, lost mold, laser machining, co-extrusion, tape lamination and fiber
insertion methods to name a few [83]. Finally, quasi 1-3 composites are produced via electric
field assisted structuration. Such a technique, based on dielectrophoresis, consists of applying
an external electric field before and during the polymerization, which will induce the
structuration. However other techniques have been used to develop quasi 1-3 connectivity,
such as magnetic field structuring, as reported by Varga et al. and Farshad et al. [169,170].
The following paragraphs will be focused on explaining the process of dielectrophoresis and
how is implemented to design quasi 1-3 composites.

1.10 Dielectrophoresis (DEP) structuring

Dielectrophoresis is the most effective method for producing quasi 1-3 structured
piezoelectric composites. This technique is based on the dielectrophoretic effect: dielectric
particles that are originally homogeneously dispersed in an uncured polymer are
manipulated and redistributed using an AC electric field; upon electric field application they
rearrange themselves into columnar structures. Because of the difference in dielectric
permittivity between the medium and the particles, when an electric field is applied over the
blend, it distributes non-homogeneously between the two phases. The electric field polarizes
the particles, which then locally alter the electric field and interact with each other through
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attractive and repulsive interactions based on their mutual location (dipole-dipole
interaction), building a chain-like structure between the electrodes (Figure 28). Once the
structure is assembled, the blend is cured under electric field, to secure the arrangement
[105,160,162,171]. The main forces acting on the particles are the dipole-dipole interaction,
the dielectrophoretic in inhomogeneous electric fields, the viscous drag force in the fluid,
which resists particle motion, the gravitational force, which causes sedimentation of the
polarized material and the Brownian force, which is related to the Brownian motion of
particles suspended in a fluid. Frequency and amplitude of the electric field determine the
quality of the structuration and must be investigated based on the filler/matrix combination.
Additionally, the dimension and form factor of the fillers as well as dielectric permittivity of
fillers and matrix will affect the dielectrophoretic process [172-174]. In the following
paragraphs the analytical formulation of the procedure in a general condition will be
illustrated.

No Electric field

Electrodes

— Fillers

— Matrix

A

Figure 28 Schematic representation of the dielectrophoretic structuring. At zero applied field the particles
are homogeneously dispersed. Under external AC electric field, dipole-dipole interactions occur, causing
the orientation in columns[172].

1.11 Polarization of particles under non-homogeneous
electric fields

To understand the dielectrophoretic structuring process, it is first necessary to explain what
happens when an AC electric field is applied across an inhomogeneous system, that is, a
system containing components with varying conducting and dielectric properties. Two cases
must be distinguished: case 1) when the particles are less conductive than the nearby
matrix, i.e., their dielectric permittivity is higher, the electric field's lines will concentrate in
the matrix; case 2) when the particles are more conductive than the surrounding polymer, the
flux line will be deflected into them and avoid the matrix near to the particles. In this analysis
we will consider dielectric particles and matrix in AC sinusoidal steady-state conditions. The
matrix of piezoelectric composites usually exhibits lower dielectric permittivity (case 1). As a
result, the field that surrounds the particles will cause charge separation on their surface. The
charges are distributed as equal numbers of positive and negative on the opposite sides of the
particle to form a dipole moment. The dipole moment is defined as [175]:
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p* = 4ne', R3(CM)E, (16)

where R denotes the radius of the particle. The dipole (p*) is a function of the real dielectric
permittivity of the matrix, €', , and the sinusoidal applied electric field (Eg). CM is the Clausius
Mossotti factor and is defined according to Eq.17:

£ —&m

CM =

(17)

£ +2¢&

& and &, denote the complex dielectric permittivity of fillers and matrix computed as[176]:

* " , O
g=¢r—¢ f—l;f (18)
e =m—&"m— i%” (19)

With i imaginary vector (i= v—1), w is the angular frequency of the applied electric field, s’f
and &'y, are real part of the dielectric permittivity of filler and matrix, ¢, and &", are the

imaginary part of dielectric permittivity of filler and matrix, while or and o, are the
conductivity of the particles and the matrix, respectively. These equations are the most
general complex dielectric permittivity expressions. Considering the definition of dipole

moment as:
p=Qd (20)
the charge Q on one side of a sphere of diameter d can be easily computed as:
Q=p/d (21)

Ferroelectric particles in polymer uncured matrix under inhomogeneous electric field follow
the model presented, and as results they are polarized under external electric field [173].

1.12 Dielectrophoresis model

Polarized particles in a medium under AC electric field are subjected to a rotational force and
to a translational force. The rotational action, expressed by the dielectrophoretic torque, Toep,
aligns the dipoles parallel to the electric field lines, and is present both in homogeneous and
inhomogeneous electric fields. The translational dielectrophoretic force, Fpgp, is zero for
homogeneous electric fields, and there is a net Fpgp only in inhomogeneous fields
[160,172,173,177,178]. Considering the particle’s dipole moment oriented at an angle 8 with
respect to the electric field, the particle experiences a time averaged torque expressed as
follow[175]:

<Tpep(t) >= —4me' , R3Im(CM)|E|? (22)

Where ¢,, is the real part of the dielectric permittivity of the matrix, R is the radius, Im(CM) is
the imaginary part of the Clausius Mossotti factor (expressed in Eq.17) and [Eo/ is the
magnitude of applied electric field. The translational force averaged on time, Fpgp is computed
as follow[172,173,175]:
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<Fpep(t) >= 2me' (yR3Re(CM)VEq gys? (23)

where Re(CM) is the real part of the Clausius Mossotti factor and E, zps is the root mean
square magnitude of applied electric field. These formulae were reported by Sauer and
Schlogl, taking into account the losses of the components. The dielectrophoretic force is
function of the frequency of the applied electric field, which is contained in the CM factor. If
the particles are more polarizable than the surrounding matrix, CM is positive, ie., the
particles permittivity is greater than the one of the surrounding matrix, positive
dielectrophoresis occurs, in which dielectrophoretic force is directed up a field gradient
toward the electrodes. In the opposite case, CM is negative, the dielectrophoresis is negative,
and the particles are directed down the field gradient, away from the electrodes [172,173];

In our case however the driving force related to the motion of the fillers is due to a dipole-
dipole interaction of the polarized fillers. Indeed, when structuring a composite, the system
subjected to an electric field has a high concentration of polarized particles. In a system with
multiple particles embedded in a liquid matrix (&> ) and exposed to an electric field,
polarized particles locally alter the electric field, inducing dipole-dipole interactions [177]. All
the dipoles produced by the electric field distort the electric field that surrounds them and
consequently exert a force to the adjacent particles. It is possible to describe this dipole-dipole
interaction by using the following interaction potential model [160,177-180]:

U(s,0)= —%(3 cos3@® —1), s =2R (24)
®)?
n=7- (25)

U(s,0) is the internal potential related to particles interactions, s is the distance between two
particles, 0 is the orientation angle of the particles defined as the angle between the line
connecting the centers of two particles in suspension and the applied electric field lines
(defined in Figure 30) and p is the induced dipole moment. The potential is function of the
applied electric field and of the Clausius Mossotti factor, thus of the difference between the
dielectric properties of the particles and of the surrounding medium, and it is related to the
interaction between particles caused by their polarization once an electric field is applied.
Dielectrophoresis is always defined by the complex Clausius-Mossotti factor CM, which
includes the conductivity o, and the angular frequency w, in circumstances when the particles
or the surrounding medium is not a perfect dielectric, and being under AC electric field [171].
Increasing the applied electric field or using a filler material with high permittivity increases
the attractive potential [173,177]. Figure 29-a shows the interaction potential vs. particles
distance at different electric fields. Increasing electric field induces an increase in the critical
distance below which the attraction occurs. Particles at larger separation feel the attraction.
The reason why particles form chains along the electric field direction is related to the
orientation angle. When @ goes from 0 to 55° the interaction is attractive and at 55° the
interaction becomes repulsive. As displayed in Figure 29-b from @ greater that 55° an
infinite barrier to agglomeration occurs [177].
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Figure 29 a) Effect of the electric field on the interaction potential vs. s, the center particles distance; b)
effect of @ on the interaction potential [173,177].

Figure 30 is a schematic drawing of the interaction between two particles under
inhomogeneous electric field, depending on their reciprocal position.
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Figure 30 Interaction between two particles in function of © [177].

Nevertheless, it is necessary to consider the sedimentation forces acting on the particles,
caused by the gravitational force as well as the viscosity of the matrix and the randomizing
Brownian force. According to Pethig et al. the Brownian force neglectable [173]. The viscosity
force, on the other side, can affect the structuration; it is called drag force and is computed as
following:

Farag = 6TNRv (26)
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Where 1 is the viscosity of the medium, R is the radius of the particle, ¢ is the speed of the
particle. An increase of viscosity causes a decrease of the speed of the particles and a delay in
the alignment [105].

1.13 Parameters affecting the dielectrophoresis
structuring

Different parameters affect dielectrophoresis structuring, among them it is possible to
distinguish parameters related to the properties of the matrix and the particles and
parameters related to the applied electric field [181]. For what concerns the medium and the
fillers, as explained, their dielectric permittivity plays a determinant role; in order to have
positive dielectrophoresis the matrix must have lower permittivity with respect to the filler;
Moreover, to have a strong interaction between the fillers, the difference between
permittivity of matrix and filler should be enhanced, as the CM strongly depends on the
difference between them. A critical factor is the matrix's viscosity. The larger is the viscosity,
stronger will be the opposition to the motion of the particles [105,160]. The matrix should
also be insulating or slightly conductive and have a high break down strength to avoid
electrical discharger during the application of the electric field, which would damage the
polymer and the system [160]. These characteristics would cause polarization of the filler
phase, allowing the dielectrophoretic chaining process to proceed [182]. As for the fillers,
their size greatly affect structuration: bigger is their size, major are the interaction particles -
electric field and particle-particle interactions [173,181]. This is in accordance with the Eq.24
where U(s,0) strongly depend on R3. Also, the filler density should be taken in consideration,
considering the sedimentation phenomenon that tends to occur during the process. The
volume fraction and the form factor as well affect the structuration. At lower volume contents,
particles would have more mobility in the medium, which means they can easily form
columns; nevertheless, they would be wider apart, resulting in less interactions between
them; With increasing volume content, there would be an appropriate percentage of filler that
would enable good freedom of movement as well as interactions between the particles,
however, if the filler volume content is too high, the structuring would be hampered owing to
alack of space. A larger form factor enhances the efficacy of structuration: fibers or ellipsoidal
fillers are more favorable since they provide stronger connection along the structuring
direction with reduced volume content.

The process parameters related to the electric field are its amplitude and frequency.
Considering the interaction between the particles, a stronger electric field in terms of
amplitude implies stronger interaction between the particles, as appears also from Eq.24.
This has been confirmed by several studies [160,164,181]; The frequency has a great impact
on the micro-structuring as well. An alternating electric field is applied instead of a direct
electric field in order to avoid migration of the particles versus the electrodes: according to
Randall et al. direct electric field applied to the suspension will induce both electrophoresis
and dielectrophoresis [160,182]. Electrophoresis results in a migration of the filler to one of
the electrodes. In order to nullify this effect, alternating fields can be used. Additionally, the
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migration of ions towards the electrode would create a barrier reducing the electric field
within the blend. Bowen et al. studied the dependence on the frequency using a modified
Brookfield viscometer [164]. The attraction forces between the particles in function of the
electric have been measured indirectly with this method: the stronger are the forces, the
harder is to rotate the viscosimeter on the medium-particles system for different polymers.
According to Bowen et al, the optimal frequency for thermosettings, such as
Polydimethylsiloxane, is in the range 1-10 Hz [164,174]. However, this value greatly depends
on the dielectric properties of the matrix, as it is related to its losses. At low frequency the
polymer matrix presents to high losses and mainly an ohmic behavior. Only approaching the
unit of Hz, it is possible to reduce the losses and switch to a more capacitive behavior. For
epoxies, on the other side, the optimal frequency values are much higher than for elastomers
(~650Hz), due to their larger conductivity. At too high frequencies, on the other hand, the
dipoles in the matrix may not be able to follow the electric field, thus affecting the DEP force
[174,182].

2. Material and methods

In this section all the experimental procedures related to BT/PDMS and NN/PDMS
composites ‘production and characterization will be presented.

2.1 Materials

The polymer used is Sylgard® 184 silicone elastomer (PDMS) supplied by Dow Corning® made
of two components: part A (monomers and oligomers) and part B (catalyst of the
polymerization) at a ratio of 10:1. Its density is 1.03 g/cm3. The barium titanate nano-powder
(BaTiO3) used in this research is purchased from US Research Nanomaterials, Inc. The density
of the powder is p = 6.020 g/cm3 with an average size of 569 nm computed with Image]®
software on 40 particles (Figure 31 a-b). As visible in the SEM picture in Figure 31-a, the
particles exhibit an average aspect ratio close to 1.

Count
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10.0pum Diameter (pm)

a) b)

Figure 31 a) Scanning electron microscopy of the Barium Titanate filler used in this research; b)
histogram of the distribution of the BaTiOs diameter, with an average size of 569 nm.
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Sodium Niobate (NaNbO3) micro-fibers and micro-particles were produced via hydrothermal
synthesis using Sodium Hydroxide (NaOH) pellets, powder of Niobium(V) oxide (Nb20s) and
demineralized water. All the products were purchased from Sigma Aldrich®.

2.1.1 Polydimethylsiloxane (PDMS)

The application's requirements motivated the use of an elastomeric passive silicone as matrix
(Poly-dimethyl siloxane) (Sylgard® 184 Dow Corning®). It is an excellent choice for human
body insertable technology given to its high flexibility, chemical inertness, biocompatibility,
and being already widely used in the biomedical field [156,183]. Every material introduced
into the human body induces an inflammatory reaction as the immune system responds to an
external synthetic surface; PDMS is considered one of the most biocompatible materials,
causing just a brief inflammatory process in the organism, expanding its utility for biomedical
long-term devices [184-187]. It also features structural biocompatibility, which means good
and compatible mechanical interaction between the device and the surrounding tissue, due
to its stretchability and low Young's modulus [156]. Additional advantages are its ease of
manufacture and low cost [156]. In terms of chemical composition, PDMS is a silicone-based
elastomer with a repeating unit (-0-Si(CH3)2-) (Figure 32) [188]. Johnston et al. studied the
mechanical properties of Sylgard® 184 [183]. According to his work, this elastomer presents
a low Young’s modulus between 2.5 and 3 MPa, which may vary depending on the curing
temperature, and a compression modulus of ~135 MPa [183]. The tensile Young’s modulus
linearly increases with the curing temperature, while the compressive modulus linearly
decreases with it [183]. The poisson’s ratio of the Sylgard® 184 is not available in literature
but several studies suggest to consider its value from 0.45 to 5 [183]. The permittivity of the
material at 100 kHz is 2.68, while the thermal conductivity is 0.27 W/m °K, the volume
resistivity 2.9 *1014Q cm [189].

HsC HaC  CHs CH;,
Hsc\éi Si s'i:/CH3
/ ~ 7. \

o) o)

H3C CHg
- 4n

Figure 32 Silicone repeating unit.

2.1.2 Barium titanate
Barium titanate is a perovskite piezoelectric ceramic with a typical ABOz cell structure,
studied extensively since the middle of the 20t century as promising material due to its
excellent dielectric, ferroelectric and piezoelectric properties [90]. It is characterized by the
following phase transitions: paraelectric cubic above the Curie temperature (120°C),
ferroelectric tetragonal between 5°C and 120°C, orthorhombic between -90°C and 5°C and
finally rhombohedral below -90°C (Figure 33) [90,91]. The more relevant phase
transformation occurs below 120°C and leads to a ferroelectric phase: the replacement of the
centrosymmetric cubic structure by a polar non-centrosymmetric one occurs when the cubic
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cell elongates along an edge and becomes tetragonal. In this symmetry the titanium ions are
displaced from the center, giving a net dipole moment. The elongated axis is called c axis,
while the other two are equally named a axes. Lowering the temperature there are other two
ferroelectric transitions [190]. The intrinsic polarization changes orientation at each
transition, following the direction of elongation of the unit cell: from tetragonal to
orthorhombic the cubic unit cell elongates along a face diagonal, while from orthorhombic to
rhombohedral the cell gets elongated along a body diagonal (Figure 33) [191]. Piezoelectric,
elastic and dielectric coefficients of poled BaTiOz are strongly temperature dependent. The
most interesting values for this work are at ambient temperature, where the characteristic
dielectric permittivity is 2000 and the piezoelectric charge coefficient in 33 direction is 180
pCN-1; the gszis around 10 mV m N-1[92]. An issue is the presence of multiple domains: when
barium titanate cools down through the Curie point the cubic material becomes tetragonal
elongating along one of the six possible axes, which in turn will become the polar tetragonal
axis in the crystal. Consequently, different domains develop in the material during the cooling
down, each one with a different polarization direction, depending along which axis the
structure elongated. The direction in each domain depends on the stresses created at the
Curie point, physical defects, and uncompensated surface charges. Consequently, the total
dipole of a bulk BaTiOs is zero because all the domains annihilate each other [192]. By poling,
all the dipoles in the domains will be aligned parallel to the electric field lines, conferring
piezoelectric activity. Before the poling process, the ceramic is essentially isotropic and not
piezoelectric. After the poling process, it becomes strongly piezoelectric, with an apparent
anisotropy related to the axis of polarization [90-92,193]. Barium titanate, as explained in
section, is lead-free, thus it is suitable for sensors for medical applications.
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Figure 33 Crystalline unit cells at different temperature for BaTiO3 and variation of the cube root of the
volume of the cell with temperature for various phases of BaTiO3 [191].
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2.1.3 Sodium niobate

Sodium niobate, NaNbOs3, is an antiferroelectric ceramic at ambient temperature with an
orthorhombic Pbcm crystalline structure, that can be tuned into metastable ferroelectric
phase when suitably polarized. Figure 34-a represents the cell crystalline structure
visualized using the software VESTA®. It has gained a considerable attention as electroactive
material because of its piezoelectric and dielectric characteristics together with non-toxicity,
which make it more interesting with respect to the lead based FE and AFE [129,194]. It
experiences a great number of crystallographic transformations related to temperature
variation. Figure 34-b depicts all the crystalline phase transitions it undergoes from -100°C
to 640°C. The transition that occurs at 360°C and leads to a transition from paraelectric to
orthorhombic antiferroelectric with space group Pbcm is of particular interest [129]. This
structure being antiferroelectric does not present net dipole [128]. However, by properly
poling is possible to induce a further transition from AFE Pbcm space group P phase, to
P2; ma space group Q FE phase. This transition is irreversible and associated to a single
hysteresis loop, and no double hysteresis loops have ever been reported for NaNbOs3 poling
at any temperature [128,129]. The electric field causes FE domains to develop, which quickly
align in parallel with the electric field lines. As a result, a non-centrosymmetric structure with
piezoelectricity emerges. The poling field found suitable to induce AFE to FE phase transition
is reported around 12 V pm-t [128]. According to the literature, the relative permittivity
before poling (in AFE) is 200, while after poling it decreases to 132. Furthermore, the material
develops a piezoelectric activity with a dz3 of 30 to 35 pCN-1[128,131,139,195]. The g33 of the
poled material is ~30 mV m N-1,
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Figure 34 a) Orthorhombic Pbcm NaNbO3 visualized with Vesta®. b) Crystallographic phases of NaNbO3
depending on the Temperature (°C).
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2.1.4 Hydrothermal synthesis of NaNbO3

Both MF and MP fillers were hydrothermally synthesized starting from pellet of NaOH,
powder of Nb20Os and demineralized water using an autoclave Parr® with a total volume of
160mL, equipped with temperature and pressure control. This method was selected as it
allows for a rapid and low-impact production of fillers in various morphologies. The approach
is based on the work of Zhu et al, but it has been improved to optimize time and
temperature using an internal temperature control of the reaction [196]. Following are all the
chemical and morphological transformations that occur during the reaction. The synthesis
reaction mainly concerns Nb,Os and OH-. The highly concentrated NaOH solution causes
corner-sharing rupture of the niobium-oxygen polyhedron (decahedra and octahedra) in the
Nb20s reagent, producing intermediates with edge-sharing octahedra and shortening the
distance between Nb and O. The crystallinity of these intermediates is reduced and they are
considered highly metastable with low crystallinity. Following the reaction that describes this
first step:

Nb20s + 80H->NbeO108 + 4H,0 (27)

The compounds are NbO1¢8-, or similar species with edge-sharing NbO¢ octahedra. From the
poor crystalline compounds crystallized fibers of Na;NbO¢ grows as they are
thermodynamically more stable:

NbgO198-+ 6Na+ + 3H20 > 3NazNb,0¢ * 2/3H20 + 2 OH- (28)

If the reaction is prolonged, fibers transform in highly stable NaNbO3 cubes:

3Na;Nb,0s * 2/3H20 - 6NaNbOs + 2H,0 (29)

All the crystalline and phase changes were well described by Zhu et al. [196]. To produce 2 g
of fibers, 31.9 g of NaOH were added to 64.9 g of demineralized water (concentration of 10M).
After 5 minutes of mechanical mixing, 2 g of Nb,Os were added into the solution. The whole
mixture was transferred to the autoclave where a PTFE (100 mL) container was previously
inserted to protect the device. Once the autoclave was closed, the magnetic stirring was
launched during the heating ramp where the temperature increased from 55°C (temperature
of the exothermic reaction occurring between NaOH and water) up to 160°C in 35 minutes.
As soon as the temperature reached 160°C, the stirring was ceased, and the solution was kept
at 160°C for 45 minutes. The autoclave was then immerged in cold water to induce a fast
cooling. The precipitate obtained from the reaction was the intermediate fiber shaped
compound mentioned above which needed to be diluted in a 2L demineralized water to
remove residual sodium hydroxide and to neutralize the pH. The final solution was filtered
through a vacuum system to isolate the fibers from the liquid. All the steps are displayed in
Figure 35 a-i. The fibers were then placed in an alumina crucible and annealed at 600°C for
4 hours to develop NaNbO3 micro-fibers (MF), with orthorhombic crystalline structure and
Pbcm space group with a perovskite-like structure [197,198]:
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Naszzoe'Hzo 9 2NaNbO3 + HzO (30)

The same procedure was applied to fabricate NaNbO3z micro-particles (MP), however, after
the heating ramp, the solution was left at 160°C for 15 hours. Once the solution was cooled,
vacuum washing and filtration were performed. Finally, the fillers were annealed for 4 hours
at 600°C in an alumina crucible to obtain NaNbO3 perovskite MP.

a) Demineralized b) NaoH c) d) Nb,0
water
e) Heating ramp f) Heating plateau
T (oc) T (°C)
160 °C 160 °C

55°C
35 min 45 min
MAGNETIC STIRRING Time (min) Time (min)
Cooling down : .
g e h) Washing i) Filtering

Vacuum pump

Figure 35 a)-i) All the steps for hydrothermal synthesis of fibers of Sodium Niobate.

2.2 Fabrication procedure

2.2.1 BT /PDMS piezocomposites
The BaTiO3 powder was poured into the PDMS base (Part A) and dispersed by ultrasonic
stirring (Hielscher Ultrasound Technology, UP400S) for 10 min in a ventilate table (class II
ADS air laminar sterile dust collector PPS). Then, the cross-linker (Part B) was added into the
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blend, which was then mechanically mixed to form a homogenous mixture. The slurry was
subjected to vacuum at 25°C for 30 min in a Memmert Vacuum oven. The mix was poured in
a die consisting of a Mylar sheet (300 pm thickness) with a 4 x 4 cm? surface cut-out
positioned on a metallic plate (Figure 36). Subsequently, a second evacuation was carried
out for 10 minutes (Figure 37 a-f), following a metallic mass was positioned above the blend
with a weight load (4kg), added to ensure the thickness. To prepare the 0-3 samples, the
composite was cured for 3 h at 100°C (Figure 37-g).

l -

4 kg Load

i iR
| Upper electrode |—

T ———

| Lower electrode }——— g

| Epoxy base ’—’

Figure 36 Setup designed to fabricate the composites.

The 1-3 chain-like structure was built by applying a high voltage across the blend before and
during the curing process. For this, the upper metallic mass and the bottom metallic plate
were connected to a voltage amplifier (Ampli HT TREK Tech 20/20) coupled to a sinusoidal
wave generator (Agilent 33220A), which delivered an AC electric field with adjustable
amplitude and frequency. Electric field amplitude and frequency were 3 V um-1and 1 Hz,
respectively, selected after performing in-situ microscopy of the process. The mold was
placed in an oven (VOTSCH VT 7004) at room temperature (25°C) for 15 min; then the
temperature was increased to 100°C for 3 h (Figure 37-h).

“ g N == e

& .
3 :
» » » Y » » °
a b c d e — f gt
0-3
composites v —
— «
1-3 e
composites u..;
. L
5 . -
. - 7
h T

Figure 37 a)-h) Step by step procedure followed to produce 0-3 and quasi 1-3 composites.
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The metallic plates operated as electrodes conveying the electric field through the sample,
which directed the filler in pillars along its lines. For both 0-3 and quasi 1-3 configurations,
samples were elaborated with different volume contents comprising 2.4%v, 12%v, and 24%v.
For each sample type (volume content and connectivity), 5 samples were manufactured.

2.2.2 NN/PDMS composites fabrication

MF composites (NN_MF/PDMS) were elaborated with different filler volume fractions of 1%v,
3%v and 5%v while MP composites (NN_MP/PDMS) with a filler volume content of 5%v for
comparative purposes. The samples were produced under a hood by the following process:
PDMS base was mixed with the filler, both mechanically and by ultrasound stirring for 10
minutes. Then, the curing agent was added at a ratio of 1:10 to the PDMS base and mixed
vigorously. The blend was vacuumed for 30 minutes to remove any air bubbles that may have
got trapped after mixing. Subsequently, it was poured into the same mold designed for
BT/PDMS composites (Figure 36). A further 10 minutes of evacuation were carried out and
then a 4 kg metal load, acting as the upper electrode, was placed on the top of the blend to
ensure homogenous thickness. To develop composites with quasi 1-3 connectivity, the mold
was placed in an oven, initially at 25°C. The two electrodes were connected to a voltage
amplifier coupled to a wave generator, which transmitted an alternating (AC) sinusoidal
voltage to the system. The NN_MF/PDMS composites were structured by AC electric fields
with a 1Hz frequency and 4 or 6 V um-1 amplitude for 15 minutes at room temperature.
Subsequently, the electric field was reduced to 2 V um-! and the temperature was increased
to 140°C and maintained for 2 hours. As the electric field selected in the preparation of these
composites is higher than the one used to produce BT /PDMS there was the need to reduce it
when heating, to reduce the risk of arcs and breakdown, however this reduction did not affect
the properties of the composites as it was enough to keep the columns built before heating.
The same procedure was followed for 1-3 NN_MP/PDMS which was structured with AC
electric field of 1 Hz and 6 Vum-1. To produce the 0-3 composites, the blend was poured in the
same mold described above and the whole was transferred to an oven where the mixture
would cure at 140°C for 2 hours without any applied electric field.

2.3 Method of Characterization

In these sections, we will discuss the methodologies used to characterize the
piezocomposites.

2.3.1 DEP process analysis
Before the fabrication of the BT/PDMS samples (presented in subsection 2.2.1),
dielectrophoresis process was investigated, with the aim of identifying the best parameters
to optimize the performance of the structured composites. This study was performed only for
BaTiOz-based composites. It is focused on the influence of electric field frequency and
amplitude on the structuring. A slurry with low filler volume content (1.2%v) was studied
using the set up shown in Figure 38 a-b. The composite was placed on a glass plate between
two parallel conductive tape stripes, which acted as electrodes, being connected to an
amplifier coupled to a sinusoidal wave generator (Figure 38-b). A light was positioned below
the glass, above which was placed a USB camera digital microscope. First different amplitudes
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were analyzed (1, 2 and 3 V um-1) at 1 Hz, and then, once selected the best one, different
frequencies were tested (1, 100, 1000 Hz). The camera recorded 10 min of the process for
each combination of frequency and amplitude. At the end of the recording time, a frame was
taken to be able to qualitatively compare the processes. The test were perfomed at room
temperature.

USB digital microscope Sample holder
A Electrode
m,_“ﬁ“"‘_m%,” R y Sample holder
) \[\/
Torch
a) b)

Figure 38 a) Set up developed to perform in-process microscopy; b) detail of the sample holder where the
blend was placed during the observation.

2.3.2 Optical Microscopy
1-3 BT/PDMS composite with 2,4%v was examined in transmission optical microscopy
(Olympus BH). Optical microscopy analysis of 0-3 BT/PDMS composite with 2,4% is not
reported since the phase distribution was not observable in transmission mode.

2.3.3 Scanning Electron microscopy (SEM) characterization
The shape of the fillers (BaTiOz and NaNbO; fibers and particles) as well as the internal
structure of composites (BT/PDMS, NN_MF/PDMS and NN_MP/PDMS) were examined via
scanning electron microscopy (SEM). SEM imaging is a non-destructive characterization test
that enables visualization of the topography of materials’ surface, as well as chemical
composition. This method is based on the interaction of a focused beam of high-energy
electrons with the surface of a sample, which results in the generation of a signal from the
material. The sample signal can be attributed to the secondary electrons (SE), which enable
to visualize the topography of the surface, or the back scattered electron (BSE), whereas the
chemical composition and distribution of phases can be visualized. First, the fillers used in the
process were visualized via SEM (FlexSEM 1000I1I) in SE mode. The fillers were mixed with
ethanol and a drop of the solution was placed on a carbon black tape previously stuck on the
microscopy sample holder. Then, the cross section of the samples was imaged to assess the
effect of DEP structuration in BSE mode. The cross section of the samples was cut with a
precision cutter and glued on the carbon black tape. For BT /PDMS, the study was carried out
on 0-3 and quasi 1-3 connectivity at content of 2.4%v. At such a low volume content the
difference in disposition of the phases is easy to observe. For NN_MF and NN_MP/PDMS in 0-
3 and 1-3 connectivity all the volume contents prepared were imaged. All the images were
taken with a voltage of 15 and 20 kV in back scattered electron setting. Prior to SEM
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observation all the samples (powder and composites) were sputtered with gold (30s 20mA)
to avoid charge accumulation during the measurement. The pressure during the
measurement was either in low vacuum mode (30 Pa) or high vacuum mode.

2.3.4 Dielectric spectroscopy

Broadband dielectric spectroscopy (BDS) was used to characterize the dielectric properties
of the 0-3 and 1-3 composites (BT/PDMS, NN_MF/PDMS and NN_MP/PDMS) at all the volume
fractions produced, as well as for pure PDMS. The tests were performed at room temperature
with a AC voltage of 0.1V. The goal was to determine the effect of structuration on the
dielectric properties of the material. BDS is usually used to determine the real and imaginary
components of a material's complex relative dielectric permittivity when exposed to an
alternating current electric field across a large frequency range. The primary focus was on the
real component of relative permittivity, which is connected to material polarization in
reaction to an electric field, and the loss tangent, ratio of the imaginary part over the real part,
indicating the losses in the material in terms of ion conductivity and interfacial space charge
relaxation. The test was carried out with a Solartron spectrometer (1296A Dielectric Interface
System) before the poling procedure. The poling influences the dielectric properties of the
material, as the orientation of all the dipoles is the same, generating a sort of anisotropy
related to the direction of poling. The measurement was performed over a range of frequency
from 0.1 to 106 Hz. Then, the real part of the relative permittivity at 1 kHz was reported in
function of volume fraction and connectivity. The results were compared with the theoretical
model presented in subsection 1.9.

2.3.5 Poling procedure and piezoelectric characterization

Gold electrodes were sputtered on all the samples using Crossington sputter coater (model
208 HR). The samples were then poled to orient the internal dipoles of the fillers. To trigger
the piezoelectric behavior, all 0-3 and quasi 1-3 BT /PDMS composites were poled at 80°C for
30 min under a DC electric field of 25 V um-t amplitude. Next, the samples were cooled under
an electric field to ensure the remnant polarization. The procedure was executed in a silicone
oil bath to prevent voltage breakdown and to optimize the isotherm quality (Figure 39)
[162,199]. The initial high temperature was required to permit movement of the domain wall
within the piezoelectric phase [139,162,199,200]. Finally, the samples were short circuited,
before measuring their ds;. For NaNbOs -based composites, the poling was carried out at
110°C for 30 minutes under a DC electric field of 10, 20 and 30 V um-1 in silicone oil bath. This
is the maximum value that could be reached in order to prevent any electrical breakdown
inside the polymer matrix. Once again, the samples were cooled under an electric field to
ensure the remnant polarization. Higher temperature was maintained during the poling as
the Curie temperature of NaNbOs3 is much higher than the one of BaTiOs. If the poling is
conducted at temperatures too close to Tc, the sample may turn to its paraelectric phase. After
poling, all the samples were short circuited to eliminate the surface charges accumulated
during the process.
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Figure 39 Set up used to pole the composites.

After poling and annealing, the piezoelectric charge coefficient was measured using an APC
YE2730 ds3; meter. This technique is based on the Berlincourt method which is a way to assess
the direct piezoelectric coefficient in the 33 directions, i.e,, the piezoelectric charge coefficient,
d33. Such a characterization is based on the measurement of the charge developed per unit of
area, per unit of applied stress. Usually, the measured area corresponds to the solicitated one,
meaning ds3 is computed as the charge developed divided by the applied force. The force
applied by the measurement device is 0.25N at 110Hz. d33 was then plotted as function of the
volume content and connectivity for all the composites developed. To reduce uncertainty, ten
measurements were carried out for each sample. The values for BT/PDMS were then
compared to those estimated from the theoretical model (Eq.9 and Eq.15). All the results were
compared with the FE estimations made via COMSOL® modelling.

2.3.6 Thermal stability of the piezoelectric response
To confirm the piezoelectric stability in temperature of the BT/PDMS samples, a study on the
temperature effect over the ds; was conducted. Only 0-3 and quasi 1-3 composites with a
volume content of 24%v were tested. The samples were polarized according to the procedure
explained in subsection 2.3.5, and annealed for 10 min in a short circuit at various
temperatures of 25, 50, 100, 150, and 200°C. After each annealing step, the samples were
cooled down at Troom, and their ds3 coefficient was measured by an APC YE2730 ds3 meter.

2.3.7 X-ray diffraction
Morphological analysis of the BT/PDMS composites at different temperatures of 25, 100, 130,
and 150°C, via X-Ray diffraction (XRD) performed using Philips X'Pert MRP diffractometer.
The XRD measurements were taken in continuous mode, over a range of 20-90° angles, with
carbon filtered CuKa (1.5406 A) source. To calibrate the temperature of the diffractometer
(T°), the following equation was used [201]:

T° = 1.0582 Trg,;, + 1.3086 (31)
where Treas is the desired temperature that was set in the XRD program.

As for NaNbOs-based composites, after annealing, fibers and particles were characterized
using the same diffractometer at ambient temperature to assess the crystalline structure.
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Once again, the measurements were carried out in continuous mode, over a range of 20-90°
angles.

2.3.8 Dynamic mechanical Analysis (DMA)

Dynamic mechanical analysis in tensile mode was performed at ambient temperature using
Q800 DMA (T.A. instruments). All the structured and non-structured composites at all the
filler contents and pure PDMS were tested to assess the effect of fillers’ type, content, and
connectivity over the stretchability. For quasi 1-3 composites the strain was transversal with
respect to the structuring direction (Figure 40). This measurement allowed to study the
storage and dissipation moduli from which the Young’s modulus could be evaluated. The test
was performed in tensile mode, at ambient temperature over a range of frequencies (1, 25
and 50 Hz). The applied strain was 0.5%. The samples’ dimension was 7x1 mm? with a
thickness of 300pum * 50 pm. For each sample type at least 5 different measurements were
repeated. Then, Young's modulus (Y) at 1 Hz was computed. Pure PDMS was also tested, but
only at 1 and 25 Hz since the equipment could not read the mechanical behavior of the
polymer at 50 Hz.

'
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Figure 40 Schematic drawing representing the direction of stretching during the DMA test with respect to
the alignment direction for 1-3 composites.

2.3.9 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (SETERAM DSC131 evo) was used to investigate the
influence of filler concentration and connectivity on the polymer chain configuration. The test
was carried out on all the samples prepared of BT/PDMS, on 5%v NN_MF/PDMS and
NN_MP/PDMS and on pure PDMS over a temperature range of -150°C to 15°C with a heating
rate of 10°C/min. The samples were placed in a 100 mL aluminum crucible, in turn inserted
in the test chamber under N, atmosphere. An outer chamber was placed around it and filled
with liquid nitrogen to reach low temperature. First a cooling down from 25°C to -150°C at a
rate of -3°C/min was promoted. A low rate was necessary to allow the sample time to reach
-150°C. Then, following a plateau of 20 minutes at -150°C to stabilize the temperature of the
sample, the heating ramp was started from -150°C to 15°C at 10 °C/min. Only the second
(heating) ramp is relevant to the DSC results that are reported. The cycle can be summarized
in Figure 41. The test was carried out on all BT/PDMS samples as well as NN_MF/PDMS at
5%v and NN_MP/PDMS. All the data were normalized over the mass of the polymer,
computed knowing the mass of the sample and the mass fraction.
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Figure 41 Thermal cycle for DSC measurements of PDMS, BaTiO3-based and NaNbO3-based composites.

2.3.10 Broadband dielectric spectroscopy in temperature
Broadband Dielectric spectroscopy in temperature was performed between -140°C and 0°C,
from 100 mHz to 1MHz. The sample under test were pure PDMS, 0-3 BT/PDMS with 24%v
and 1-3 BT/PDMS with 24%v. The test was performed using the Broadband
dielectric/impedance spectrometer Novocontrol® Alpha-A high performance frequency
analyzer equipped with a temperature control (Quatro) and Vacuum system. The data were
collected using the data acquisition software DETACHEM®. Liquid Nitrogen was used to cool
down the samples. A broadband spectroscopy in the frequency range reported above was
measured each 3°C starting from -140°C until 0°C. The samples were sputtered with gold
(circular surface diameter 8mm) prior to start the test. This analysis allowed us to
understand the mobility of the polymer chains in absence of filler and when 24%v of filler is
added in 0-3 and 1-3 connectivity. The results (Tand vs. Temperature at different
frequencies) allowed to assess the relaxation occurring in the polymer related to glass
transition (o and a’) and to confirm the results obtained via DSC. Real permittivity vs.
Temperature analyzed in the frequency range reported allowed to assess the glass transition
temperature range, and its effect of the permittivity.
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Structuring BaTiO; /PDMS Nanocomposite via
Dielectrophoresis for Fractional Flow Reserve

Measurement

Giulia D'Ambrogio, Omar Zahhaf, Marine Bordet, Minh Quyen Le,
Nellie Della Schiava, Richard Liang, Pierre-Jean Cottinet,* and Jean-Fabien Capsal

This work focuses on the development of piezelectric sensors for the fractional
flow reserve (FFR) technique, a procedure based on the measurement of blood
pressure within a vessel to evaluate the sevenity of coronary stenosis. Considering
the medical application, biocompatibility is a mandatory requirement that jus-
tifies the selection of fillers and matric. Two composites made of lead-free banum
titanate nanoparticles (BaTiQ;) incorporated in polydimethylsiloxane |PDMS)

elastomer are developed: the first composite with particles mndomly dispersed
and the second one with particles aligned along one direction, via an innovative
technique known as dielectrophoresis. The experimental characterization indi-
atesthatthe eledractive and dielectric properties are coherent with the models'
prediction, confiming that the alignment of the filler gives rise to considerably
enhanced dielectric and piezcelectric proprieties relative to the random disper-

constriction can lead to complete occlusion
of the artery and thus toa hean attack. The
clinical relevance of coronary stenoses of
mild intensity can be difficult to evaluate./?
Fractional flow reserve (FFR) is a new
technique developed to evahuate the signifi-
cance of artery narrowing. Itis based on the
measurament of the FFR index, which is
defined as the maximum myocardial blood
flow in the presence of stencsiz divided
by the thecretical maximum flow in the
absence of the stencsis (Equation (1))
The blood flow is evaluated by a pressure
drop. Thus, a pressure semsor integrated
imo the catheer can be used to caloulate

sion. Thermal stability together with X-ray diffraction is conducted, demon-
strating superior piezoelectric response of the structured sample under high-
temperature conditions. FFR application is then simulated by applying an arterial

the mtio between the comnary pressure
in the presence of the stenosis and the nor-
mal coronary pressure (Figure 1),/

pulse-shape stimulus on the developed sensor, which is finally integrated into a FFR=E )

catheter and directly inserted in a simulation arm.

1. Introduction

Cardiovascular disease i a major cause of death. Among them,
coronary stenosis (the narrowing of the artery due to atheroscle
mais) is pmadarlyﬁeq;m[’] In the event of worsening, such
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where Py is the distil coronary pressure
and F, the proorimal coronary pressure ]
The existing pressure sensor used in FFR measurements is of
three different types: optical, capacitive, and piezoresistive [ All
of these show some limitations. An optical sensor is advanta-
geous due to its small size and ability to withstand environmental
effects and is extremely sensitive o the bending of the fibers,
Indeed, imposing stiffness to the catheter provokes limitation
mﬂtcasenftmnm.lsvmsds["]l:a itive sensors, character-
ized by easy and cheap processability, high sensibility, and lower
power consumption, requirecomplex readout circuitry. ' Firally,
piezoresistive sensors offer mechanical stability, but at the same
time, theyshow critical drawbacks, like high power requirement,
large temperature dependence offset, nonlinearity, long-term
instability in dynamic field conditions, and impart undesirable
stiffness to catheters®
Piezoelechic thinfilm transducers are great schitions as
implantable and biocompatible pressure sensors and thus more
eazgilyimplemented on a catheter for FFR pressute measurement.
Inthe hiomedical field, various erganic piezoelectric materials are
used. Several studies have focused on polyvinglidene fluoride
(PVDF) and its composites as a sensing element in endovascular
catheters ™ This dass of organic fermelectric palymer is
attractive, thanks to its piezoelectric activity (dy,=-20pC N~
flexibility, stretchability, and biocompatibility. Sharma et al. used
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3. Improving piezoelectric particle-composites via DEP:
BaTiO3/PDMS

3.1 Introduction

This section investigates DEP structuring of composites containing nanometric spherical
fillers. Piezoelectric composites based on barium titanate nano-particles (BaTiO3) embedded
in Polydimethylsiloxane matrix (PDMS) with 0-3 and quasi 1-3 connectivity are designed to
study the empowerment gained by DEP structuring. The goal is to combine the electroactive
activity of the filler with the mechanical behavior of the matrix in such a way that the
piezoelectric properties of the material are maximized, resulting in a flexible material with a
low poling electric field, good transducing performance, and biocompatibility [24,25]. Thanks
to its processability, the material developed could be easily integrated into cardiovascular
devices for blood pressure measurements [13,21,26].

0-3 and quasi 1-3 composites are first simulated via Finite element analysis to investigate the
electric field distribution in the two different connectivities, to determine the voltage
developed as response to an external stress and to predict dielectric and piezoelectric
coefficients. A study of the dielectrophoresis process is carried out using in-process
microscopic imaging to discover the best combination of electric field’s frequency and
amplitude. Following that, the composites are manufactured in two distinct configurations,
0-3 and quasi 1-3, at different volume contents (2.4%v, 12%v and 24%v) labelled 0-3
BT/PDMS and 1-3 BT/PDMS. The composites' dielectric and piezoelectric properties are then
examined to determine the improvement achieved by DEP structuration. Furthermore, a
study of thermal stability of electroactive properties from 25°C to 200°C together with X-Ray
diffraction from 25°C to 150°C are performed to understand the temperature range of use.
The stretchability of the samples is assessed using dynamic mechanical analysis (DMA) to
further understand the impact of DEP on mechanical properties. In conclusion, DSC (-140 -
15°C) and BDS in temperature (-140 - 0°C) are used to analyze how connectivity and filler
content impact the glass transition temperature (Ty).

3.2 Finite Element Analysis (FE) of BT/PDMS
FE analysis (COMSOL®) is used to simulate the electric field distribution in BT/PDMS
composites, with 0-3 and quasi 1-3 connectivity. All the samples in the simulation, designed
with 5%v volume fraction of fillers, are subjected to an electric field polarization of
30 V um-across their thickness (z direction). In the 0-3 nano-particle composite, fillers are
randomly dispersed within the polymer matrix, while being aligned along the z-axis at inter-
particle distance of 10 nm in the quasi 1-3 composite. The particles diameter is 500 nm. The
permittivity of matrix and filler are 2.9 and 2000, respectively, and the piezoelectric charge
coefficient of the filler in the 33 direction is set as 180 pC N-1. As displayed in Figure 42 a-b,
the average electric field in the particles computed along the poling direction, E,, is almost
three-fold higher when the particles are arranged in columns (0.41V pm-1for 1-3 and 0.14 V
um-1for 0-3). Quasi 1-3 connectivity allows for optimized distribution of the electric field, as
the polymer shielding effect is lower along the poling direction. These preliminary findings
are significant since they reveal how the material will behave when subjected to poling.
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Polarization will be more effective in quasi 1-3 composite because a larger fraction of the
electric field will reach the filler. The shielding effect is caused by permittivity inhomogeneity
between the matrix and the particles. The electric field is more intense in the lower
permittivity phase, whereas the higher permittivity phase (i.e,, fillers) experiences only a part
of it. However, along a column, the polymer thickness around the filler is reduced, minimizing
the shielding, and allowing for improved electric field distribution. It is also worth noting that
the electric field on each particle in the quasi 1-3 configuration varies from 0.4 V um-! (in the
center of the fillers) to 1.8 V um-! (in the extremity of the fillers), as highlighted in Figure 42-
b. The electric field in 0-3 connectivity, on the other hand, depends on the random location of
the fillers; for instance, the filler at the bottom of the configuration undergoes to a less
homogenous E,, reaching on the bottom 0.23 V um-! Then, FE simulation of poling applied
transversely to the column, hence along the y-axis (E;=30 V um-1) is reported (Figure 42 c-
d). In this scenario, the quasi 1-3 connectivity exhibits a stronger shielding effect of the matrix,
resulting in a lower average electric field in the filler, i.e.,, E, of 0.09 V pm-1, with a range that
goes from 0.06 to 0.11 V pum-!; whereas the 0-3 structure exhibits a range of 0.09 to
0.15V um-1, with an average value of 0.13 V pm-1. This is a first proof of structured composite's
anisotropy, characterized by one direction (the alignment one) that outperforms the others.
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Figure 42 a) and b) FE simulation of fillers’ electric field distribution in 0-3 and quasi 1-3 connectivity
respectively under external electric field of E,=30 V um'. c) and d) FE simulation of electric field
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distribution in 0-3 and quasi 1-3 connectivity composites, respectively, under an external electric field Ey=
30V um-,

After, the piezoelectric effect is examined: the upper surface of the composites is subjected to
a compressive stress of 10 kPa in the z direction. The piezoelectric reacts to the applied stress
by producing a surface charge, which is related to a potential difference across the sample.
Given that the top surface is grounded, it is possible to evaluate the voltage developed by the
composite in the two different configurations. The voltage created by the quasi 1-3 composite
(0.73 mV) is 10 times greater than the 0-3 one (0.07 mV), as displayed in the Figure 43 a-b,
implying a superior electromechanical coupling of structured composites. The g3 coefficient
(Vm N-1) is then computed from the value of the voltage, as the electric field across the sample
per unit of stress applied (Eq. 32).

933 = 2 (32)

g
E,is the electric field across the sample, computed as the Voltage, V, divided by the thickness,
t, which is 2.55 pm

E =

= (33)

The piezoelectric voltage coefficient for the non-structured composite is
2.90 mV m N-1, while the structured one presents a gs3 of 28.74 mV m N-1.
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Figure 43 FE simulation of a) 0-3 connectivity composites and b) quasi 1-3 connectivity composites under
compressive stress of 10 kPa applied in the z direction. The color map indicates the voltage developed
across the sample.

Subsequently, the permittivity of the two composites is evaluated by applying an external
electric field through the thickness of the composite and measuring the total dielectric
displacement (D), measured in C m2. The electric field applied is 1 V um-! and the resulting
dielectric displacement is 30.58 uC m-2 for 0-3 connectivity, while 38.66 uC m=2 for quasi 1-3
connectivity. Following Eq. 34, the dielectric constant is computed for the two systems.
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D
=0 *EZ

& = (34)

The values of & for 0-3 and quasi 1-3 are 3.45 and 4.36, respectively. Following
Eq. 35, the d33 of the two composites is evaluated:

d33 = g33 * € * & (35)

The piezoelectric charge coefficient for quasi 1-3 composite is almost 14 times higher than
the 0-3 one. All the results, summarized in Table 1, allow to predict the improvement in term
of dielectric and piezoelectric activity gained throw dielectrophoresis alignment.

Table 1 Voltage, g33 D, €'r and ds3 for 0-3 and 1-3 BT/PDMS 5%v simulated using COMSOL®,

Sample Voltage 933 D &' ds3

(mV) (mV m N-1) (MCm?) (pCN1)
0-3 BT/PDMS 5%v 0.07 2.90 30.58 3.45 0.08
1-3 BT/PDMS 5%v 0.73 28.74 38.66 4.36 1.10

3.3 Experimental results and discussion

3.3.1 Dielectrophoresis optimization
Figure 44 a-f displays the 10-min frames of each examined video taken via in-process
microscopy described in subsection 2.3.1. First, the influence of electric field amplitude (1 V
um-1, 2 V um-! and 3 V pum-1) at a fixed frequency (1 Hz) was evaluated. The pictures
qualitatively show that the highest field strength of 3 V um-! leads to superior columnar
assembly compared to the other tested (Figure 44 a-c). At 3 V um-! the columns are well
defined, at 1 V um-1the alignment is almost not present, while it is slightly visible at 2 V um-
1, As matter of fact, stronger electric field amplitude favors interaction between the particles,
leading to coarser and more defined columns. This is in accordance with Eq.24 in subsection
1.12. This result has been confirmed by several studies and is in agreement with the physical
theory behind dielectrophoretic structuring [105,160,164,181]. In this investigation,
amplitudes greater than 3 V um-! are not reported as excessively high amplitude triggered
electrical breakdown of the blend, due to high difference in permittivity between matrix and
fillers that strongly enhances the electric field in the matrix. After selecting the optimal
amplitude, the study focused on the role of the frequency. As illustrated in Figure 44 d-f, three
different frequencies were analyzed, including 1, 100, and 1,000 Hz at the same amplitude of
3 V um-1. The results are qualitative, but clearly indicate that 1 Hz induces a superior
structuring with respect to the other tested frequencies. In previous studies, 1-5 Hz were
reported as the best values for blends of PZT in PDMS matrix, in accordance with our results
[202]; at these frequencies there is a lossy capacitive behavior of the blend, where both the
capacitive part and the resistive part contribute to the enhancement of Fpgpand dipole-dipole
interactions[174]. From one side, the fillers’ dipoles have enough time to follow the variation
of electric field, meaning greater polarization, and on the other side the slight conductivity
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may contribute to the interaction potential between the particles, as ionic species may locally
enhance the electric field around the filler leading to greater structuring forces. It has been
revealed in this study that higher frequencies, for instance 100 Hz and 1,000 Hz, are less
effective; this may be because at higher frequency the drag force, related to the viscosity of
the matrix, negatively impacts the structuration, hindering the movement of the particles.
Furthermore, at too high a frequency the polymer exhibits less polarization and a lower
permittivity, which may have an impact on the electric field experienced by the particles.
Frequency values lower than 1 Hz, on the other hand, were not even considered as they would
lead to inefficient structuration. As reported by Bowen et al, this is first related to the
dielectric behavior of the matrix: the ionic conductivity of the matrix at frequencies < 1 Hz
induces too high losses in the polymer. The real permittivity and the loss tangent of PDMS
increase fast below 1 Hz, which means also lower difference in the permittivity between the
matrix and the filler inducing a decrease of polarizing force [174]. The migration of ions that
occurs at low frequency may also create a layer at the electrode, decreasing the electric field
in the blend. In conclusion the effect of the frequency is more intricated than the amplitude,
as the optimal frequency depends on several factors, such as losses and conductivity of the
matrix and dielectric mismatch between the phases, however our results are in well
agreement with those reported in previous studies, indicating that the best frequency for
PDMS based composites is in the range of the unit of Hz. In this analysis blends with 1.2%v of
fillers were observed. Clearly increasing the amount of filler would lead to some changes in
the structuration: more fillers would enhance the drag force, but at the same time this would
be counterbalanced by fillers proximity: being closer to each other particles would have
stronger interactions, following Eq.24, where the interaction potential is inversely
proportional to the cube of the interparticle distance. Nonetheless, this preliminary
experiment provides a useful insight of the optimal match between electric field amplitude
and frequency, which in theory should be consistent even when the filler content is increased.
In conclusion, following this investigation, it was possible to set the optimal parameters that
were then used for processing all the structured BT /PDMS. Subsequently, the 0-3 and quasi
1-3 composites were produced according to the modalities explained in subsection 2.2.1.

73

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0122/these.pdf
© [G. D'Ambrogio], [2022], INSA Lyon, tous droits réservés



Chapter II. Structured piezoelectric composites for biosensor applications

plilhe o ldectl cas o L5y,
3Vum!, 1000 Hz

1Vum, 1 Hz

2Vum, 1 Hz 3Vum, 100 Hz

moggH~HTZ»

)

b ik ‘*
0y I ' ‘ {
"

3Vum?, 1 Hz

3Vum?, 1 Hz

500 um

Figure 44 In process microscopy results: left pictures represent the results from the study of electric field
amplitude: three frames from the in-situ microscopy analysis taken 10 minutes after structuration at a) 1
VumZtand 1 Hz, b) 2 Vum1 and 1 Hz and c) 3 V um-1and 1 Hz. Right pictures represent the study of
frequency effect on dielectrophoresis: three frames from the in-situ microscopy analysis taken 10 minutes
after structuration at d) 3V um-1 and 1000 Hz, e) 3V um-1 and 100 Hz and f) 3 V um-' and 1 Hz. All the
tests were performed at room temperature.

3.3.2 Optical microscopy and Scanning electron microscopy

Figure 45 shows the cross-section of BT/PDMS composites at 2.4%v with quasi 1-3
connectivity, observed via optical microscope. The columnar distribution of the particles in
the matrix is an immediate and clear proof of the dielectrophoresis effect on the internal
arrangement of the phases. Structured and unstructured samples of BT/PDMS with 2.4%v
were then analyzed via SEM in back scattered electron (BSE) mode. Figure 46 a-b shows the
cross-section composites with 0-3 and quasi 1-3 connectivity, respectively. In 0-3 BT/PDMS
the particles are randomly and homogeneously dispersed, while in 1-3 BT/PDMS they are
aligned in unidirectional pillars; the 1-3 columnar structure may appear less prominent than
in optical microscope investigation: actually, optical microscopy in transmission mode allows
to observe the structure on several z planes, providing the appearance of denser columns, but
SEM in BSE mode only studies the layers closest to the surface.
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Figure 45 Optical microscopy in transmission mode of the cross section of 1-3 BT/PDMS 2.4%v.

Figure 46 SEM pictures in BSE mode of a) 0-3 BT/PDMS 2.4%v and b) 1-3 BT/PDMS 2.4%uv.

3.3.3 Dielectric spectroscopy
BDS allowed to understand the effect of structuration on the dielectric properties of the
composites. Figure 47 a-b report the real part of the relative permittivity (¢’ vs. frequency
for 0-3 and quasi 1-3 composites respectively, at 2.4%v 12%v and 24%v, from 10-1 to 10¢ Hz
measured at room temperature. Depending on the range of frequency analyzed, different
phenomena occur in the composite. Low frequency measurements are associated with
interfacial polarization and electrode polarization (space charge) (usually for frequencies
equals and lower than 1 Hz), followed by dipolar polarization (1-10¢ Hz). At higher
frequencies there is the so-called resonance regime with atomic (106-1012 Hz) and electronic
relaxation (>1012Hz), which are not investigated in this study. For each sample examined, the
plots of the &'~ follow the same trend: starting from 106 Hz and decreasing the frequency there
is a slight increase in the real part of the relative permittivity, as the dipoles become more
capable of following the fluctuation of the applied field, resulting in increased polarization.
This rise becomes more pronounced below 1 Hz, when interfacial and electrode polarization
contribute. From the plots it emerges that as the filler content grows, so does ¢'- throughout
the full frequency range studied, for both non-structured and structured composites.
Additionally, no matter the frequency, passing from 0-3 to quasi 1-3 connectivity comes with
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an increase of ¢, as the density of fillers’ dipoles rises along the electric field direction. The
loss tangent, Tand, which is computed as the ratio between the imaginary and real part of the
relative permittivity, represents the ratio of dissipated over the stored energy, i.e., the power
loss, in a dielectric material under applied electric field (Eq.36). It is independent on the
capacitor geometry and allows for a direct comparison between different materials. For all
the composites the losses are quite low and present a slight increase at low frequency possibly
due to interfacial polarization and space charge, as previously explained, as well as
conductivity contribution, which could be suppressed by means of Kramers-Kroning
equations [203]. The conductivity term may be related to the humidity absorbed on the
surface of the fillers [203]. For 0-3 composites, increasing the filler content causes a modest,
but noticeable, increase in losses. The same holds true for structured composites, although
the increase in losses is larger. This may be related to Maxwell-Wagner-Sillar interfacial
polarization, as increasing the fillers content there is an increase of interfaces along the poling
direction. Interfacial polarization is indeed enhanced in electrically heterogeneous systems
with two or more phases [204]. This phenomenon has been already reported in several
studies: the difference in conductivity and permittivity between matrix and filler at the
interface leads to an accumulation of charges which locally redistribute the electric field
[205,206]. In summary, values of loss tangent rise as the filler content increases, in particular
at low frequency, as the composites become more heterogeneous, charges collect at the
interfaces and hence interfacial polarization rises. This seems to be more prominent in
structured the composites, where the losses are enhanced with respect to non-structured
composites. The cause might be connected to the filler's closer proximity, which could
establish routes for the charges. Additionally, the presence of fillers and their proximity to
one another may interfere with crosslinking, resulting in constrained amorphous phase as
well as hindering the polymerization. In any case, the composites losses remain low;
maintaining a low dielectric loss is critical for capacitors since loss contributes considerably
to Joule heating effect [207].
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Figure 47 Relative permittivity real at room temperature for a) PDMS and 0-3 BT/PDMS with 2.4%v,

12%yv and 24%yv and b) PDMS and 1-3 BT/PDMS with 2.4%v, 12%v and 24 %v.
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Figure 48 Loss tangent at room temperature for a) PDMS and 0-3 BT/PDMS with 2.4%v, 12%yv and 24%v

and b) PDMS and 1-3 BT/PDMS with 2.4%v, 12%v and 24 %v.

In order to visualize the effect of structuration over the dielectric permittivity, the values of
relative permittivity at 1kHz are plotted in function of the volume fraction (%v) for 0-3 and
quasi 1-3 composites, and the results are fitted with the models presented in subsection 1.9
(Figure 49). Each result, reported in Table 2, presents a relative error of around 10%.
Dielectric analysis successfully verifies the effect of dielectrophoresis on composites. As
predicted, DEP structured composites present increased permittivity along the columnar
direction [105,164,208]. The models’ predictions (Yamada for 0-3 and Bowen for quasi 1-3
reported in subsection 1.9) are in good agreement with the experimental results. The fillers
in quasi 1-3 composites are densely arranged along the alignment direction, which results in
an apparent increase in volume content; consequently, the fillers’ dipole density on the
structuring axis is much higher leading to unidirectional enhancement of permittivity.
Additionally, the smaller gaps of polymer between the fillers within a column shield less the
electric field rather than on 0-3 connectivity. Meanwhile, the relative permittivity will
presumably be lower in the other directions. Regarding the 0-3 composites, on the other hand,
their permittivity is lower and expected to be the same in any direction, i.e., relating to
isotropic behavior. These findings are consistent with the FE modeling presented in
subsection 3.2 where we predicted that a more efficient electric field distribution would
develop in structured composites. A direct comparison of the results with FE simulation is not
feasible since the volume fraction simulated was 5%v and was not replicated experimentally,

although the trend between 0-3 and 1-3 remained the same.
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Table 2 Relative dielectric permittivity (real part) for 0-3 and 1-3 BT/PDMS at 2.4%v, 12%yv and 24%v,
compared to pure PDMS.

Volume fraction (%vor) €' 0-3 £+ 1-3
0% 29+0.3 29+03
2,4% 42+0.4 5,6 +0.5
12% 6.1 +0.6 8,6+0.8
24% 9.1+09 15,5+ 1.5

® BaTiO3/PDMS 0-3
A BaTiO3/PDMS 1-3

— Yamada's Model
184 — Bowen's model

Volume fraction (%v)

Figure 49 Relative dielectric permittivity real vs. filler volume content for 0-3 and 1-3 BT/PDMS at 1 kHz
and measured at room temperature, fitted with the models presented in subsection 1.9.

3.3.4 Piezoelectric characterization

To assess the piezoelectric performances of the 0-3 and quasi 1-3 composites, evaluation of
piezoelectric charge and voltage coefficients, dzs and gs3, at different BaTiOz concentrations
was carried out. The piezoelectric charge coefficient, ds; (pC N-1), indicates the electrical
charge developed on the materials surfaces, consequence of the internal electric displacement
produced in response to applied stress, and it is a direct measurement of the piezoelectricity.
The experimental results are reported in Table 3 and plotted in Figure 50-a. From the plot
we can deduce that:

e Increasing the filler volume fraction there is an increase of ds3, regardless the
connectivity.

e At any fillers content, structured composites exhibit superior piezoelectric response
than the 0-3 isotropic counterparts.

As explained in subsection 1.9, in quasi 1-3 connectivity, the piezoelectric filler is arranged
almost compactly along a preferred direction, leading to substantial improvement of
piezoelectric properties along that direction, where density of dipoles is higher. However,
since small portions of polymer are present between the fillers, it is not a fully 1-3 composite,
so the values of d33 are limited to the tens of pC N-1, far from the hundreds achieved by ceramic
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bulk. Excellent coherence between experimental and theoretical results are achieved,
reflecting the high reliability of the analytical model proposed in subsection 1.9, (Yamada’
model for 0-3 and Van den Ende for 1-3). The increase in piezoelectric behavior may also be
related to the distribution and intensity of the electric field during the poling. The chain
alignment of the fillers favors the intensification of the electric field, as the shielding of the
matrix is reduced, which in turn optimizes the polarization. Therefore, under the same
electric field, a structured composite can reach higher levels of polarization than a randomly
dispersed one. It is noticeable that such a piezoelectric behavior is triggered at lower electric
field (25 V um-1) with respect to PVDF based polymers, which require at least 60 V pm-1.
Furthermore, the ferroelectric content of the composite with optimized properties is 24%v,
while the crystalline ferroelectric content of PVDF and its composites is around the 50%v,
which indicates that the composites require less ferroelectric phase to have good
piezoelectric activity [120].

Table 3 dss and gs3 for 0-3 and 1-3 BT/PDMS at 2.4%v, 12%v and 24%yv, compared to pure PDMS.

Volume fraction d330-3 ds31-3 9330-3 g331-3
[%v] [pC N-1] [pC N-1] [mV m N-1] [mMV m N-1]
0% 0 0 0 0
2.4% 0.06 £0.02 2.15+0.10 1.64 + 0.49 43.35+4.38
12% 0.7+£0.10 6.5+0.20 12.83 £ 1.42 83.37 +£8.36
24% 24 +0.20 8.5+0.50 29.19 £ 3.00 60.40 = 6.09

The piezoelectric voltage coefficient, gz (mV m N-1), is a widely used parameter to compare
the properties of piezoelectric sensors, as it incorporates both the d3; and the dielectric
properties of the material, quantifying the electric field generated by a piezoelectric material
per unit of mechanical stress applied. It is calculated following Eq.37.

d d
J33 = = —- (37)

els  eoerr

For this computation, the value of €. was taken at 100 Hz, as the piezometer perform
measurements at ~100Hz. The results are reported Table 3 in and displayed in Figure 50-b.
Furthermore, the theoretical plot of g3; was traced for both 0-3 and 1-3 connectivity, using
the permittivity models developed by Yamada and Bowen and the dz; models developed by
Yamada and Van den Ende. The comparison of theoretical and experimental curves revealed
good agreement. In 0-3 composites, the piezoelectric voltage coefficient (gs3) rises with the
particle concentration, while in quasi 1-3 composites it exhibits a maximum value at 12%v of
BaTiO3 content. Indeed, in quasi 1-3 composites, increasing the volume fractions from 12%v
to 24%yv induces a rise in ds3 of the ~30%, but the dielectric permittivity experiences a far
greater improvement (i.e., ~80% increase), therefore, gssfalls from 83 to 60 mV m N-1. We
can draw the conclusion that, regardless of the BaTiO3; volume content, dielectrophoresis
structured composites exhibit greater piezoelectric response with superior voltage and
charge coefficients, with respect to 0-3 ones.
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Figure 50 a) ds3 vs. filler volume content and b) gss vs. filler volume content for 0-3 and 1-3 BT/PDMS. All
the data are fitted with the models presented in subsection 1.9.

Although we cannot directly compare the experimental results to the FE analysis, the increase
from 0-3 to quasi 1-3 connectivity is consistent for dsz and g3, confirming that DEP structure
improves the piezoelectric sensitivity of piezocomposites.

3.3.5 Thermal stability and XRD analysis

The thermal stability of non-structured and structured BT /PDMS was evaluated by observing
the evolution of piezoelectric response after annealing at various temperatures. Figure 51
shows the evolution of the normalized charge coefficient (ds3/d3325°C, where d3325°C,
corresponds to the value measured at room temperature before the thermal study) under a
large temperature range (25-200°C). For the sake of simplicity, only composites with 24%v
of fillers were tested. The result highlights that the piezoelectric properties of the two samples
are fully stable until 50°C. There is a slight advantage in temperature stability for the
quasi 1-3 composite at a higher temperature of 100°C, where the normalized ds3 only slightly
decreases and attains a value of almost ~80%, while it attains a value of 70% for the 0-3
samples. Increased temperatures allow greater mobility of dipoles, which therefore tend to
partially lose their orientation, reducing the ds; to some extent. However, this phenomenon
seems somewhat minimized in structured composites, which might be attributable to a
variety of variables. First, dipole orientation is larger in quasi 1-3 structures, as proved both
by FE analysis and empirically. As a result of the higher density of oriented dipoles, the
influence of temperature weighs less on a quasi 1-3 composite than on a 0-3 composite with
a lower density of oriented dipoles. Furthermore, the fillers along the columns in quasi 1-3
composites are extremely close together, presumably only a few nanometers apart, thus, the
possibility of dipole-dipole interaction between the closed particles cannot be discounted. In
theory, this might mitigate the temperature-induced dipole randomization effect.
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Figure 51 Normalised dss vs. annealing temperature fror 0-3 and 1-3 BT/PDMS at 24%v.

Nonetheless, once reached the Curie temperature, a transition from tetragonal to cubic
occurs, the piezoelectric activity is lost, and this is reflected in the values at 150°C. As
expected, 0-3 and quasi 1-3 samples totally lose their piezoelectric behavior at 150°C
respectively, as the Curie temperature (T¢) of barium titanate (~ 120-130°C) is exceeded.
Indeed, a structural change of crystalline cells occurs with the temperature increasing above
the Curie value, as the cell structure transits from tetragonal (i.e, ferroelectric behavior) to a
cubic structure (i.e, paraelectric behavior). Then, XRD analysis was carried out on the 0-3 and
quasi 1-3 samples at the following specified temperatures (Figure 52): 25°C (ie, room
temperature), 100°C (i.e, below T¢), 130°C (i.e, considered as T), and 150°C (i.e, above T¢).
As explained, in this range there are two possible crystalline structures of BaTiOs3, tetragonal
at a temperature below T, and cubic at a temperature above T.. The significant peaks for the
crystalline structures are located within a 26 range of 43- 46°. From 25°C to 100°C, the
prevalent symmetry is the tetragonal one (i.e, characterized by the double peak near 26 =
45°). For 0-3 samples, at 130°C the double peak is completely disappeared replaced by a
single peak at 26 = 45° related to cubic crystalline phase. On the other hand, for the aligned
sample, at 130°C the transition from tetragonal to cubic is not complete as we can still see a
remnant of the double peak, indicating that there still is a reduced portion of fillers in
tetragonal configuration. Beyond 150°C, no morphology differences are detected between the
structured and non-structured composites. The reason behind this difference is still under
investigation, however it may be related to a difference in the heat transfer through the
sample.
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Figure 52 X-ray diffraction of 0-3 BT/PDMS (left side) and 1-3 BT/PDMS (right side) at 25,100, 130 and
150°C.

3.3.6 Dynamic mechanical analysis (DMA)
The impact of DEP alignment on the mechanical behavior of the composites was examined
using DMA. This assessment is necessary to ensure that no high stiffness is produced, since it
could interfere with the biomedical application. Through DMA, Y’ and Y”, storage and loss
moduli respectively, were analyzed at different frequencies (1, 25 and 50 Hz) for 0-3 and 1-3
BT/PDMS and for pure PDMS. The test was performed at 25°C. The results are reported in
Figure 53 a-b and Figure 54 a-b. As mentioned in subsection 2.3.8, pure PDMS is only
evaluated at 1 Hz and 25 Hz since at 50 Hz the resolution of the analysis device was
insufficient to capture the measurement. Starting from 1 Hz, the value of Y’ and Y” increases
with the frequency for each volumetric content and connectivity. This happens because as the
frequency raises, there is more energy on the polymer chains, which also have less time to
deform, increasing the storage component; yet, since the polymer's chains have less time to
move at higher frequencies, the loss modulus increases [209]. This is valid for both 0-3 and
1-3 BT/PDMS. Furthermore, both Y’ and Y” increase with the filler content, regardless the
connectivity; as matter of fact, the filler has high Young’s modulus with respect to the matrix
(Yiier ~ 60 GPa, Ymawix ~ 3 MPa), and its addition inevitability induces an increase in the
stiffness. Moreover, it inhibits chains’ movement, and therefore there is a further increase in
stiffness and in losses as well [183,210]. Many investigations have found that the polymer
chains polymerize differently around the filler, resulting in stiffer chains than those far from
the particles [211]. Due to the tighter spacing between the fillers and the increased number
of interfaces, the interaction zone may thus play a role in the stiffening that occurs at greater
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volume fractions. Nonetheless the glass phase in present only below -115°C, and at ambient
temperature the phase is amorphous, hence the effect of constrained amorphous phase is
clearly reduced, as there may be just a difference in degree of freedom related to the
constrained chains. Regarding the rise in losses with the volume fraction, it is generally
acknowledged that increasing the volume fraction, or the interfacial contact between the
polymer matrix and the filler particles, raises the loss modulus of polymer composites by
increasing the damping force for molecular motion [212-214].
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Figure 53 a) Storage modulus and b) Loss modulus for 0-3 BT/PDMS at all the volume contents produced
examined at 25°C.
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Figure 54 a) Storage modulus and b) Loss modulus for 1-3 BT/PDMS at all the volume contents produced
examined at 25°C.

Y was computed according to Eq. 38.

Y =Y? 4y (38)

The values were evaluated at 1 Hz, as the materials are in linear regime, and it is the most
interesting for the application presented in this work. The results are reported in Table 4 and
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displayed in Figure 55. In this investigation, we insist on the differences between 0-3 and
1-3 composites. Y of 0-3 composites exhibits a linear dependence with the filler content. This
is not verified in 1-3 structured BT/PDMS. At low volumetric filler content, 1-3 alignment
does not provide significant differences in elastic modulus with respect to 0-3 structures.
However, at higher volume content the connectivity seems to influence more the mechanical
behavior, as fillers alignment produces a substantial rise in elastic modulus. This was already
reported in other works: Farshad et al. for instance, reports on the influence of magnetic field
alignment and demonstrates a rise in Young’s modulus in the perpendicular direction of the
columns for small deformation. Among the reason behind this enhancement, it could be the
presence of the occluded elastomer in the chains which are sort of agglomerates of particles:
the fillers are tightly packed closed together in a columns and it shields the elastomer from
the mechanical strain; according to the occluded elastomer theory this occluded elastomer
increases the effective filler content, hence the mechanical modulus. A further element
affecting the mechanical properties may be the existence of agglomerates. In conclusion, the
filler structuring generates a rise in Young's modulus, but still not enough to induce stiffness
in the composite, which, by remaining within the range of few MPa, is suitable for the
applications outlined in Chapter I.

Table 4 Values of the Young’s Modulus evaluated at 1 Hz at room temperature for all the composites of
BT/PDMS with 0-3 and 1-3 connectivity and pure PDMS.

Volume fraction Y0-3 Y1-3
(%v) (MPa) (MPa)
0 3.2+0.3 3.2%+0.3
2.4 34+0.3 3.5+£0.3
12 43+0.4 4.7 +0.4
24 59+0.5 9.2+09
f=1Hz
T=25°C —e— 0-3 BT/PDMS
11+ —ie—1-3 BT/PDMS

Y (MPa)

é ) 1'0 ) 15 l 20 i 25
Volume fraction (% vol)

o -

Figure 55 Y vs. volume fraction for 0-3 and 1-3 BT/PDMS.
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3.3.7 Differential Scanning Calorimetry

The previous results raised question about the effect of the filler on the chain polymerization.
DSC was studied from -150°C to 15°C to better understand the influence of filler content and
alignment on the properties of the composites. The purpose was to determine the glass
transition temperature (Tg) of the polymer (which is typically in the range -115°C and
-120°C) as a function of volume content of filler. This may give important information about
the amorphous phase as it is highly reliant on the chain's organization, and identify any
change related to the interaction with the particles’ surface. Figure 56-a reports the results
of BT/PDMS 0-3 while Figure 56-b is related to BT/PDMS 1-3, where heat flow vs. sample
temperature is reported. These data allow for the extraction of several remarkable insights.
As for 0-3 composites, the glass transition occurs at about -117°C while for pure PDMS is -
116.5°C. The transition inflexion point, which is present in all composites and connected to
the polymer's amorphous phase, marks a change from a glassy to a somewhat viscous state.
In Figure 56-a, a red arrow points to the point of inflexion. Secondly, the composite with the
largest filler percentage (24%v) exhibits a melting peak at about -48°C. This peak
corresponds to a melting crystalline phase, suggesting that the presence of the filler induces
a crystalline phase and possibly partially hinder chemical crosslinking. The large number of
interfaces may be the reason. This phenomenon was already observed in other studies where
they underlined that is quite common to observes lower degrees of crosslinking due to the
effect of filler content and also that crystallization may occur at the interface of the fillers,
which act as heterogeneity for heterogeneous nucleation [215-220]. Figure 56-b, which
shows structured composites 1-3, reveals several noteworthy findings: all samples exhibit a
glass transition, but interestingly, the sample with 24%v has a larger transition temperature
shift (ATg) which seems to be related to a second glass transition (a second inflection point
may be distinguished just after the first one). This suggests that the amorphous phase is very
heterogeneous, leading to the presence of two distinct transitions. This heterogeneity may be
due to the formation of a constrained amorphous phase in the nanometric gaps between
particles along a column. The two transitions are denoted by black arrows in Figure 56-b.
The existence of a melting peak at both 12%v, where it is less pronounced, and 24%v, where
it is quite prominent, is another interesting discovery. This suggests once more that the
closeness of the fillers, which is amplified by the dielectrophoresis effect, induces in some way
crystallization. These three phases, amorphous, constrained amorphous, and crystalline,
provide a lot of interfaces, which may be the cause of the rise in dielectric losses shown for 1-
3 BT/PDMS 24% mentioned in section 3.3.2.
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Figure 56 Heat flow (mW/mg) from [-150°C to 15°C] measured with DSC for a) 0-3 BT/PDMS from 0%v
to 24%v and b) 1-3 BT/PDMS from 0%yv to 24%v. The red arrow indicates the inflection point of the glass
transition, while the red circle is surrounding the melting peak at ~-48°C. The black arrows are indicating
the glass transitions that appears in 1-3 24%v BT/PDMS.

Figure 57 a-b compare the inflection points related to the glass transition for composites
with 0-3 and 1-3 connectivity, respectively. Figure 57-c depicts the overall variations of the
glass transition temperature as a function of filler content and connectivity, which were
evaluated using Calisto® processing software. Tg is consistent across all samples. Yet not all
transition occurs within the same temperature range, which is due to the amorphous phase's
heterogeneity. Figure 57-d demonstrates that ATg for the 0-3 composites is almost constant.
The abrupt increase in ATg to for the 24%v BT/PDMS with 1-3 connectivity, is a marker of
substantial amorphous phase heterogeneity.
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Figure 57 a) Zoom over the glass transition for 0-3
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for 0-3 (black dots) and 1-3 (red dots) BT/PDMS composites. D) Variation of the ATg (°C) for 0-3 and -3

BT/PDMS in function of the volume content.

The specific heat (Cp) is the amount of heat that must be added to one gram of the substance
in order to raise its temperature by one Kelvin. The glass transition is associated with a ACp
that somewhat indicates the amount of amorphous phase. The values are reported in Figure
58-a. The ACp of the 0-3 composites is almost constant, but that of the 1-3 composites drops
at 24%pv of BaTiOz. This is related to the fact that some polymer crystallizes due to the effect

of the filler, hence it is crystalline at -117°C,

as was mentioned before. Because there is less

polymer in the amorphous phase, the glass transition is associated with reduced specific heat.
Finally, Figure 58-b shows the melting enthalpy of the composites BT/PDMS 0-3 with 24%v
and BT/PDMS 1-3 with 12%v and 24%v. It is noteworthy that the crystalline phase is related
to both connectivity and content of filler material, suggesting that it may be caused by the
filler's proximity. To fully comprehend the nature of this heterogeneous system, atomic force
microscopy, DMA in temperature and DBS in temperature might be helpful tools.
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Figure 58 a) Variation of ACp with volume content and connectivity; b) melting enthalpy for 0-3 BT/PDMS
24%v and 1-3 NT/PDMS with 12%v and 24% v of filler.
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Figure 59 provides a comparison between pure PDMS and 24%v BT/PDMS 0-3 and 1-3. This
DSC plot highlights the variations brought on by filler proximity and amount. The main
conclusions of the analysis are summarized as follows:

Filler addition affects polydimethylsiloxane polymerization. A crystalline phase that
melts at -48°C emerges for a filler quantity of 24%v in 0-3 connectivity. The enthalpy
of its melting is 0.75 ] /g.

Structuration further increases the effect above mentioned, lowering the threshold at
which a crystalline phase will be present in the composite. Already at 12%v, a tiny
melting peak with an enthalpy of 0.43 ] /g can be noticed. At 24% of filler volume, the
enthalpy of the melting peak significantly rose to 12 J/g, indicating a substantially
larger proportion of the crystalline phase.

High filler content in 1-3 connectivity (1-3 24%v BT/PDMS) also induces a very
heterogenous amorphous phase characterized by a wide glass transition that seems
containing two different glass transitions. The first one is located at almost the same
temperature than pure PDMS, while the second one is at higher temperatures,
meaning that a second phase with less mobility is present. Indeed, lower mobility
amorphous phases require higher temperature to transit from glass to viscous. It may
be associated with a constrained amorphous phase that formed due to the close
proximity of the fillers induced by DEP structuring.
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Figure 59 Heat flow vs. Temperature for pure PDMS, 0-3 and 1-3 BT/PDMS 24%yv.
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3.3.8 Broadband dielectric spectroscopy

The analysis of the dielectric spectrum between -140°C and 0°C allowed us to further verify
relevant observation regarding the mobility of the polymer chains in relation to the volume
content and connectivity of the fillers. This analysis enabled confirmation of the observations
made by DSC, which indicated, the presence of a heterogeneous amorphous phase within the
polymer phase in the 24%v-structured BT/PDMS composite, as well as the presence of a
crystalline phase in both the 24% structured and the 0-3. Figure 60 a-c shows the loss
tangent (tand) vs. temperature from 100 mHz to 1MHz for (a)PDMS, (b)PDMS loaded with
24%v BaTiOz in 0-3 connectivity and finally (c) 1-3 BT/PDMS 24%v. From the losses it is
possible to identify the resonance of o relaxation associated with the glass transition
occurring in the amorphous phase of the polymer. The peak for each sample moves to higher
temperatures with an increase of frequency. This is a rather common result since at higher
frequencies, the mobilization of smaller chain components is observed, which are associated
with higher resonance temperatures as well. We may already infer some information from
the comparison of these three graphs. If just one resonance peak, i.e, o relaxation, is present
for pure PDMS, then for 1-3 structured composites we can observe the appearance of a second
peak at higher temperatures (about 100°C), which is connected to the relaxation of a second
amorphous phase with reduced mobility. This peak, that is especially discernible at low
frequencies (e.g., black curve 100 mHz) associated with the mobility of significant sections of
chains, is probably due to the o’ relaxation of the constrained amorphous phase. At higher
frequencies o’ is less detectable since amorphous and constrained amorphous have similar
mobility at such frequencies, which resonate with smaller parts of chains, and thus the two
relaxation modes tend to merge. However, a second shoulder can be observed at 1 MHz,
associated with o'. This observation was related to 1-3 BT/PDMS 24%v. A second relaxation
can also be glimpsed in the 0-3 BT/PDMS composite; indeed, a second relaxation (') is
partially discernible at both 100 mHz and 1 MHz, related to a presence of a constrained
amorphous phase, however lower in amount with respect to 1-3 composite. This is very low
and neglectable. A second important observation is related to a melting isotherm marker
about -50°C that can be seen in composite 1-3 (Figure 60-c). Up until 1kHz, it persists at the
same temperature before disappearing. Furthermore, for the curves at low frequencies, it can
be observed that after melting there is an increase in losses associated with the polarization
of the melted crystalline phase, which is not visible at high frequencies. After melting, there is
a considerable contribution of MWS as reported by Klonos et al[221]. In Figure 61 we
compare the tané vs. temperature of all three materials under analysis at three different
frequencies, 100 mHz, 1 kHz and 1 MHz. The first noteworthy observation is that the
structured composite has lower losses than the 0-3 composite and pure PDMS, which is
obviously connected with the fact that it has less amorphous phase after increasing the
crystalline phase. It is also worth noting that the red peak of the structured composite occurs
at a slightly lower temperature than the other two, showing that the amorphous phase
relative to o relaxation slightly differs because of the interaction with the structured filler. In
addition, the red curve ( BT/PDMS 1-3) is broader than the others. This is an indication of
high heterogeneity of the amorphous phase. The 0-3 shows a greater broadness than the pure
PDMS, although less than the 1-3 composite, at 1 MHZ, again associated with heterogeneity
and the partial appearance of a constrained amorphous phase induced by both the crystalline
phase and the proximity of fillers. Indeed, the constrained amorphous phase develops at the
interfaces between different phases.
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Figure 61 Tand vs. temperature for 1-3 BT/PDMS 24%pv ( red lines), 0-3 BT/PDMS (green lines) and pure
PDMS ( blue lines) for 100 mHz, 1kHz and 1MHz as indicated in the graphs.

Finally, Figure 62 shows a comparison of the real permittivity vs. temperature for all three
materials under study at 100 mHz, 1 kHz and 1MHz. The glass transition induces greater
mobility of chains associated with an increase in permittivity, which is observed in all
composites. This transition occurs over a wide temperature range. The presented results
corroborate what was found using DSC. The combination of DSC and DBS at temperature
helped us to understand more about the mobility of PDMS chains when a substantial amount
of filler is introduced, and when the filler is structured. Studies on relaxation times and
activation energy are planned to improve knowledge of the materials produced.
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for pure PDMS (continuous line), 0-3 BT/PDMS 24%v ( dash and dot lines) and 1-3 BT/PDMS 24%yv
(dash lines).

Figure 63 reports the Arrhenius plot (z vs. 7000/T) for the three samples under analysis. The
relaxation times were extrapolated from Havriliak-Negami fitting of the BDS plot of €”, using
the WinFIT® software. The so obtained values were then used in the Arrhenius plot. The data
were fitted with the Vogel-Tammann-Fulcher model (VTF), which describes the thermic
dependence of the relaxation time for the glass transition temperature (Eq. 39). Indeed, the
glass transition does not follow the typical Arrhenius model, (Eqg. 41), hence it is not linear.
The VTF theory is strongly related to the concept free volume in a polymer. The VTF equation
is reported as follows:

T(T) = Tpq €XP ( (39)

1
(T—Too)af>
Toq iS the preexponential factor, Twis a homogeneous constant at a certain temperature and
ar is the dilatation coefficient of the free volume, inverse of the temperature. a; can be
associated to the fragility parameter D, as proposed by the theory of Adam and Gibbs,
following Eq. 40:

a; =1/(DTo) (40)

Higher is D higher is the strength of the interactions. Also following Adam and Gibbs theory
Tw=Ty. Tpis usually ~Tg-30°K and is selected by iterative procedure.

T(T) = 19 exp (%) (41)

The equation above reported is the Arrhenius equation, which describes the law
temperature-relaxations associated with the relaxing entities of small dimension. E,is the
activation energy (kJ.mol1), R is the constant of the perfect gas and 7, is the preexponential
factor. Our data do not follow the Arrhenius law. In our results it is interesting to notice that
for pure PDMS and unstructured BT /PDMS 24%v only one curve appears, which is associated
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with the o transition, while 1-3 BT/PDMS 24%v presents two transitions, o and o'
Interestingly, the two relaxations for the 1-3 composite meet at higher frequencies and higher
temperatures (notice that the x axis is inverted so that greater temperatures are on the right
side and lower temperatures are on the left); this stands to reason since greater frequency
and temperature activate the mobility of the smaller components of the chains, making it very
difficult to discriminate between amorphous and restricted amorphous phases, which are
distinguishable with activation of a larger portion of the polymer chains.

1000

®m PDMS pure a
® BT/PDMS 0-3 24% vol «
100 = BT/PDMS 1-3 24% vol
10 o o A BT/PDMS 1-3 24% vol o’
——TVIF
1 A 1 T VTF
0.1
—~ 0.01
@L
o 1E3
1E-4
1E-5
1E-6
1E-7
1E-8
- I
6.8 6.6 6.4 6.2 6.0 58 5.6 54

1000/T (K1)

Figure 63 Arrhenius plot reporting the relaxation time t(s) vs 1000/T (K!) for pure PDMS, 0-3 and 1-3
BT/PDMS 24%pv. The x axis is reversed so that the high temperature is on the right side and the lower
one on the left. The data are fitted with the VTF law, showing two relaxations associated with glass
transition.

3.4 Conclusions
In this section we studied the effect DEP alignment of BaTiO3 particles embedded in PDMS
matrix. First, a FE analysis improved comprehension of the electric field distribution in 0-3
and quasi 1-3 connectivity, and as well as piezoelectric and dielectric characteristics,
suggesting that quasi 1-3 composites are more performant. Subsequently a study on the DEP
parameters allowed us to select the most performing in terms of frequency (1 Hz) and
amplitude (3 V um-) of the applied electric field. Composites with different volume content
(2.4%v, 12%v and 24%v) were prepared with both 0-3 and quasi 1-3 connectivity and
compared. The results successfully confirmed an enhancement in €. d33 and gs3z imparted by
the DEP structuring. Compared to the unstructured composite (24%v), the piezoelectric
charge coefficient (d33) of the quasi 1-3 composite was enhanced by more than 3-times,
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together with an increase of 2-times for the piezoelectric voltage coefficient (g33). The study
on piezoelectric thermal stability highlighted that the quasi 1-3 composite maintained good
piezoelectric properties at a large temperature range. XRD analysis conducted at different
temperatures (25-150°C) also confirmed the structural stability of both materials’
configurations, which start to lose their piezoelectric phase at around 130°C. DMA analysis
proved that DEP structuring slightly affects the mechanical properties of the composite
enhancing the stiffness in the perpendicular direction of the alignment. DSC analysis allowed
to understand the effect of the filler content and connectivity over the glass transition
temperature, indicating that structuring 24%v of filler affects the chains polymerization,
induces a second glass transition related to constrained amorphous phase and the
appearance of a melting peak at -48°C, related to crystalline PDMS. Finally, DBS in
temperature enabled us to verify the observation made via DSC, confirming the coexistence
of an amorphous phase (a relaxation) with a constrained amorphous phase (o’ relaxation)
and a crystalline phase in 1-3 BT/PDMS 24%v. In conclusion 1-3 BT/PDMS designed in this
work shows a good combination of mechanical and piezoelectric properties, together with
low poling electric field and low ferroelectric filler volume content. Besides, the ease of
production and the low cost of the materials make it extremely advantageous with respect to
other organic and inorganic biocompatible piezoelectric materials, such as PVDF-based
polymers. In Chapter III the structured sample developed at 24%v will be tested as biosensor
for blood pressure monitoring, integrated on a FFR catheter.
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4. The effect of the aspect ratio: connectivity improvement
via DEP structuring of fiber composites

4.1 Introduction

The conclusion of the previous chapter reveals that the connectivity of the electroactive fillers
is crucial in determining the electromechanical coupling of a composite. DEP structuring
apports great benefit to the performances, allowing for a substantial increase in connectivity
along a selected direction; nevertheless, the use of spherical particles with low aspect ratios
limits the maximal improvement due to the restricted maximum particle dimension/inter-
particle distance ratio, r, that can be achieved. DEP structured composites are indeed labeled
“quasi 1-3” as the fillers are relatively close but not in contact along the alignment axis, which
we have referred to as the z-axis, and they differ from fully 1-3 composites, which have full
contact of the electroactive phase along z. As matter of fact, fully 1-3 composites provide
substantial benefits over ceramic bulks as well as over 0-3 and quasi 1-3 particle composites,
including the ability to achieve higher coupling coefficients and voltage sensitivity; however
the production procedures are quite complex and costly, especially to replicate on a large
industrial scale [105]. Thus, the challenge is to design high connectivity composites, as close
as possible to full-contact 1-3 connectivity, without introducing unduly complicated
procedures. The goal is to increase the particle size/inter-particle distance ratio within the
chains. In the previous sections, we demonstrated that one strategy to improve r is to
properly select the amplitude and frequency of the structuring electric field, since they have
a significant impact on the structure; nevertheless, the improvement is restricted because an
excessively high electric field cannot be achieved due to polymer breakdown [179,202,222].
In this regard, the use of high aspect ratio fillers, such as fibers, in the manufacturing of quasi
1-3 composites via DEP appears to be a promising solution. Indeed, by using fibers, the r ratio
along the columns may considerably increase, resulting in a minimal quantity of polymer gaps
along the length of a column. This would be advantageous as the mismatch in permittivity
between filler and polymer is a significant hindrance in electromechanical coupling. Fiber-
alignment would result in higher dielectric and piezoelectric constants with respect to quasi
1-3 particles-based composites. However, the use of high permittivity fillers may lead to an
excessive rise in the composites’ dielectric constant, with a consequent decrease in g33, and
hence in the electric field generated per unit of applied stress. To address this issue, it is
crucial to select piezoelectric fillers with moderate dielectric constant.

In this section we target the role of filler aspect ratio developing biocompatible piezoelectric
composites with lead-free Sodium Niobate (NaNbO3, or NN for a shorter name) micro-fibers
(MF) and microparticles (MP) embedded in PDMS matrix. First FE analysis is used to
understand the electric field distribution, and to predict the piezoelectric and the dielectric
behavior in particles and fibers composites with 0-3 and quasi 1-3 connectivity. Then, after
production of NaNbOs fillers via hydrothermal synthesis in micro-fiber (MF) shape, 0-3 and
quasi 1-3 composites are elaborated with different volume fractions (1%v, 3%v and 5%v) in
PDMS (samples named as NN_MF/PDMS). To better highlight the shape effect of the fillers,
random and aligned composites are also made with 5%v of NaNbO3z micro-particles, equally
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produced via hydrothermal synthesis (samples named as NN_MP/PDMS). The crystalline
structure of the fillers is assessed via X-ray diffraction. Scanning electron microscopy is
carried out to observe the fillers and the cross section of all the composites. Dielectric
broadband spectroscopy is then performed with the aim of highlighting the effect of
connectivity and form factor over dielectric permittivity and losses for the fabricated samples.
All the samples are poled, and the piezoelectric charge coefficients (ds3 and g33) are evaluated.
Finally, DMA is used to examine the influence of structuring fibers on mechanical behavior,
while DSC is employed to highlight the effect of structuring on the glass transition
temperature and on chains polymerization.

4.2 DEP on high aspect ratio filler: a model description

This section describes the action of an external electric field applied on a rod immersed in
fluid matrix, following the formulation expressed by Tao et al. [223]. The rod is modelled as
an ellipsoidal particle of axes a, b and c¢. When an electric field is applied, two actions occur:
rotational and translational. The time averaged DEP force, responsible of the translation of
the fiber, is expressed as follow:

(Fpgp) =~ RelalV|E, | (42)
Eyis the external applied electric field, “v” is the volume of the wire and « is the polarizability
which is frequency dependent and relates to the parameters of medium and fiber, as well as
orientation of the filler with respect to the electric field. For a homogeneous ellipsoidal
particle, the polarizability along an axis j (j= a, b, or ¢) is aj = 3 &n K, where &, is the
permittivity of the surrounding medium and K is the frequency dependent factor, also known
as complex polarizability factor expressed as follow [224]:

. Ef—&m
= Tenr(e-empm] (*3)

s and €', are the complex permittivity of fillers and matrix respectively. M; is the
depolarization factor along the axis j, and it reflects the ratio of the internal electric field
created by charges on the surface of a dielectric when an external field is applied to the
dielectric; for a > b= c it is computed as follows:

b? 1+

Ma =W(lnr:— 26) (44)
1

Mye =21 - My) (45)

e is the eccentricity of the ellipsoid computed as follow:

e= [1-2 (46)
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For a wire with a » b = ¢, it is possible to describe the effect of an external electric field over
the fiber in the x-y plane. First, we start describing it considering E either parallel or
perpendicular to the major axis a:

M, =My, =0 (47)

1
My =My =1 (48)

Thus, it is possible to compute the time averaged Fpspwhen a fiber is parallel or perpendicular
to the electric field’s lines:

R2L *
(Fpepy)) = ”Tg'm Re[K}/|V|Eo|? (49)
mRL x 2
(Fpgp1) = — €m Re[K[|V|Ey| (50)

Where R and L are the radius and the length of the fiber, and K,,“ and K" are the parallel and
perpendicular complex polarizability factors, respectively. The electric field applied also
generates an alignment of the ellipsoid; the orientation axis is the one with lowest
depolarization factor. The torque acting on the dipole p in a uniform applied electric field is

Tpegp = PXE, (51)
Considering a rotation in the x-y plane, the DEP induced torque becomes:

TR%L ¢

(Tpep) = =

m Re(My — M, )E;/E, Re[K}/K}| (52)
E//and E are the parallel and perpendicular components of the local electric field on the fiber.
In this first description we considered only two possible cases, i.e., fibers parallel or
perpendicular to E,. However, the fibers could have any orientation. To take that into
consideration we assume g the angle of the fiber with respect to the electric field. The electric
field can thus be decomposed in parallel and perpendicular components. DEP force produced
by the parallel and perpendicular components, depending on the angle orientation, can be
written as follow:

R’L , *
(Fpep))) =nTsmcoszg Re[l’('//]VlEol2 (53)
R?L , . *
(Fpgp1) = ——¢&'m sin®0 Re[K[]V|E,|? (54)
The composition of these two components gives the total time averaged Fpep

R’L , * . *
(Fpgp) = ﬂTe m (cos®0 Re[K}/| + sin®0 Re[K}]) V|Eo|? (55)
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In this calculus we are assuming that the dimensions of the fiber are smaller than the non-
uniformity of the electric field. This is not fully correct and to address this problem it is
possible to use a similar approach to the finite element method by dividing the fiber into small
components where the electric field is uniform. Following this approach, we can apply the
Eq.55 and the torque equation to each smaller component of the fiber, and the sum of all of
them will yield the overall Fpgr and Tpep averaged over time. It is important to note that each
DEP force on each component creates an extra torque with respect to the fiber's center, which
adds to the DEP torque and contributes to fiber rotation. This description is valid for a single
fiber in the fluid in inhomogeneous electric field. In the situation of multiple fibers, the
polarization of each fiber will cause deformation of the electric field in a fluid. A single filler
will experience a net force due to distortions caused by others in its proximity. The size of the
distortions is proportional to the distance between the fillers [224].

Finally, other forces, such as the Drag force and Drag torque, associated with viscosity, impede
the motion and the rotation of the fiber. The Drag force contribution can be calculated as
follow

_ 2mL _ _A4ml
Fprag = 1n(§)—o.5 vy 1n(§)+0.5 vy

(56)

where 7 is the viscosity of the fluid, and v/, and v, are the parallel and perpendicular velocity
of the fiber. In order to compute the Drag torque, the fiber is evenly divided in N segments of
little cylinders. When the fiber rotates with an angular velocity s, each segments receive
Fpragirelated to its velocity . The Drag force on each cylinder generates a torque with respect
to the center of the fiber and by summing up all the torques we can estimate the total torque
reported as follow:

S S ) [(i_z)g]z ___-mmniy (57)
Drag i=1n( L )+05 2/ N 3N3[In( = )+0.5]

4.3 Simulation based on finite element (FE) analysis
FE analysis (COMSOL®) is used to simulate the electric field distribution in the fiber-
composites (NN_MF/PDMS) and particle-composites (NN_MP/PDMS), with 0-3 and quasi 1-3
connectivity. All the samples, designed with 5% volume fraction of NaNbOs fillers, are first
subjected to a poling electric field of 30 V um-! across their thickness. Microparticles are 1 pm
in diameter, whereas fibers are 1 pm in diameter and 17 pum in length. The permittivity of the
matrix is set as 2.9. The filler's permittivity is set to 200 to measure the composite's
permittivity, and adjusted to 130 to measure the piezoelectric coefficients, since NaNbO3
changes its dielectric characteristics when polarized. The piezoelectric charge coefficient of
the fillers is 30 pC N-1 [138,195]. In the 0-3 micro-particle (MP) composite, fillers are
randomly dispersed within the polymer matrix, while being aligned along the z-axis at inter-
particle distance of 10 nm in the 1-3 MP composite. As displayed in Figure 64, the electric
field in the particles is around three-fold higher when they are arranged in columns rather
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than randomly dispersed. Quasi 1-3 connectivity allows for enhanced distribution of the
electric field, as the polymer shielding effect is decreased. Similar findings have been made
with micro-fiber (MF) composites: three different structures are presented (Figure 65): 0-3
with randomly dispersed fibers (Figure 65-a); quasi 1-3 with perfectly aligned fibers spaced
500nm apart along the z-axis (ideal case) (Figure 65-b) ; quasi 1-3 with slightly tilted fibers
(real case) (Figure 65-c). According to the results, the best structure is the one presented in
Figure 65-b, with fibers completely aligned and experiencing an electric field that is about
2.5 times stronger than in structure 0-3. This system, however, is ideal and challenging to
replicate empirically. Figure 65-c depicts a more realistic case, in which the columns tend to
align due to their interaction with the electric field and with each other, but without attaining
perfect alignment. This structure is less effective than perfect alignment, but it clearly
outperforms the random dispersion as the fibers receive twice as much electric field. As a
comparison between the MF and MP composites, the electric field experienced by the MFs
fillers is higher than in MP fillers both in 0-3 and quasi 1-3 structures (more than 4 times for
the 0-3 and 3.5 for the 1-3). In addition, the distribution of the electric field in fibers is more
beneficial: as shown in Figure 65 b-c, the field is greatest in the middle of the fibers, gradually
diminishes on both sides, and reaches its minimum at the two extremities. Based on the scale
color, it can be stated that a high field level is located on most of the MF surfaces. In contrast,
the MP have just two maximal peaks of electric field at the two extrema, and the bulk of
particles are stimulated by lower electric field values (Figure 64-b). To some extent, the
combination of high form factor fillers and the DEP procedure appears to be the most
effective. The length of the fibers is aligned parallel to the electric field lines, making it easier
to properly drive and enhance the electric field. The electrical behavior undoubtedly affects
the dielectric and piezoelectric characteristics of composites, which are expected to be
improved using DEP.
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a) b)

Figure 64 COMSOL® FE simulation of spherical filler composites with a) 0-3 and b) quasi 1-3 connectivity.
For each configuration, the electric field inside the fillers is displayed, when an external field of 30 V um-1
is applied to the entire system in the z direction.
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Figure 65 COMSOL® FE simulation of fibers composites with a) 0-3 connectivity, b) perfectly aligned fibers
and c) slightly tilted fibers. For each configuration, the electric field inside the fillers is displayed, when an
external field of 30 V um-1 is applied to the entire system in the z direction.

To further investigate the effect of structuring high aspect ratio fillers, additional FE
simulation is done. Similarly to the study performed on BT/PDMS, all the systems presented
are subjected to a compressive stress of 10 kPa, applied on the upper surface, which is
grounded. The voltage developed across the thickness is evaluated on the bottom surface. The
results reported in Figure 66 and Figure 67 follow what observed in the electric field
analysis. For MP composites, the structured one develops a voltage 10 time higher than the
non-structured one (3 mV and 0.3 mV, respectively), indicating a greater electromechanical
coupling. These results are in accordance with what observed for BT/PDMS. As for MF
composites, the perfectly aligned system exhibits the maximum voltage of 87.9 mV, the
imperfectly aligned system produces 60.4 mV, and the random alignment almost 5.7 mV. This
further proves that structuring fibers clearly enhances the piezoelectric activity of a
composite, with an improvement of 15 times leading to highly performant sensors. These
values are greater than for BT/PDMS due to the lower permittivity of NaNbOs.
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Figure 66 Voltage distribution in response to an external compressive stress of 10 kPa simulated using
COMSOL® for a) 0-3 particle based composite and b) quasi 1-3 particle based composite.
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Figure 67. Voltage distribution in response to an external compressive stress of 10 kPa simulated using

COMSOL® for a) 0-3 fiber composite, b) composite with perfectly aligned fibers and c) composite with
slightly tilted fibers.

Following the simulation performed for BT /PDMS, permittivity, gs3 and dsz of all the systems
are evaluated and reported in Table 5. ¢, was initially assessed by setting the fillers's
permittivity at 200 in order to measure the composites' permittivity before to poling, while

being 130 when measuring the Voltage, g;3 and dz3. The results clearly support the initial
assumption:

e quasi 1-3 connectivity improves dielectric permittivity as well as piezoelectric charge
and voltage coefficients along a preferred direction, inducing anisotropy;

e additional improvement can be reached by using high form factor fillers, such as
fibers, which lead to higher connectivity along the fibrils, hence better
electromechanical coupling.

Finally, FE simulation is an excellent tool to explain why a higher form factor of the fillers is
further advantageous over an isotropic spherical shape.

Table 5 Voltage, gs3 D, €'r pre-poling and after poling, and dsz for 0-3 and 1-3 NN_MF/PDMS and
NN_MP/PDMS with 5%v, simulated using COMSOL®.

Sample Voltage 933 D & &r ds3
[mV] [mV m N-1] [uC m2] (Permittivity (Permittivity [pCN-1]
NaNb0s=130) NaNb03=200)

0-3 NN MP/PDMS 5%v 03 7.5 30.0 34 34 0.2
1-3 NN MP/PDMS 5%v 3.0 60.0 37.4 4.2 4.3 2.2
0-3 NN MF/PDMS 5%y 5.7 16.3 47.0 53 5.8 0.8
Perfect 1-3 87.9 251.1 67.4 7.6 9.3 19.6

NN MF/PDMS 5%v
Tilted 1-3 60.4 172.6 59.8 6.7 7.6 103

NN MF/PDMS 5%v
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4.4 Experimental results and discussion
4.4.1 X-ray Diffraction

X-ray diffraction was performed at ambient temperature to assess the crystalline structure of
the fillers produced via hydrothermal synthesis. Figure 68 reports the XRD pattern of
NaNbOs; that is identical for particles and fiber-shaped fillers. At room temperature, Sodium
Niobate presents orthorhombic (R) crystalline structure (space group Pbcm), which is non-
polar antiferroelectric, tunable to ferroelectric by applying an external electric field under
high temperature conditions. The intensities and positions of the peaks, underlined by the
small triangles in Figure 68, are consistent with the values of the orthorhombic Pbcm
reported in the literature[131,196,197,225].
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Figure 68 X-ray diffraction at 25°C of NaNbO:s fibers and particles after 4h annealing at 600°C

4.4.2 Scanning electron microscopy (SEM)
The fillers were observed through SEM microscopy to assess their shape and size. Figure 69
a-b depict the fibers before and after annealing, respectively. Near to each SEM picture the
distribution in length computed via Image]® is reported. The average length of the fibers pre-
and after annealing decreased from ~50 pm to ~17 pm. The annealing step led to a ~60%
reduction in filler. Figure 69-c represents the particulate fillers with average diameter of
~1.1um, after the annealing step. The filler is clearly not spherical, but rather has an irregular
polyhedral shape. Cross sectional images of the sample with 0-3 and quasi 1-3 connectivity
provided insight into the phases’ arrangement. Figure 70 a-f illustrate 0-3 and 1-3
NN_MF/PDMS with 1%v, 3%v and 5%V of fibers, respectively, while Figure 70 g-h represent
the NN_MP/PDMS ones (5%v). All of the pictures on the left side are in 0-3 connectivity
(Figure 70 a, ¢, e and g) , whereas the 1-3 structured counterparts are shown on the right in
Figure 70 b, d, fand g. When it comes to fiber-based composites with low volumetric content,
the difference between 0-3 and 1-3 is obvious: while the fibers in Figure 70-a are
homogeneously distributed and have a random inclination, the fibers in Figure 70-b are
organized to create columns along the z-axis, i.e.,, the structuring axis. It's interesting to note
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that not all the fibers in Figure 70-a are completely visible; some only emerge partially from
the surface because their length is not parallel to the observed surface. This is true for all of
the given composites, but in the 0-3 ones it is more pronounced. The cross section cut may
not be parallel to the fiber's length. When the fiber content is raised to 3% and 5%, a
distinction between 0-3 and 1-3 may still be visible: in contrast to 0-3 composites, where
fibers maintain their random distribution, in 1-3 ones fibers clearly exhibit an overall
orientation parallel to the field direction (z axis) [226]. Regarding the composites containing
5%v particles, the influence of electric-field structuration is visible in their cross sections
reported in Figure 70 g-h. As opposed to Figure 70-g, where the particles are spread
throughout the volume, Figure 70-h shows the particles reorganized into thick columns. SEM
enabled us to analyze and compare the structural differences of composites with various
types of fillers, volumetric contents, and connectivity, hence validating the achievement and
degree of structuration.
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Figure 69 SEM images depicting a) NazNb:0s fibers produced via hydrothermal synthesis prior to
annealing, b) NaNbO3 fibers annealed for 4 hours at 600°C, c) NaNbO3 particles produced via
hydrothermal synthesis and annealed for 4 hours at 600°C. Near to each picture the distribution in length
(for fibers) or diameter (for particles), computed via Image]®, is reported.
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Figure 70 Images acquired by SEM of a) 1%v NN_MF/PDMS with 0-3 connectivity, b) 1%v NN_MF/PDMS
with quasi 1-3 connectivity, c¢) unstructured NN_MF/PDMS 3%y, d) structured NN_MF/PDMS 3%v, e)
unstructured NN_MF/PDMS 5%y, f) structured NN_MF/PDMS 5%v, g) 0-3 NN_MP/PDMS 5%v, h) 1-3
NN_MP/PDMS 5%v.

4.4.3 Dielectric spectroscopy

BDS was performed on both random and structured micro-fiber composites (NN_MF/PDMS)
elaborated with different volume fractions, between 10-1 to 106 Hz, at room temperature. All
samples were characterized across their thickness to assess the effect of structuration along
the alignment direction. Furthermore, to highlight the influence of the connectivity as well as
of the filler’s form factor on the dielectric properties, fiber-based composites were compared
to 0-3 and quasi 1-3 particle-based composites (NN_MP/PDMS) doped with the same filler
concentration (5%v). Figure 71 a-b report the real part of the relative permittivity (&',) vs.
frequency for 0-3 and quasi 1-3 fiber composites respectively, at 1%v, 3%v and 5%v
compared with pure PDMS. 1-3 NN_MF/PDMS structured with 4 V um-! are not reported in
BDS analysis, but their permittivity at 1 kHz will be explored later in this section. As
previously discussed for BT/PDMS composites (subsection 3.3.3), we can discern several
frequency ranges linked to various phenomena in the BDS analysis. Interfacial polarization
and electrode polarization (both less than 1 Hz) and dipolar polarization (1-106 Hz) are
observed within the range analyzed in our characterization. For each sample under
investigation, the plots of the real relative permittivity are similar in shape. Starting at 106 Hz
and decreasing the frequency, there is a slight increase in the real part of the relative
permittivity as the dipoles can follow more efficiently the fluctuation of the applied field,
leading to increased polarization. This rise becomes more pronounced in the presence of
interfacial and electrode polarization (below 1 Hz). Additionally, we can observe that:
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e The addition of fillers to the matrix induces a rise in €’ over the whole frequency
range. This increase is the result of the filler's permittivity, which is around 70 times
higher than the matrix’s one.

e Regardless of the frequency, switching from 0-3 to quasi 1-3 connectivity always
causes a rise in €', because the density of the dipoles increases in the direction of the

applied electric field.
PDMS pure ——PDMS pure
0-3 NN_MF/PDMS 1%y — 1-3 NN_MF/PDMS 1%y
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6.5 0-5 NN ME/PDMS 5%y 16 —— 1-3 NN_MF/PDMS 5%v,
6.0 14 4
554 12
5.0
oo 104
" 4.5 w
4.0- - 81
3.54 . 64 .
3.0 o " 44
=~
254 ) -
 E—
102 107 10° 10' 16 10° 10° 10° 10° 107 10% 10" 10° 10" 10* 10° 10* 10° 10° 107
Frequency (Hz) Frequency (Hz)
a) b)

Figure 71 Relative permittivity real for a) PDMS and 0-3 NN_MF/PDMS with 1, 3 and 5%v and b) PDMS
and 1-3 NN_MF/PDMS with with 1, 3 and 5%uv.

As reported in Figure 72 a-b, all composites have relatively low losses that only slightly rise
at low frequencies due to interfacial polarization and space charge, as well as conductivity of
ionic species present in the material. For 0-3 composites, increasing the filler content also
results in a slight but discernible increase in losses. The same applies to structured composite,
however this rise is greater. In general, it has been shown that adding filler to a polymeric
matrix causes losses to rise, and the more the filler added, the greater the losses. This has to
do with an increased number of interfaces, which might be related to the Maxwell-Wagner-
Sillar interfacial polarization. The conductivity and permittivity differences between the
matrix and filler at the interface cause a buildup of charges that locally redistribute the
electric field, as has already been observed in various investigations [203]. Another reason
behind the low frequencies rise in losses might be the role of conductivity. According to
Kremer et al., in heterogeneous systems composed of fillers embedded in polymeric matrix, a
water conductive layer exists between the filler and the matrix itself. This is brought on by
the filler's propensity to surface-adsorb water from the surrounding environment [203]. As a
result, conductive related losses develop. Presence of ionic species due to the synthesis of the
filler, residual salts for instance, may also play a role in the conductivity. This tendency seems
to be more pronounced in 1-3 composites. It's conceivable that fillers arranged in columns
may provide routes for the charges to follow, strengthening this effect. Other works reported
similar findings [227]; Regardless, the composite losses are less than 30%.
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Figure 72 Loss tangent for a) PDMS and 0-3 NN_MF/PDMS with 1%v, 3%v and 5%v and b) PDMS and 1-
NN_MF/PDMS with with 1%v, 3%v and 5%v.

Similar results to those reported for fiber-based composites were discovered for 0-3 and 1-3
NN_MP/PDMS composites (Figure 73 a-b). Only a volumetric concentration of 5%v is
examined in this instance. In terms of permittivity, the pure PDMS (black curve) has a lower
value than the 0-3 composite (red curve). The permittivity is raised by the addition of filler.
Structuring the filler provides a further increase in permittivity (blue curve). With the
addition of filler, dielectric losses rise as well, especially in the interfacial polarization region.
DEP structuring, just like for fiber-based composites, causes an additional rise in losses at low
frequencies, probably due to ionic species and salts from the hydrothermal synthesis.
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Figure 73 a) Relative permittivity real part and b) dielectric loss tangent for PDMS and NN_MP/PDMS
5%y with 0-3 and 1-3 connecitivity.

Figure 74-a reports the £'; at 1 kHz at room temperature as function of the filler content for
both 0-3 and 1-3 NN_MF/PDMS composites structured with 6 V pum-L. This plot allows to
better visualize the dependence of ¢'- over volume content and connectivity. As observed in
the BDS analysis, whatever the connectivity, higher filler concentration gives rise to an
increase in the permittivity, as the filler has a much higher ¢’ than the polymer. No higher
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volume contents than 5%v were reported as the viscosity of the blend would be too high and
there would not be enough freedom of movement for the fibers to properly orient and move
to build columns as reported in other studies of DEP-fiber composites [227]. Overall, quasi
1-3 composites achieve greater ¢’ than the 0-3 one regardless of filler content. As previously
explained, structuring provides anisotropy in the dielectric properties, which are clearly
improved along the columnar direction as fillers are closely packed and less shielded by the
matrix. Concerning the other directions, however, ¢’- is supposed to be lower in the quasi 1-3
composite, in contrast to the 0-3 composites, whose behavior may be the same or enhanced
as the fibers tends to be flat, due to the lowest energy configuration [179,222]. To assess the
effect of the electric field amplitude on the quality of the structure, composites with fillers
content of 1%v, 3%v and 5 %v were also structured with 4 V um-1and their permittivity was
compared to those structured with 6 V pm-1. Examining the results reported in Figure 74-b,
quasi 1-3 composites structured with 4 V pym-! exhibit superior dielectric properties than the
non-structured (reported in Figure 74-a), nonetheless inferior to those structured with
6 V um-L. These results confirm that increasing the amplitude of the electric field brought the
fibers closer together and improved their alignment. While this is consistent with what has
been observed for BT/PDMS, we were able to significantly increase the amplitude of
structuration for NN based composites. Indeed, the difference in permittivity between matrix
and NN fillers is ten times smaller, implying a lower likelihood of polymer breakdown due to
a local enhancement in the electric field. Nonetheless, using electric fields greater than
6 V um-*would have resulted in break down during the structuring.

Table 6 Real part of dielectric permittivity at 1 kHz, for all the composite of NN_MF/PDMS and
NN_MP/PDMS.

Volume &'r & &'r & &'r
fraction NN_MF/PDMS NN_MF/PDMS NN_MF/PDMS NN_MP/PDMS NN_MP/PDMS
o 0-3 1-3 1-3 0-3 1-3
( AJV) (4 V pm-1) (6 Vum?)
0% 2.85+0.3 2.85+0.3 2.85+0.3 2.85+0.3 2.85+0.3
1% 3.2+0.3 3.5+0.3 3.6x0.3 / /
3% 3.540.3 4.620.4 5.1+0.5 / /
5% 4.2+0.4 6.7+£0.7 7.2+0.7 4.2+0.4 6.2+0.6
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Figure 74 Real part of dielectric constant (¢’r) versus fiber volume content for a) 0-3 and 1-3 NN_MF/PDMS
structured with 6 Vum b) 1-3 NN_MF/PDMS structured with 4V um*and 6 V um-1,

Table 7 reports a comparison between the experimental results and the COMSOL®
simulations. It is interesting to notice that the results follow the trends reported by FE
simulation, with however some discrepancies. The major difference is found for 0-3 fiber-
based composites where distribution of the fibers is difficult to predict and model. In our
simulation the fibers were randomly oriented, and this led to a higher permittivity with
respect to the one observed empirically, nonetheless in reality fibers may tend to be flat, (i.e.,
low angle of inclination), as it is the equilibrium position in 0-3 fibers composites. On the other
hand, 1-3 fiber-based composites are matching the simulation results relative to 1-3
composites with tilted fibers. Another relevant element that could justify the differences is
related to the fillers size distribution which is not homogeneous. Next, we compared particle
and fiber-based composites with 0-3 and quasi 1-3 connectivity and with a volume fraction of
5%v to examine the impact of high aspect ratio on &’

Table 7 Comparison between experimental permittivity and FE permittivity at 5%v for fiber and particle-
based composites with 0-3 and quasi 1-3 connectivity.

Sample &t &t
experimental FE simulation
0-3 NN_MF/PDMS 5%v 4.2+0.4 5.8
1-3 NN_MF/PDMS 5%v (6 Vum-1) 7.2+0.7 7.6 (tilted) 9.2 (perfect)
0-3 NN_MP/PDMS 5%v 4.0+0.4 3.4
1-3 NN_MP/PDMS 5%v 6.2+0.6 4.3
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The data are reported in Table 6 and displayed in Figure 75. A 50% improvement in ¢’ is
found in DEP-structured MP composites with respect to 0-3 ones. Nonetheless, regardless of
the connectivity, composites with particles exhibit always lower &’. than those with fiber-
shaped fillers. Additionally, the percentage of improvement for fiber-based composite is
higher (~70%). As predicted by COMSOL® simulation (section 4.3), the form factor strongly
affects the electric filed distribution in the fillers, playing a fundamental role in the composite
dielectric properties. This is true for 1-3 connectivity, however in 0-3 connectivity, there isn't
a significant difference in the use of fibers or particles. Indeed, the connectivity of structured
NN_MP/PDMS defined as quasi 1-3 where the particles within a column are more spaced and
shielded by the polymer, leads to lower ¢€’; than an ideal fully 1-3 connectivity. On the other
hand, in NN_MF/PDMS, greater connectivity is achieved along the alignment axis due to the
form factor of the fibers, i.e., closer to a fully 1-3 connectivity. In other words, in fiber-based
composites there should be a higher ratio r (filler dimension/inter-fillers distance). The
empirical values that we reported for particles composites are somewhat higher with respect
to those found via FE simulation: for 0-3 particle composites on one side the value that we
found was 3.4, while experimentally we found 4+0.4, thus we can consider the results quite
in good agreement; the main difference may be related to the ideality of the FE model, which
does not take into account the particle size distribution, as well as the aggregation; indeed,
the distribution of fillers in the volume is recreated in an ideal or near-ideal way. The
comparison between experimental and FE simulations data is reported in Table 7.
Additionally, and more importantly the NN particles were modeled with spherical
morphology, while it is quite clear from the SEM investigation that the shape is polyhedral
and irregular. For what concern the results reported for quasi 1-3 particle composites the
value that we computed via FE modeling was 4.3 while the value that we empirically
measured is 6.2+0.6. This discrepancy might be also related to the spacing between the
particles, which, in reality, is less than 10 nm, as we modeled with COMSOL®, and again to the
ideality of spherical particles, clearly not perfectly representative of NN microparticles.

[F70-3 NN_MP/POMS 5% val |
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Figure 75 &’r for 5%v NN_MP/PDMS and NN_MF/PDMS composites in both 0-3 and quasi 1-3 connectivity.
The arrows indicate the increasing rate of €’r achieved by DEP structuration, and the increase of €'r related
to the shape of the filler in quasi 1-3 composites.

4.4.4 Piezoelectric analysis

In ferro/antiferroelectric composites, an optimal electric field distribution is required in
order to reach full polarization of the fillers (ie., close to saturation of the charge
displacement) and thus maximize dss. In this regard, the shape and connectivity of the fillers
are the key factors. As described in subsection 2.3.5, all samples were poled up to 30 V um-1,
and their piezoelectric charge coefficient (d33) was tested by Berlincourt method. First the
saturation of polarization was evaluated by poling all the composite at 10, 20 and 30 V um-1..
Electric fields higher than 30 V um-! pose a substantial likelihood of breakdown and thus are
not reported. From the results, reported in Figure 76 a-d we can state that:

o None of the composites fully reaches saturation of polarization, as the values of ds3 do
not reach a plateau;

e quasi 1-3 composites reach higher values of ds; rather than the 0-3 counterparts, no
matter the filler content and poling field;

o fiber-composites structured at 6 V mm-! are always more piezoelectric than those
structured at 4 V mm-1, suggesting a better distribution of the electric field during the
poling.

o Composites with 5%v of particles appear to be further from saturation than their
fiber-based counterparts (Figure 75 b-c) in agreement with the FE results reported in
subsection 4.2.

- ®- 0-3 NN_MF/PDMS 3% vol
- & 1-3NN_MF/PDMS 3% vol 4V pm’

*- 0-3 NN_MF/PDMS 1% vol 74 _1
_ L A 1 o
40~ & 1-3 NN_MF/PDMS 1% vol 4V pm’ 1S INNEMEFDMS 3% Vol 6Vl U
A- 1-3 NN_MF/PDMS 1% vol 6V um’' 6 LA
3.54 L.
3.0 A 59 g 2
z 2 AT e = T 4 ,'A- ..
o m- =
20 Q 34
&m 2 u
5> 1.5 A° 2 &
© . - 24 o
1.0 n
P 14 ‘. .
0.5 - - Mo gd=v= S .
ST e .-
004 a@~---""" . 04 &
T T T T T T T T T T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
E field (V pm™") E field (V pm™)
a) b)
111

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0122/these.pdf
© [G. D'Ambrogio], [2022], INSA Lyon, tous droits réservés



Chapter II. Structured piezoelectric composites for biosensor applications

- #- 1-3 NN_MP/PDMS 5%v

- @- 0-3 NN_MF/PDMS 5% vol 35 [ #- 0-3 NN_MP/PDMS 5%v
12+ - m- 1-3 NN_MF/PDMS 5% vol 4V pm’ =] .
- &- 1-3 NN_MF/PDMS 5% vol 6V uym’ 3.0 ‘
109 A A
2.54
8 A <
.;"‘ - = 2.01
pd A 3 A
('.3)_ 64 ' L) £ 154
o 4 - T 1.0+ ]
.8
0.54
2 .-
....... -
. R . 004 o
o] &
L T L A L L T
T T T T T T T 0 5 10 15 20 25 30
0 5 10 15 20 25 30 P
E field (V pm™) E field (V um™)
) d)

Figure 76 Saturation of poling field for non-structured and structured composites (4 and
6 Vum1) with a) 1%v of NN fibers, b) 3%v of NN fibers, c) 5%v of NN fibers and d) 5%v of NN particles.

The variation of ds3 over the volumetric content for 0-3 and 1-3 NN_MF/PDMS samples is
reported in Table 8 and plotted in Figure 77 a-b. Quasi 1-3 composites
(6 V um-1) exhibits higher ds3 with respect to the 0-3 ones, at any filler percentage (Figure 77
a). For instance, at 5%v, d33 of NN_MF/PDMS structured with 6 V um-1is over 7 times higher
than its 0-3 counterpart. Figure 77 b represents dz; vs. volume fraction of fibers for
composites structured with 4 and 6 V um-1. When structuring at 6 V um-1, the piezoelectric
constant is larger, which supports our previous statement: as the strength of the structuring
electric field grows, the degree of fiber structuring increases. Table 10 provides a comparison
between the experimental results with the simulation of section 4.3. The experimental values
are slightly higher compared to those from the FE simulation, but they still fall within the
same range of values. According to our results, the FE structure in Figure 43 c (fibers almost
aligned but tilted presented in section 4.3) accurately reflects the structured composite
containing 5%v fibers.

Table 8 d33 for 0-3 and 1-3 NN_MF/PDMS and NN_MP/PDMS composites developed in this work.

Volume dss(pCN1)  dss(pCN1)  dss(pCN1)  das (pC N7 ds3 (pC N1
fraction NN_MF/PDMS NN_MF/PDMS NN_MF/PDMS NN_MP/PDMS NN_MP/PDMS
. 0-3 13 1-3 0-3 13
(%v) (4Vyum?) (6V um 1)
1% 0.35%+0.04 2.20£0.22 2.90+0.30 / /
3% 0.86%0.09 3.81+0.38 6.00£0.60 / /
5% 1.34+0.13 7.60+0.76 9.54+0.95 0.90+0.09 3.30+0.3
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Figure 77 a) Piezoelectric charge coefficient (ds3) plotted as function of fibers volume content for
unstructured and structured (6 V um) NN_MF/PDMS composites. b) dss vs. filler content for
NN_MF/PDMS composites structured with 4 and 6 V um-1,

Figure 78 compares 0-3 and quasi 1-3 NN_MP/PDMS and NN_MF/PDMS, each with 5%v of
fillers. In contrast to the 7-times improvement for fiber-based composites, structuring of
particle-based composites only increases piezoelectricity by 3.5 times. Combining DEP
together with fiber-shaped fibers significantly improves the sensitivity of the composite,
explaining why the 1-3 NN_MF/PDMS leads to a threefold rise in ds3 compared to the
equivalent structured particle composite. These results agree with the dielectric analysis and
the FE summarized in Table 10. Structured fiber-composites achieve a condition much closer
to full-contact 1-3 connectivity rather than particles-based composites. In such a
configuration, there is a redistribution of the filler that induces anisotropy, resulting in
considerably enhanced piezoelectric activity along the alignment axis. Besides, the filler
experiences stronger polarization in quasi 1-3 fiber-composites than in 0-3 ones, resulting in
a larger piezoelectric constant [222]. All the results for dz3 analysis are summarized in Table
8.
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Figure 78 ds3 of 5%v NN_MP/PDMS and NN_MF/PDMS in 0-3 and quasi 1-3 connectivity (6 V um-1). The
arrows indicate the increasing rate in ds3 achieved by structuring for both particle and fiber composites,
and the rise in ds3 from structured NN_MP/PDMS to structured NN_MF/PDMS.

Finally, the piezoelectric voltage coefficient, gs3, was computed according to Eq.37 and
reported in Figure 79 a-b and Table 9. The results confirmed that fiber-structured
composites develop higher electric field per unit of external stress, meaning higher g3z, than
0-3 NN_MF/PDMS, at each volume content. Again, an electric field amplitude of 6 V um-
enhances more the properties rather than 4 V um-l. Additionally, structured composites
made of fibers achieve g33 that are more than twice as high then a structured particle-based
composites (Figure 79-b).

Table 9 gs3 for 0-3 and 1-3 NN_MF/PDMS and NN_MP/PDMS developed in this work.

Volume g33(mV m N-1) g33(mV m N-1) g33(mV mN-1) g33(mV m N-1) g33(mV m N-1)

. NN_MF/PDMS NN_MF/PDMS NN_MF/PDMS NN_MP/PDMS NN_MP/PDMS
fraction 0-3 1-3 1-3 0-3 1-3
(%v) (4V um1) (6 V um1)
1% 12+0.3 71£0.5 91+ 0.6 / /
3% 27 0.4 107 +0.8 130+ 1.1 / /
5% 35+0.5 123+1.5 148+ 1.5 24.2+0.5 60+1

The empirical values fall within the same range of values as those reported in the FE analysis
and exhibit the same trend. The minor discrepancies between modeling and experimental
results are most likely due to the causes mentioned in subsection 4.4.3. Despite this, the
values’ trend is fairly congruent with the FE simulation, and the tendency of improvement
acquired through structuring and fiber-use is respected. The results that are most in conflict
are those for composites 0-3, suggesting that conglomerates and sedimentation are likely to
have a substantial impact on the measurements obtained. A comparison is summarized in
Table 10.
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Figure 79 a) gss in function of fibers volume content for 0-3 non-structured composites and quasi 1-3
composites structured with 4 and 6 V um-1; b) gss of 5%v NN_MP/PDMS and NN_MF/PDMS in 0-3 and
quasi 1-3 connectivity (6 V um). The arrows indicate the increasing rate in gsz achieved by structuring
for both particle and fiber composites, and the rise in dss from structured NN_MP/PDMS to structured
NN_MF/PDMS.

Table 10 Comparison between the experimental results and the FE analysis for particle and fiber-based
composites at 5%v of filler (0-3 and 1-3 connectivity).

Sample ds3 (pC N-1) ds3 (pC N-1) g33 (pC N1 g33 (pC N1)
experimental FE simulation experimental FE simulation
0-3 NN_MF/PDMS 5%v 1.34+0.13 0.8 3505 16.3
1-3 NN_MF/PDMS 5%v  9.54+0.95 10.3 19.6 148 +1.5 172.6 2511
(6 Vum1) (tilted) | (perfect) (tilted) | (perfect)
0-3 NN_MP/PDMS 5%v 0.9 £0.09 0.2 242 £0.5 7.5
1-3 NN_MP/PDMS 5%v 3.3+0.3 2.2 60+1 60

4.4.5 Dynamic Mechanical Analysis (DMA)
DMA was performed to assess the effect of structuring over the elasticity of the composites.
The storage (Y’) and loss moduli (Y”) are reported in function of the frequency (1, 25 and 50
Hz), for 0-3 fiber composites (Figure 80 a-b), and quasi 1-3 fiber composites for all the filler
volume fractions produced (Figure 81 a-b). As the frequency increases both Y’ and Y”
increase, no matter the volume content or the connectivity. This is consistent with the
observation made for BT /PDMS; rising the frequency leads to increased energy on the chains
as well as increase of losses as the chains are unable to follow the mechanical cycles, thus
more energy is dissipated. Filler volume fraction directly influences both storage and
dissipation moduli as the fillers impart their high stiffness as well as obstacle chains
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movement. Similar frequency behavior is followed by NN_MP/PDMS 0-3 and quasi 1-3 with
5%v particles (Figure 83 a-b).

—a— 03 NN_MF/PDMS 1% vol| [ 1-25°C F-=—0-3 NN_MF/PDMS 1% vol
\—e— 0-3 NN_MF/PDMS 3% vol —8—0-3 NN_MF/PDMS 3% vol
(—4— 0-3 NN_MF/PDMS 5% vol 41 4 0-3 NN_MF/PDMS 5% vol
9 ‘—F PDMS pure —y— PDMS pure
8- 5.
7 —
©
o g
= 64 = 21
:—’ ~
> 5
1
44
34
04
T T T T T

Frequency (Hz) Frequency (Hz)

a) b)

Figure 80 a) Storage modulus and b) Loss modulus for 0-3 NN_MF/PDMS at all the volume contents
produced and pure PDMS.
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Figure 81 a) Storage modulus and b) Loss modulus for 1-3 NN_MF/PDMS at all the volume contents
produced and pure PDMS.

From Y’ and Y”at 1 Hz we computed the Young’s modulus (Y) for all the composites according
to Eq.38. The results are reported in Table 11 and illustrated in Figure 82-a for composites
made with fibers. Interestingly, structured fiber composites exhibit a slightly lower Y than
their 0-3 counterparts at each volume fraction: it is well known that the orientation angle of
the fibers affects the mechanical properties of both long and short fiber composites. Short
fiber composites represent mostly the situation investigated in this work. Their mechanical
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properties have been modeled according to the semi-empirical Halpin-Tsai model which
allows to evaluate the Young’s modulus in function of the angle of fibers with respect to the
applied stress (Eq.58) [228].

Y(©) =(

4
cos*0
+
Yy

in*e | 1,1 2 . -
Where Y;, Yr, Gir are longitudinal, transversal and shear modulus of the composite
respectively and v, Poisson ratio of the composites. O is the angle of inclination of the fibers

with respect to the x axe. According to Halpin-Tsai those quantities are calculated as follow:

!
1+ L9

Yo=Y (59)
Y7

withn, = Y;;—L (60)
Ym R

With Y, and Yrthe Young’s moduli of matrix and fillers respectively, L length of the fibers, R
radius of the fibers, and ¢ filler volume content

142
Vr =Yy (61)
Yr
. Ym L
withny = v, (62)
T
Yy
=T (63)
Vir = V(1 — @) +vre (64)

Where v, and vy are the Poisson ratio of matrix and filler, respectively. In accordance to the

model, Y; is the Young’s modulus for composites with fibers aligned parallel to the applied
stress and Y7, is the Young’ modulus for composites with fibers aligned perpendicular to the
stress; Y. (0°) presents the highest possible value, it rapidly decreases until 45° and then a
minor decrease towards 90° occurs, at which Yris measured [228]. The equation is plotted on
Figure 82-b, for 1%v, 3%v and 5%v of NN fibers. Square and circles in the plot are the
experimental values for 1-3 and 0-3 respectively. Halpin-Tsai slightly underestimates the
transversal Young’s Modulus of our quasi 1-3 composites, as it does not consider several
factors, for instance the distribution of fibers sizes, agglomeration and imperfect alignment,
inter-fibers distance and fillers/polymer interface. For instance, the value for Yraccording to
the model for a 5%v composite with fibers aligned at 90° is 3.8 MPa, i.e., 15% smaller than the
experimental one (4.5 MPa). Decreasing the volume content, more agreement is found
between the model and the empirical data; it is possible that when the filler increases in
volume content, there is less free space for the fibers to align, which leads to lower angles of
alignment, and this could justify the higher mismatch between model and experiments found
for 5%v. Furthermore, no matter the percentage of filler, quasi 1-3 composites exhibit a slight
decrease of Y with respect to the random composites, which indicates a dissimilar orientation;
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in principle, in 0-3 composites, fibers should exhibit an average angle is around 45°, being
randomly dispersed. As visible in Figure 83-b, the experimental values (squares) are in good
agreement with the model for each volume content.

Table 11 Y for 0-3 and 1-3 NN_MF/PDMS and NN_MP/PDMS developed in this work.

Volume fraction Y (MPa) Y (MPa) Y (MPa) Y (MPa)
(%v) NN_MF/PDMS NN_MF/PDMS NN_MP/PDMS NN_MP/PDMS
0-3 13 0-3 1-3
(6 Vumt)
0% 3.3+£05 3.3+£0.5 3.3£05 33+0.5
1% 3.9+0.4 3.7 +0.4 / /
3% 4.20.4 3.9+0.4 / /
5% 4.7 £0.5 4.4 +0.6 49+0.5 453+0.5

_e—0-3NN MF/PDMS Halpin-Tsai for NN_MF/PDMS 5%y
- 1 Halpin-Tsai for NN_MF/PDMS 3%v
—A—1-3 NN_MF/PDMS 6 Vpum 7 J Halpin-Tsai for NN_MF/PDMS 1%y
55 @ 0-3 NN_MF/PDMS 5%v
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Figure 82 a) Y vs. volume fraction for 0-3 and 1-3 NN_MF/PDMS. b) Comparison of the experimental
results with the Halpin-Tsai model, which evaluate the Young’s modulus as function of the angle 9 (°deg),
which is the inclination of the fiber with respect to the applied stress. Dots and squares are the
experimental values for 0-3 and 1-3 NN_MF/PDMS composites.

Finally, Y was computed for 0-3 and 1-3 NN_MP/PDMS composites and the results are
displayed in Figure 84. There is no substantial difference between quasi 1-3 and 0-3, as the
filler content is too low for the connectivity to have a significant influence on mechanical
properties. The same results were found in BT /PDMS for low fillers content.
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Figure 83 a) Storage modulus and b) Loss modulus for 0-3 and 1-3 NN_MP/PDMS at 5%v.
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Figure 84 Y for pure PDMS, 0-3 and 1-3 NN_MP/PDMS.

4.4.6 DSC
In order to assess how fillers and DEP structuring impacted the properties of the composites,
DSC was performed between -150°C and 15°C. Evaluation of the polymer-based composite's
glass transition temperature was the objective. The heat flow vs. temperature variation for
0-3 NN MF/PDMS, 1-3 NN MF/PDMS, 0-3 NN MP/PDMS, and 1-3 NN MP/PDMS, all with 5%v
filler, are presented in Figure 85-a. The inflection point connected to the glass transition can
be identified in all graphs. Tg, ACp, and ATg relative to the glass transition were extrapolated
from the results of heat flow. The glass transition occurs for all of the composites at about
-117°C, as shown in Figure 85-b, with no discernible variations from the pure PDMS, whose
DSC was reported in subsection 3.3.7. The Tg for the particle-based composite is
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slightly lower, which indicates more mobility of the polymer chains. All four composites had
comparable ACp values, as indicated in Table 12, and these values were equivalent to the
value recorded for pure PDMS (0.04 mW/mg). Finally, the temperature range where the
transition occurred (4Tg) was between 3.5 and 5 °C, fairly homogeneous for all the
composites and comparable to the pure PDMS ( ~5°C). We can conclude that neither the
addition of NaNbOs fillers nor the DEP-structuration significantly change the polymer's chain
polymerization and amorphous phase characteristics. Because the filler amount is kept to
5%v, there is no constrained amorphous phase or crystalline phase with Tm at -50°C, unlike
composites containing high content of BaTiOs fillers.

[}
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0.24 |-
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0.12 |-

0.00 1 1 1 1 120 4
0.219 [—— 0-3 NN_MP/PDMS 5% V| i

50146 | - 1004

£
E 0.073 - -

EO.DOD -
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Figure 85 a) Heat flow (mW/mg) vs. Temperature measured via Differential Scanning Calorimetry for
particles and fibers-based composite at 5%v of filler with 0-3 and 1-3 connectivity; b) Glass transition
temperature for the four composites NaNbOs-based under investigation.

Table 12 ACp and ATg associated with the glass transition for 0-3 and 1-3 NN_MP/PDMS and 0-3 and 1-3
NN_MF/PDMS 5%v.

Sample ACp (mW/mg) ATg (°C)

0-3 NN_MP/PDMS 5%v 0.034 +0.003 3.5+0.3

1-3 NN_MP/PDMS 5%v 0.046 £0.004 3.8+0.3

0-3 NN_MF/PDMS 5%v 0.046 £0.004 3.7+0.3

1-3 NN_MF/PDMS 5%v 0.048 +£0.005 5.0+0.5
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4.5 Comparing piezoelectric materials

Structured composites containing 5%pv fibers appear to be the best performers among those
developed in this study. In terms of piezoelectric and mechanical behavior, it is interesting to
compare them to other piezoelectric materials described in the literature (e.g., electroactive
fluoropolymers, piezocomposites, and bulk ceramics) [138,151,202,222,229-231]. The
comparison is based on the piezoelectric voltage coefficient gs3 (involving the dz; and &,
parameters as expressed in Eq.37) together with the material's stretchability (determined as
the reciprocal of the Young’s modulus Y, so denoted as 1/Y). As matter of fact, to develop a
sensor suitable to vascular prosthetics, the major criteria are the high voltage generated as a
response to a stimulus, as well as softness and stretchability, so that the graft's activity is not
compromised. Figure 86 depicts an Ashby plot of gss versus 1/Y for a variety of typical
piezoelectric materials reported in literature. As shown, the bulk piezoceramics exhibit a
combination of high Young's modulus, i.e., low stretchability, and low gs3, making them
unsuitable for the target application. On the other hand, although electroactive polymers such
as PVDF and its copolymers have great piezoelectric activity, they are still quite stiff (~GPa).
Finally, piezoelectric composites include the best mechanical properties in terms of
stretchability, together with a good range of gs; values. Furthermore, the structured fiber
composite presented in this study outperforms all previously reported particle composites,
such as BT/PDMS 0-3 and 1-3, or NN_MP/PDMS 0-3 and 1-3, with a g33 of 148 mV m N-,
confirming to be the most suitable choice for smart biomedical sensors
[138,151,202,222,229-231]. These benefits stem from the combination of a low dielectric
constant and a somewhat high ds3, which ultimately leads to increased gss.

Another strength is the markedly lower filler content as compared to other composites
described in earlier studies, 5% vs. 24% v, meaning lower elastic moduli, lower costs, and a
simpler processing. It is worth noting that the developed sensor performs somewhat lower
gz3value (1.2 times) with respect to the P(VDF-TrFE), but it requires much lower poling field,
ie, 30V pm-tagainst 100-200 V pum-! (3 to 7 times), which implies lower energy costs as well
as lower risk of material breakdown. Taking all of these parameters into consideration, it is
clear that our sensor provides the optimal trade-off between electromechanical coupling and
energy cost. This is such an outstanding achievement, also considering that the material can
be designed for many other applications, from biomedical to aerospace, or even energy
harvesting, by simply adapting the matrix to the mechanical constraints given for specific use.
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Figure 86 Piezoelectric charge coefficient (gs3) versus the reciprocal of the Young’s modulus(1/Y) for the
composite developed in this research compared to other piezoelectric materials reported in the literatures

[138,151,202,222,229-231].

4.6 Conclusions
In this chapter, we investigates the impact of DEP structuring on composites with high aspect
ratio fillers based on NaNbO3z in PDMS matrix; NN fillers are successfully produced in fiber
and particle shape via hydrothermal synthesis. SEM reveals the good morphology and XRD
confirms the good crystal structure of the fillers. The primary objective is to demonstrate the
improvement that may be achieved by DEP structuring on fibers rather than particles in
polymeric matrix. According to our results, quasi 1-3 fiber composites outperform quasi 1-3
particle ones as well as any 0-3 particle or fiber composite. This is first predicted via FE
simulation (COMSOL®) used to estimate the structuring impact on both particle and fiber
composites. These findings are subsequently corroborated by dielectric and piezoelectric
characterization; In quasi 1-3 fiber composites, €’- is 70% greater than in 0-3 counterparts
and 16% higher than in 1-3 particle composites, whereas gs33 is almost 4.5 times larger than
that of a 0-3 fiber composite and 2.5 times than that of a quasi 1-3 particle composite for the
same volumetric content. DMA testing in tensile mode reveals that fiber structuring causes a
modest drop in Y modulus transversely to the columns, while no remarkable changes are
identified between 0-3 and quasi 1-3 particle-based composites. This may be beneficial to our
application. The results show good agreement when compared to the semi-empirical Halpin-
Tsai model intended for composites made of short fibers. DSC reveals no relevant changes in
the chain polymerization, thanks to the low volume content of filler inserted in the matrix.
Finally, an Ashby plot based on gs3 vs. 1/Y is provided to compare the materials developed in
this project with existing piezoelectric materials for sensor applications; the results clearly
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show that NN_MF/PDMS with a 5%yv of filler exhibits the optimal trade between piezoelectric
properties and stretchability, prompting us to select it for application target of this project. In
this regard the sample will be implemented in a smart graft and tested to perform blood
pressure monitoring.

123

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0122/these.pdf
© [G. D'Ambrogio], [2022], INSA Lyon, tous droits réservés



Chapter III. Piezoelectric sensors for blood pressure monitoring

Chapter III

Piezoelectric sensors for blood pressure monitoring

Summary

In this chapter we demonstrate that the sensors developed in Chapter Il are suitable for blood
pressure monitoring and for identifying anomalies connected to blood thrombosis, intimal
hyperplasia, or atherosclerosis. First the 24%v BT/PDMS composite with 1-3 connectivity is
integrated into a vascular catheter and placed in a cardiovascular simulator to reproduce the
Fractional Flow Reserve (FFR) surgical procedure. The sensor is able to detect systole/diastole
fluctuations caused by the action of the pumping engine proving to be an excellent solution for
blood pressure sensors. Following that, 5%v NN_MF/PDMS with 1-3 connectivity is
integrated into a vascular graft that is placed into a cardiovascular simulator. Again, a pump
boosts the fluid flow by replicating systolic and diastolic pressures. The presence of blockages in
the system, mimicking a clot, causes the pressure to locally decrease or rise. The piezocomposite
allows the graft to sense pressure changes and outwardly broadcast these irregularities, paving
the way for a new generation of vascular prostheses able to perform in vivo coagulation
monitoring.

1. Developing Fractional Flow Reserve Catheters: a proof
of concept

The aim of this section is to provide evidence that the piezoelectric sensors developed in this
project are suitable for blood pressure monitoring. We have focused on two main blood
pressure detection techniques, the first more invasive, based on the measurement of
fractional flow reserve (FFR) via vascular catheters, and the second less invasive and highly
innovative based on the development of smart grafts. First, we employed an experimental
setup that allowed us to recreate the FFR measurement and evaluate the BT /PDMS-based
sensor in circumstances that were comparable to those of the actual FFR procedure. The goal
was to monitor fluctuations in blood pressure in real time. In this case, BT/PDMS 24%v with
1-3 connectivity was incorporated on an electrode-equipped vascular catheter and put into
an arm-simulator with vessels. Water was pumped by an engine mimicking the heart. The
sensor's surface charge allowed to follow the systolic and diastolic blood pressure with
reasonable accuracy and sensitivity. The following paragraphs provides an overview of the
FFR technique, its role in preoperative bypass grafting as well as the current state of FFR
sensors; subsequently the proof of concept carried out is detailed, providing evidence that the
materials developed in this work are perfectly suitable for of blood pressure monitoring.

2. Fractional flow reserve: state of art

Fractional flow reserve (FFR) is a technique developed to evaluate the significance of artery
narrowing. It is mostly employed as preoperative procedure for coronary artery bypass
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grafting, but it has been recently employed for peripheral artery bypass grafting preoperative
checks (pFFR) showing good correlations with standard morphologic and indirect functional
parameters [232,233]. It is based on the measurement of the FFR index, which is defined as
the maximum myocardial blood flow in presence of stenosis divided by the theoretical
maximum flow in absence of stenosis (Eq.65)[234]. It gives an accurate assessment of the
degree of ischemia in downstream cardiac areas by comparing the maximum flow in a
stenosed coronary artery to the theoretical maximum flow in the same artery without any
stenosis [235]. Usually, a pressure sensor or an optical sensor integrated into the catheter can
evaluate the pressure (Figure 87) [234,236,237].

FFR=P4/Pa (65)

P is the pressure after a stenosis (distal) and P, the pressure before (proximal) [236].

Figure 87 Representation of FFR sensor implemented inside the vessel. Pq is the proximal coronary
pressure while Pq is the distal coronary pressure.

Patients with intermediate coronary artery lesions were found to benefit greatly from the use
of FFR in making revascularization decisions. Usually values equals or below 0.75 are
considered critical and require intervention, as they indicate that a plaque or a stenosis
significantly hinder the blood flow, which is reduced of more than 25% [235]. FFR-guided
coronary artery bypass grafting has revealed to be a good replacement to angiography-guided
one; indeed, angiography is considered a qualitative test and often unreliable as it does not
clearly identify mild ischemic lesions. FFR-guided revascularization, according to Fearon et
al., improves outcomes while decreasing the costs to the healthcare system [238,239]. As
reported by to Toth et al., FFR-guided CABG decreases the number of graft anastomoses when
compared to CABGs that are solely angiographically guided. Moreover, FFR-guided bypass
has a greater 3-year patency rate [240]. Although the use of FFR in peripheral artery disease
(pFFR) is far less widespread than in coronary FFR, it has lately gained interest [232]. For
instance, Albayati et al. proved that FFR is a useful index to address the severity of peripheral
artery stenoses and for predicting successful interventions [241]. The sensor employed in
FFR measurements can be of three different types: capacitive, piezoresistive and optical
[242]. Because it operates with high pressure sensitivity and low temperature, the capacitive
pressure sensor is one of the most developed and often used pressure sensors for FFR
measurements. The basis of a capacitive sensor is a parallel plate capacitor; when a
mechanical stress induces a geometrical deformation of the capacitor, the capacitance
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changes, detecting a variation in the pressure [243-245]. The advantages of capacitive
sensors are their high sensibility and low power consumption. Moreover, they are easy and
cheap to process. Nonetheless they may require complex readout circuitry and they subjected
to mechanical drifts [242]. In piezoresistive sensors a deformation causes a change in
electrical resistance of a material, and this enables to measure the blood pressure. This class
of sensors offers mechanical stability, however they show critical drawbacks, like high power
requirement, large temperature dependence offset, non-linearity, long-term instability in
dynamic field conditions, and impart undesirable stiffness to catheters. At last, there are
optical sensors composed of an optical membrane and two beams in phase focused on it.
When the membrane deflects in response to an external pressure the beams are no longer in
phase and this allows to measure the blood pressure [246]. An optical sensor is advantageous
due to its small size and ability to withstand environmental effects; however, it is extremely
sensitive to the bending of the fibers. Indeed, imposing stiffness to the catheter provokes
limitation in the case of tortuous vessels [242,247].

a) b)

Figure 88 a) Optical FFR catheter COMET™ II produced by Boston Scientific [248]. b) St. Jude Medical’s
New FFR Measuring Pressure Wire [249].

In this instance, we propose BT/PDMS-based piezo-composite as pressure sensor that after
being inserted into the catheter can quickly detect blood pressure measurements. The
advantages include its piezoelectric sensitivity, stretchability that does not restrict catheter
motions when put into convoluted artery paths, thermal stability, low power consumption,
and simple circuitry. This method is appropriate for finding stenosis connected to the
presence of clots and atherosclerosis inside a blood vessel, nevertheless it could be used to
perform post-transplant monitoring. Post-transplant monitoring is usually performed by
ultrasound, computed tomography and angiography protocols, which are performed
periodically. In this regard, current techniques present procedural morbidity, possible
exposure to nephrotoxic contrast material, and are time-consuming and expensive. Pellicano
et al. propose the use of the fractional flow reserve (FFR) technique as it could allow for
postoperative monitoring of graft status, being able to indicate the degree of occlusion of the
conduct [20].
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3. Experimental section

3.1 Dynamic mechanical excitation

To test whether the BT/PDMS piezoelectric sample properly performs as a pressure blood
sensor, the 24%v 1-3 composite is subjected to an arterial pulse shape, and its electrical
response is recorded. The sensor, sputtered with gold and inserted among two electrodes, is
placed between a floating column and a preload screw, as illustrated in Figure 89. Dynamic
mechanical excitation is driven by a piezoelectric stack actuator (PI 246-50) with tunable
amplitude and frequency, controlled by a waveform generator (Agilent, 33500B) coupled
with a voltage amplifier (Trek, Model 20/20C). The mechanical pulse has an arterial pulse
shape with a frequency of ~66 bpm (beats per minute) and an amplitude of 0.6 N (which is
the minimum value achievable with the set up used in this work), corresponding to the
pressure values of ~11 kPa applied to a 4-mm radius circular surface. The sample’s electrodes
are connected to a high-sensitivity charge meter (KISTLER, Type 5015). During the
movement, the force is quantified via a load sensor (HBM) located between the top electrode
and the screw. Both charge and force signals are simultaneously recorded in real-time
through a DEWE® card (Sirius 8XSGT).

Pre-load Screw

Wave

@
SO
generator Dewesoft

Amplifier

Floating Column
Charge-meter

Figure 89 Schematic drawing of the set up used to study the piezoelectric behavior of the film under
dynamic mechanical excitation simulating an arterial pulse shape stress.

3.2 FFR simulation

To further asses the piezoelectric response of BT/PDMS in FFR conditions, a second
experimental test is carried out. As depicted in Figure 90 a-b the fabricated sensor
implemented on a catheter is inserted into a cardiac simulation arm where water is
circulating driven by an engine. The vascular catheter is equipped with electrodes which
enables us to connect the sensor to a charge meter. The selected heart rate is chosen equal to
~60 bpm. The charge meter is connected to the piezoelectric sensor through the electrodes
on the catheter and the emitted signal is monitored by the Dewesoft® card. Post-data
treatments are performed with the Origin® software.
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Catheter

N : Charge-meter \ Sensor

a) b)

Figure 90 a) Picture representing the cardiac simulator arm. b) Detail of piezoelectric sensor applied on
the catheter to perform the simulation.

4. Results and discussions
4.1 FFR simulation

Figure 91 depicts a typical architecture of FFR guidewire implemented with piezoelectric
composite, which is located at the proximal end of a flexible wire tip. The piezoelectric sensor
enables the measurement of dynamic and/or quasi-static pressure of blood vessels, ensuring
that an applied pressure specifically loads the elements in one direction. Deformation of the
crystals in the material generates an electrical charge, which is transmitted along with a thin
sensor inside the guidewire.

Distal end Proximal end

iyl o A [ | b

Connector

Piezoelectric composite Packaging Stainless steel core

Figure 91 Typical architecture of FFR sensor made of piezoelectric composite.

In this study, a structured composite with 24%v of BaTiO3 particles was selected as the best
candidate for FFR application. The composite acts as a pressure sensor as it develops charge
in response to the external stress. Therefore, d33 is more significant than gs3, and that justifies
the choice of 24%v composite over the 12%v one (Figure 92) . The arterial pulse-shape stress
applied on the material is shown on Figure 93-a. Under a mechanical solicitation, the
piezoelectric sensor emits sufficient charge variation to be detected via a charge meter (~5
pC) (Figure 93-b).
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Figure 92 dss3 at different volume contents for BT/PDMS 0-3 and quasi 1-3; For pressure sensors the most
performing is 1-3 at 24%v, indicated by the red arrow.

Using the charge response and the charge meter's conversion factor, the open-circuit voltage
is then calculated (Figure 93-c). A similar trend between the force, the charge, and the voltage
signals confirms the good sensitivity of the developed sensor. The sensitivity is around
~0.8 mV kPa-l, which corresponds to 100 uV mmHg-1. This value is comparable to common
pressure sensors available in the market and reported in several researches (30-100 puV

mmHg-1), with the advantage of the flexibility provided by the elastomeric matrix [242,250-
252].
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Figure 93 Performance of the developed piezoelectric sensor: a) Force input applied on the sensor with
the set-up represented in Figure 89 a to simulate FFR measurement; b) charge output response of the
sensor; and c) computed voltage output response.

To further simulate the FFR procedure, the 1-3 piezoelectric film with a filler content of 24%v
is integrated into a catheter that is inserted into the cardiac simulation arm. A commercial
catheter pressure sensor usually has core wire architecture, and the sensor is located at the
proximal end of the radiopaque flexible wire tip (Figure 91). Thus, in this experiment, the
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sensor is placed on the proximal end of a special catheter provided with electrical connections
through which it is possible to collect the charge emitted by the film. The catheter is inserted
into a tube through which a stream of water pumped by a motor at 66 bpm heart rate is
passing, simulating a typical systolic/diastolic pressure variation. The charge evolution,
displayed in Figure 94-a, is compared with a medical FFR measurement performed with an
FFR sensor available in the market (Figure 94-b)[253]. Clearly the sensor is able to detect
the blood pressure variation, and in principle it could measure changes in amplitude
associated to an occlusion and evaluate the FFR value.
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Figure 94 a) Charge response of sensor developed in this study integrated in a catheter during the
simulation setup shown in Figure 90-b, compared with b) FFR measurement carried out with a pressure
wire available in the market [253].

The pilot tests described in these sections show the material's strong potential for use in
pressure sensor technology, which might be included into the FFR tools. In two different
proofs of concept the BT-based piezocomposite proves to be able to detect systolic/diastolic
pressure variations with a sensitivity of 100 pV mmHg-1 The efficient transducing activity
combined with the flexibility and ease of integration make it a viable substitute for
conventional FFR devices, which are typically constrained by their stiffness and intricate
circuitry. Nevertheless, biocompatibility and hemocompatibility need more investigation and
further in vitro and in vivo tests are under consideration for future research. Additionally,
compatible electrodes that can withstand several cycles without deteriorating should be
designed. Finally, future efforts will focus on scaling up the material.

5. Smart Vascular Grafts for Thrombosis detection: a proof
of concept

5.1 Introduction
In this section the piezocomposite NN_MF/PDMS 5%v with connectivity 1-3 is integrated into
an ePTFE graft and tested as sensor for blood pressure monitoring. The purpose is to
demonstrate that the sensor can measure cardiac pressure (systole/diastole) and
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simultaneously identify pressure amplitude variations related to the presence of an
obstruction in the flow. The use of synthetic prosthesis has significant drawbacks, many of
which connected to the development of thrombi in the conduit, which restrict blood flow and
endanger the patient's life. We have discussed this extensively in Chapter I. Because of this,
it's critical to develop new prostheses that can track blood pressure fluctuations in order to,
if required, identify changes due to a stenosis. To this end, two proofs of concept are
developed: the composite abovementioned is integrated into the ePTFE graft which in turn is
inserted in an endovascular simulator; upon passage of a liquid, the sensor generates a
surface charge that can be tracked by a charge meter. Occlusions are performed to simulate
the presence of thrombi, inducing a local change in the pressure and consequently a change
in the charge developed by the sensor. Changes in charge can be consequently correlate to the
presence of clots. The second proof of concept is performed using the same set up, however
in this case the sample is coupled with an inductive coil; the composite and the coil together
build an LC resonant filter where the coil playing a role of Lg the inductance, and the capacitor-
like composite playing the role of C; the capacitance. Such a system acts as resonant sensor
capable of wireless controlling based on existing RFID protocols. A shift in the resonance
frequency of the filter induced by a change of pressure can be detected by an analyzer,
enabling early identification of thrombi. The material selected appears to be a suitable match
for the application because it is flexible, non-toxic, soft, and does not hinder the graft's
functioning. Indeed, PDMS is selected as a polymer matrix because of its low Young's modulus,
easy process, and extensive use in biomedical devices, as reported by Johnston et al., Victor et
al. and lonescu et al. [156,183,254]. The choice of the lead-free NaNbO3 as a filler, to some
extent, stems from its biocompatibility, high piezoelectric activity and low dielectric constant,
allowing for significant electromechanical conversion [255,256]. Furthermore, its
manufacture (via hydrothermal synthesis) is cost-effective and with minimal environmental
impact. In the next paragraphs the proofs of concept developed will be detailed.

6. Experimental section

6.1 Smart graft demonstrator

A system made of silicone tubes (internal diameter of 6 mm) coupled with a motorized pump
is used to reproduce the cardiovascular system, as illustrated in Figure 95-a. A picture of the
real set up is displayed in Figure 96. The engine is pumping a liquid, similar in viscosity to
blood, composed by 30%v glycerin in water, at 1 Hz frequency to mimic human’s heart rate
(60 bpm) in a normal condition, with a pressure average of 9.5 kPa, i.e., 71 mmHg. A part of
the tubing is connected to an ePTFE graft to simulate the bypass grafting. A structured 300
um-thick NN_MF/PDMS composite with 5%v fibers, metallized via gold sputtering, is stuck
with a thin layer of PDMS glue (Dowsil™ 3145) around the graft and connected to a charge
meter (Figure 97).
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Figure 95 a) Illustrative sketch of the setup simulating the cardiovascular system, where is inserted an
artificial graft together with the developed piezoelectric sensor. b) Cross section of the tube when the clip
is inserted and is open (0%), is clicked once (5%) and is clicked twice (25%).

The fibers are radially oriented around the tube. The total metallized surface is
1x3.2 cm®. The glue layer allows to insulate the gold electrodes from eventual liquid leakage
from the graft. The graft internal diameter is 9 mm. ePTFE Young’s modulus is ~ 0.5 GPa [257].
The piezoelectric sensor stressed by the pressure of the liquid generates electric charges on
its surface, which are detected by the charge meter (KISTLER, Type 5015) and visualized
through Dewesoft® software. Two clips are placed before and after the graft to simulate a
thrombus and therefore the obstruction of the flow. The presence of each clip induces an
occlusion of 65%, in open condition. This initial value is normalized as a reference of 0%, for
a sake of simplicity. Hence, closing a clip at occlusion of 70% and 90% correspondingly leads
to an increase of 5% and 25% with respect to the set reference. The occlusion of the clip can
be understood from Figure 95-b, where cross section of the tube when the clip is inserted
and is open (0%), is clicked once (5%) and is clicked twice (25%) are reported. These values
are chosen to perform typical obstructions of the circulation caused by the formation of
thrombi in the blood vessels. The easiest technique to mimic a stenosis would be to introduce
an obstruction in the vessel that reduces the circulation diameter inside the tube. However,
in practice, this is more challenging to implement, whereas simulating an occlusion using clips
is an easier technique to replicate the development of a thrombus. Such devices may mimic a
stenosis, which would limit the circulation zone and cause hemodynamic changes where the
sensor is positioned.
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Figure 96 Picture of the setup simulating the cardiovascular system used to perform the proofs of concept.

First, the “before-graft” clip is closed and a change in the charge amplitude is recorded. Then,
the same measurement is repeated by gradually closing the “after-graft” clip. As second proof
of concept, the sensor is connected in parallel with an inductive coil (purchased from RS®
operating at a carrier frequency of 125 kHz) in order to build a resonant sensor. Indeed, the
capacitive behavior of the composite together with the inductive property of the coil naturally
creates a LC filter whose resonance characteristics strongly depends on the capacitance
change of the sensor (denoted Cf). Hence, the filter connected to an analyzer (E4990A
Impedance Analyzer) allows for a detection of the system resonance frequency (denoted f;).
As matter of fact, a pressure variation caused by the occlusion of the clips generates a change
in Cr (while the inductance Ly of the coil is assumed to be constant), and thus a shift in the
resonance frequency (see Eq.66). Accordingly, the coil could be a RFID coil, able to wireless
detect variations in f; and reveal the presence of an obstruction due to a clot by delivering the
information to an external reader.

fi=1/ @nL; Cy) (66)

NN_MF/PDMS
Graft

Figure 97 Detail of the ePTFE graft incorporated with the smart sensor made of piezoelectric composite.
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7. Results and discussion

7.1 Smart graft pressure sensor

The first proof of concept involves measuring the charge developed by the composite 1-3
NN_MF/PDMS 5%y, in response to blood pressure. The sensor encloses the graft, which in
turn is inserted into the cardiovascular simulator, as described in subsection 7.1. When a
liquid is pumped through the system, an output voltage signal is generated by the
piezoelectric sensor matching the pressure evolution during systole and diastole visualized
on the blood pressure monitor, as displayed in Figure 98 a-b (data are reported in an
equivalent open-circuit voltage) [258]. Diastole occurs when the heart muscle relaxes and its
chambers fill with blood, leading to decrease pressure (so-called diastolic pressure). Systole,
on the other hand, occurs when the heart contracts and pushes blood out of the chambers,
making the pressure drops (so-called systolic pressure).
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Figure 98 a) Picture of the evolution of the blood pressure measured by the blood pressure monitor of the
cardiovascular simulator. b) Evolution of the open-circuit voltage generated by the smart graft which
follows the systolic-diastolic pressure variation when the clips are open.

To simulate a vascular stenosis caused by a thrombus, two clips are integrated on the tubes,
one before and one after the sensor (Figure 99). The insertion of each open clip leads to a
tube occlusion of 65%, being considered as the reference so that can be normalized by 0%.
The two clips can be gradually closed at occlusion variation of 5% and 25% with respect to
the set reference. When the “before-clip” is closed, the pressure of the liquid in the graft
decreases, as less fluid is able to pass through it, due to the narrowing of the section.
Consequently, the higher the degree of occlusion of the “before-clip”, the smaller the liquid
pressure. On the other side, a gradually closure of the “after-clip” induces a gradually increase
of pressure experienced by the graft.
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Figure 99 Schematic drawing of the smart graft integrated sensor, where two clips are applied prior and
after the graft and individually closed to simulate the presence of a clot occlusion.

As illustrated Figure 100 a-b the sensor is able to detect the pressure changes based on the
normalized dimensionless data: the results reveal that the more clenched is the “before clip”,
the less charge develops on the sensor and therefore the amplitude of the recorded signal is
reduced. Alternatively, as the occlusion of the stenosis positioned after the sensor increases,
there is a substantial increase in the output signal amplitude.
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Figure 100 Evolution of the piezoelectric response on the graft sensor following the systolic-diastolic
pressure for: a) occlusion applied before the sensor, where the amplitude of the signal decreases with an
increasing % of occlusion (from 0% to 25%); b) an occlusion applied after the sensor, where the increasing
the % of occlusion induces an increase in the pressure sensed in the graft, leading to an increase of the
output signal from the sensor. All the values are reported as normalized voltage, meaning that the voltage
measured was normalized over the maximum voltage developed at 0%.
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Figure 101 displays the real physical value of the output voltage in response to the clip
configuration, reflecting a quasi-linear trend of the electromechanical coupling. Such a
behavior is consistent with the well-known linear model of a typical piezoelectric material
operating in the elastic regime. Extrapolation based on the linear fitting of Figure 101 allows
to deduce the output voltage generated at 100% occlusion of the before-clip, corresponding
to the extreme configuration where the pressure is revealed to be minimum. The resulting
voltage in that case is equal to 0.27 V, which is much higher than the lower limit (~10 mV)
that could detect by the measuring devices. In practice, the minimum occlusion variation
degree detectable is of 0.5%. Regarding the sensitivity of the composite developed in this
study the minimum detectable pressure is estimated as 20 Pa (i.e., 0.15 mmHg), which is far
lower than the normal systolic/diastolic pressures (~100/60 mmHg) in a normal condition
of the patient.
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Figure 101 Linear variation of the voltage amplitude vs. the % of occlusion variation for the before-clip
and after-clip, respectively; in the graph are also reported pictures of the cross section of the tube for
ground state, L.e., 0%, 5% and 25%.

These preliminary results demonstrate the high potential of the developed composite as
integrated sensor into a smart graft, which therefore fully succeeds in detecting the presence
of a thrombosis by measuring the blood pressure. However, the sensing measurement should
be implemented without the need of a charge meter, which would be challenging to integrate
into a human prosthesis. The objective is to perform wireless measures that can communicate
with devices placed outside the human body. As mentioned, one solution is the use of RFID-
tags, or inductive coils, capable of making wireless measurements. In this work, as early proof
of concept, we use a coil connected to an impedance-meter that could be easily replaced with
a RFID wireless coil to perform wireless measurements. Hence, instead of connection with
the charge meter, the capacitive-like sensor is coupled in parallel to an inductive coil to
develop a resonant sensor. The charge developed on the composite surface leads to an
apparent capacitance change, resulting in a resonant frequency (f;) shift. Consequently, it is
possible to detect the pressure variation related to an occlusion by monitoring the filter losses
(denoted Dy), whose peak value is at the resonance of the LC circuit. To this end, monitoring
Dy with an impedance analyzer enables for the identification of the resonance frequency,
which in our test is found around 233.6 kHz with open clips. This value, relatively low in the

136

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0122/these.pdf
© [G. D'Ambrogio], [2022], INSA Lyon, tous droits réservés



Chapter III. Piezoelectric sensors for blood pressure monitoring

radio-frequency range, is intentionally chosen to achieve the best performance of RFID-tags
employed in the human body. As reported on several studies, under such frequency range and
short distance between receiver and transmitter (a few tens centimeter), there is no
significant attenuation of the signal caused by biological tissues [259-261]. The resonance
frequency may be customized based on the demands of the target application. For instance,
higher frequency range can improve the tag-reader distance while lower frequency is less
sensitive to noise and attenuation. More research might be pursued to thoroughly understand
the mechanism of tissue absorption in order to find out appropriate tag-reader distances.
Figure 102 a-b illustrates the normalized losses (computed as D¢/D¢max) confirming that both
“after and before clips” generate a shift in the resonance frequency. In case of decrease of
pressure caused by a stenosis applied before the sensor, the resonance shifts at higher
frequencies (Figure 102-a): the lower the pressure, the lower the output charge, leading to a
decrease in the capacitance, which in turn increases f. (see Eq.66). If the stenosis is applied
after, the resonance shifts at lower frequency because of an increase in the pressure that gives
rise to higher output charge (Figure 102-b).
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Figure 102 Normalized losses versus frequency for the LC system with the liquid passing through it: the
shift of the resonance frequency due to the partial closure of the clip applied before a) and after b) the
sensor (from 0% to 5% to 25%).

The magnitude of the shift can be associated to the occlusion variation degree as reported in
Figure 103. In conclusion, we have successfully proved that the LC filter, consisting of an
inductive coil and the piezocomposite NN_MF/PDMS, can detect the presence of a thrombus
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in an artificial graft, simply by measuring the resonant frequency. This discovery opens the
door to the use of RFID technology to carry out the same measurement but through wireless
connection. As a matter of fact, a RFID-tag can work as antennas which, once coupled to the
composite and integrated into the prosthesis, would be able to wirelessly report the state of
the vascular graft.
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Figure 103 Resonance frequency of the filter vs. the occlusion’s degree for before clip and after clip,
respectively.

8. Conclusions

In this chapter, we present two different vascular devices that incorporate the composites
developed in Chapter II as blood pressure biosensors. First, BT/PDMS 24%v 1-3 embedded
with a vascular catheter is employed as a Fractional Flow Reserve sensor in an endovascular
simulator. It shows to be appropriate for measuring blood pressure to determine the FFR
coefficient. This approach is very important for bypass grafting preoperative inspections, but
it also shows promise for postoperative checks. Second, NN MF/PDMS 5%v 1-3 is included in
a graft and tested as pressure sensor in a vascular simulator. The composite performs
flawlessly as a blood sensing element, demonstrating great accuracy in the measurement of
systolic and diastolic pressure, as well as the ability to identify the presence of obstructions
in the flow that, in real-life scenarios, may be produced by thrombi. In this experiment, the
sensor was connected to an inductive coil to create an LC resonant filter. When there was an
obstruction, the resonance frequency of the filter changed, signaling the development of a clot
on the prosthesis. The developed system could be implemented into the human body to
provide real-time information about the graft’s status. In the future, the coil will be substitute
with a RFID tag capable of wireless communication. Additionally, the composite’s size will be
optimized to be incorporated into a smart graft, and wireless tests will be performed in a real
clinical environment. Biocompatibility as well as in vivo preliminary studies will be planned
to validate the sensor reliability. To achieve this stage, one of critical issues is related to the
sterilizability of the sensing system. Further considerations should be investigated to confirm
whether or not sterilization process would affect the material properties. The new insight of
this research might be useful to pave the way for a next generation of smart grafts that can

138

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0122/these.pdf
© [G. D'Ambrogio], [2022], INSA Lyon, tous droits réservés



Chapter III. Piezoelectric sensors for blood pressure monitoring

easily monitor and communicate their actual condition to the treating physician, allowing for
early intervention in the event of a thrombus.
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Abstrack This study focused on a coagulalion assessment based on the novel technique of Blood-
impedance magritude measurement. With the impedance charackerization of recalcified human
blood, it was posable to wdentify bwo saagnibeative biomarkers (e, measurable indicatoss) related to
fibrin formation (1st marker) and clot retraction (2nd markes). The confocal macroscopy of dottng
blood provided a complete visual analysas of all the events occurnng durng coagulabion, vabdating
the sagnificance of the impedance biomarkers. By analyzing the impedance phase angle (¢} of blood
during eoagulation, as well as these of the clot and serum expelled after retraction, it was possible to
further clanfy the angn of the 2nd marker. Finally, an impedance-magratude analysis and a rotabonal
thromboelastometry test (ROTEM®) were simultanecusly performed on blood sampled from the
same donor; the tesulls poanted out that the 15t marker was related to clothing ime. The developed
technaque gives fise o a conprehensive and ev olutive insight into coagulation, making it pessible to
progressively follow the whole process in peal time. Momeover, this approach allows coagulation to be
tested om any materials surface, laying the ground for new studies related to contact coagulation,
meaning, thrombosis occurring on artificial implants. Ina near fulune, inpedance spectroscopy could
be employed m the material characteriz ation of cardiovascular prostheses whese propertes could be
mondtored 1 situ and/ or online usang effective biomarkers.

Keywords: blood coagulation; impedance spectioscopy; electrical biomarker; thrombosis; cdotting
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L Introduction

When a vascular injury occurs in the human body, the coagulation process is acti-
vated. The mechanism of coagulation involves the activation, adhesion and aggregation
of platelets, as well as the activation of a fibrin network. The activation of clotting factors
follows the so-called coagulation cascade, which can be triggered by contact with tissue
factor (TF) in the sub-endothelium (extrinsic pathway ) and /or the activation of factor X1
(fXTT} due to subendothelial-collagen exposure (intrinsic pathway) [1,2]. Both pathways
end with the formation of a fibrin network around platelets and ned cells [1,5,4]. Once
the clot has formed, it contracts (clot retraction) to become more stable; clot retraction is a
consequence of the action of platelets that impose contractile forces on the fibrin network,
which, over ime, increases its density and expels serum (plasma deprived by clotting
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Chapter IV
In vitro thrombosis monitoring via impedance
characterization

Summary

This study focuses on coagulation assessment based on a novel technique of blood impedance
magnitude measurement. Through impedance characterization of recalcified human blood, it is
possible to identify two significative biomarkers (i.e., measurable indicators) related to fibrin
formation (15t marker) and clot retraction (2nd marker). Confocal microscopy of clotting blood
providing a complete visual analysis of all the events occurring during coagulation, validates the
significance of the impedance biomarkers. By analyzing the impedance phase angle (®) of blood
during coagulation, as well as of clot and serum expelled after retraction, it is possible to further
clarify the origin of the 2nd marker. Finally, impedance magnitude analysis and rotational
thromboelastometry test (Rotem®) are performed simultaneously on blood sampled from the
same donor; the results confirm that the 1st marker is related to clotting time. The developed
technique gives rise to a comprehensive and evolutive insight of coagulation, making it possible
to progressively follow the whole process in a real time. Moreover, this approach allows
coagulation to be tested on any materials’ surface, laying the ground to new studies related to
contact coagulation, meaning thrombosis occurring on artificial implants. To this end, the test
is used to examine coagulation in contact with surfaces that exhibit varying degrees of
wettability. This enables to verify the different reaction of blood depending on how wettable the
surface is. This novel technique is promising as it allows to study the hemocompatibility of
synthetic materials, and it could be integrated into vascular and cardiac prosthetics, to monitor
in vivo coagulation.

1. Introduction

When a vascular injury occurs in the human body, the coagulation process is activated. The
mechanism of coagulation involves activation, adhesion and aggregation of platelets, as well
as formation and maturation of a fibrin network. Once the clot has formed it contracts (clot
retraction) to become more stable, and plugs the wound to minimize any blood loss [262-
265]. Even pathological thrombosis, which occurs when haemostasis is activated in the
absence of bleeding and vascular wall damage, can set off the clotting [266]. Additionally, the
contact with extraneous synthetic surfaces, such as a vascular implant, can activate the
coagulant factors, leading to thrombus development, also known as contact coagulation.
Regardless of the trigger, a thrombus in autologous or artificial vessel can be fatal, obstructing
the normal blood flow to the tissues, causing ischemia, infarct, or embolism [76,85,266,267].
In vitro studies are useful to assess blood coagulation as well as to detect disorders, including
hypocoagulability (i.e., insufficient amount of clotting factors in blood), hypercoagulability
(i.e, exaggerated coagulation) and clot-retraction disorders, which may be hindered in
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pronounced thrombocytopenia (poor platelet count) [268-270]. Nowadays viscometry tests,
which includes Rotational Thromboelastometry (Rotem®), Thromboelastography (TEG®)
and Sonoclot®, are the most widely used in vitro analysis of clotting blood. These non-invasive
tests use a low shear stress to assess the dynamic changes in the blood's viscosity during
coagulation, evaluating the blood's capacity to form clots. Both Rotem®, TEG® and Sonoclot®
enable a rapid and global approach to assess coagulation via a specially designed system
called thromboelastograph [271,272]. Nonetheless, viscoelastic measurements are unable to
characterize contact coagulation of blood in contact with a broad range of materials, which is
crucial for investigating hemocompatibility of antithrombogenic prosthetics. This work
proposes an alternative and simple solution to assess blood coagulation through impedance
characterization, which has been generally used to characterize electrical properties of
biological (tissues and cells) and non-biological materials (polymers and ceramics) [273,274].
During the measurement, the blood sample undergoes to an alternating sinusoidal voltage
(amplitude V), and its current response (amplitude ) is recorded. Through the collected RMS
data, the impedance magnitude (|Z|) is computed according to Eq.67 [275].

z| == (67)

Impedance characterization enables evaluation of the electrical behavior of blood throughout
the coagulation, allowing identification of the main stages of the process, such as fibrin
formation and clot retraction. Impedance markers related to the onset of coagulation (clotting
time) and the start of clot retraction are identified and validated by comparison with confocal
microscopy and Rotem® analysis. Additionally, by analyzing the phase variation of the
impedance (i.e., corresponding to the phase shift between the input voltage and the output
current) it is possible to identify the resistive/capacitive behavior of the sample. This
technique can also provide an easy way to test coagulation on different surfaces. During the
measurement, blood is placed on the surface of an arbitrary material, where two electrodes,
previously placed and connected to a voltage generator, drive the voltage through the sample.
To this end, four distinct surfaces with varying wettability are evaluated in this research.
Clotting varies based on the blood contact angle, demonstrating the test's potential for
studying contact coagulation. The proposed approach provides a complete view of the
clotting and a new insight on coagulation assessment, paving the way for future studies on
antithrombogenic implants. In the next paragraphs the principles behind coagulation, as well
as thromboelastography and bioimpedance spectroscopy will be presented.

2. The mechanism of coagulation

When a vascular wall is injured, blood encounters endothelial collagen and tissue factor (TF)
produced by endothelial cells. As a result of this contact, platelets and a group of proteins in
the blood, called clotting factors, are triggered, initiating the clotting process, whose purpose
is to plug the damage in the vascular wall and interrupt the outflow of blood. First, the vessel
narrows (vasoconstriction), and the activated platelets form a plug on the injury (1w
haemostasis). At the same time, the clotting factors get activated through a chain reaction,
known as coagulation cascade, which leads to the development of a fibrin network (2w
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haemostasis) [74,76,262]. Finally, the clot contracts to strengthen. Figure 104 reports the
steps occurring during coagulation in a damaged vessel [276-278]. The so-formed clot of
fibrin, red blood cells and platelets seals the vascular damage and limit any further blood loss
[74,76,262]. Extrinsic and intrinsic pathways are the two potential blood clotting mechanisms
involved in the coagulation cascade, as already briefly described in subsection 5.4 Chapter |,
and in most cases both pathways are operating at the same time (Figure 105). The extrinsic
pathway is triggered when blood comes into touch with TF, which is generated by endothelial
cells outside the lumen when the artery is injured. TF activates factor fVII in to fVIla which in
turn activates factor fX into fXa after which the common pathway starts. On the other hand,
the intrinsic pathway is triggered by the activation of the protein factor XII (fXII) following
exposure to subendothelial collagen. From fXIIa, a chain reaction starts, during which several
proteins get activates (fXI 2fXla, fIX - flXa), until factor fX gets activated into fXa.

Damaged blood vessel

= o __
| .o _
 0©® o .9 ® ®  — Clotting factors - coagulation cascade

1ry Haemostasis-platelet plug and vasoconstriction

Prothrombin —— Thrombin

7

Fibrinogen ~— Fibrin

2ry Haemostasis-Fibrinogenesis and clot development

)
) :
0. @%

Clot retraction- expulsion of the serum

R o@” LN

Figure 104 Drawing representing the primary and secondary heamostases occurring after vessel’s
damage.

Once again the activation of factor fX starts the common pathway, where prothrombin
activates in thrombin to convert fibrinogen into fibrin, resulting in the creation of a network
surrounding platelets and red blood cells (Figure 105) [76-78]. Subsequently, clot retraction
occurs, which refers to the process whereby activated platelets impose contractile forces on
the fibrin network of a thrombus, which over time increases its density and decreases its size,
expelling serum (plasma deprived of clotting factors) (Figure 104). This process is
considered important for promoting clot stability and maintaining blood vessel patency [276-
278]. As mentioned in the introduction several pathologies can initiate the coagulation
pathway within the lumen without any damage to the wall. Additionally, contact with artificial
surfaces like vascular and cardiac prosthesis as well as in "in vitro" experiments might trigger
the coagulation cascade. The contact coagulation largely depends on surface charge and
wettability [80]. Hydrophobic surfaces encourage the adsorption of fibrinogen, fibronectin,
or von Willebrand factor which promote platelet deposition, aggregation and activation.
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Platelets provide a reactive phospholipid surface on which the coagulation cascade can
develop. Thrombin, in turn, induces the release of platelet granule contents such as serotonin,
adenosine diphosphate, and calcium, which promotes additional platelet activation and
aggregation. On the other hand, negatively charged and hydrophilic surfaces induce binding
of plasma fXII which consequently undergoes to conformational changes that activate it in
fXIla. The activated factor fXIla catalyzes the activation of factor fXI and resulting in the
synthesis of fXa. Once again, prothrombin is transformed into thrombin by factor fXa, which
initiates the common path of cascade [74,79]. In each scenario, the process concludes with
fibrin production and the development of a durable clot [79]. Studying novel
antithrombogenic materials to create prostheses requires a thorough understanding of how
surfaces and clotting blood interact [31,75,80].
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Figure 105 Scheme displaying the coagulation cascade. The blue path is the intrinsic pathway, the green
one is the extrinsic pathway and the red one is the common pathway.

3. In vitro blood test

Currently, the clotting time of whole blood is measured using thromboelastographic assays,
which quantify the viscosity of the blood during coagulation. Rotem®, TEG®, and Sonoclot®
are the viscosity tests used to measure blood coagulation. They all offer an overview of the
clotting process, from the onset (clotting time) until the clot dissolution.
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Figure 106 Schematic representation of a) TEG® technology; b) Rotem® technology; c) Sonoclot®
technology.

TEG® was the first thromboelastography test developed: a suspended pin is submerged in
blood confined in a tiny cup that gently spins, creating a 4.75° arc. When fibrinogenesis begins,
fibrin strands develop between the cup and the pin, restricting rotation; the difference in
viscosity allows the onset of coagulation to be identified. The clot goes through a series of
viscosity changes that are related to its state and that are measured by the movement sensor
(Figure 106-a)[271,272]. Rotem®, or rotation thromboelastography, works on a similar
principle however the cup is stationary while the pin rotates. When fibrin develops between
the cup and pin, impeding movement, the machine signals a coagulation start point (Figure
106-b)[268,279]. Rotem® and TEG® provide a signature plot indicating the main phenomena
occurring in the blood under test. Figure 107 a-b represent the typical graphs provided by
TEG® and Rotem®; in both there is a steady condition before clot starts, an increase in
amplitude associated to fibrinogenesis, a peak related to the maximum strength of the clot
and a decline of the amplitude associated to dissolution of the clot, hence fibrinolysis. More
specifically the parameter given by TEG® and Rotem® are clotting time, i.e., the starting of
fibrin formation, which is the R time for TEG® and CT for Rotem®; the time between the start
of clot formation and the reaching of an amplitude of 20mm (kinetic time K for TEG® and clot
formation time CFT for Rotem®); the alpha angle, which gives information about the clot
kinetics (a for both the tests); the clot strength, which is reported as maximum amplitude
(MA) by TEG® and maximum clot firmness (MCF) by Rotem®; Finally, the clot stability is
assessed as LY30 by the TEG®, meaning lysis value 30 minutes after MA, and as lysis index
LI60 by Rotem® as the residual clot firmness 60 minutes after the MCF [272]. The meaning of
all these markers is represented in Figure 107-c. The blood viscosity is also at the basis of
the coagulation measurement known as Sonoclot®. In this measurement there is a plastic
probe placed onto a transducer, while the blood is contained in a cuvette where the probe is
then immerged. The probe oscillates in the blood during the coagulation, and when the fibrin
starts to impede the movement, its mechanical impedance is electronically measured as
resistance to the movement of the probe (Figure 106-c) [268]. This gives useful information
about the state of blood during the clotting. In Sonoclot® signature the main parameters are
activated clotting time (ACT) which is related to initial fibrin formation; R1, which is the rate
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of fibrin formation, also named clot rate CR; R2 which is the second slop related to the platelet
action on the contraction of the clot, further fibrin formation and fibrin polymerization; time
to peak (TP) which is the moment of maximal clot strength, and R3 associated with
fibrinolysis. Between R2 and R3 clot retraction occurs (Figure 107-d) [268]. These three
viscosity measurements are very useful to assess the primary clotting parameters,
nonetheless they present many limitations; for instance, they preclude the possibility of
characterizing clotting in contact to different materials, which would be useful in identifying
the least thrombogenic for prostheses. Indeed, the sample-holders are of standard materials
and difficult to exchange. In addition, viscoelastic measurements are often considered
affectable by various external factors, such as the operator and the conditions of the machine
in use that requires frequent calibrations [268,271,272]. A new test with good repeatability,
precision and adaptable to different surfaces is demanded in order to analyze of blood
interaction with several types of materials. Nevertheless, thromboelastography can be a
helpful tool for providing gold standard measurements to evaluate the significance of
innovative tests based on new technologies.
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Figure 107 Typical signature of a) TEG®, b) Rotem®. c) Illustration of the phenomena related with the
TEG® and Rotem® indicators; d) Sonoclot® signature.

4. Bioimpedance characterization of biological systems

Bioimpedance testing is a technique used to characterize the electrical response of biological
systems to an applied alternate electric field. A sinusoidal voltage (or current) is applied
across the material under study and the developed sinusoidal current response (or voltage
potential) of the sample is measured. The impedance magnitude, Z, is computed as the ratio
of the voltage applied over the current response. The impedance Z ({1) is a complex quantity,
defined by real and imaginary parts and phase angle @ (°deg), indicating the phase difference
between the voltage and the current. Depending on the frequency of the signal as well as the
tissue composition, structure and health condition, the value of the impedance varies, giving
relevant information about the material under study [280]. Because of its many benefits,
including its low cost, simplicity of use, noninvasiveness, and capacity for online monitoring,
bioimpedance spectroscopy has been used for decades to study the electrical characteristics
of cells and tissues [281]. Human biological tissues are composed by cells suspended in
extracellular fluids (ECF); the cells, in turn, are composed by intracellular fluids (ICF) and cell
membranes (M). Each one of these three main components exhibits different electrical
properties, meaning they exhibit a different response to an applied electric field. More
specifically, ICF, the inner part of the cell, is composed by cytoplasm and nucleus, which in
turn are solution of proteins, water, and salts. ICF acts like a resistor and provides
resistive/conductive paths to the electrical current that passes through the tissue, hence it is
characterized by a resistance Ricr. The cell’'s membrane, on the other side, is composed by
non-conducting lipids inserted between two conducting protein layers (P-L-P structure), thus
it is more often modeled as a capacitor and characterized by a capacitance Cu (Figure 108-
a). In case of alternate Efeqs, the membrane produces a capacitive reactance Xu strongly
dependent on the value of the applied frequency:
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11

w Cpy - 27TfCM

(68)

XM=

Finally, the extracellular fluids, ECF, are a complex network of macromolecules composed by
proteins and polysaccharides, providing highly conductive paths and Recr is their resistance.
The combination of these three components produces a complex bioelectrical impedance,
whose value depends on the frequency of the AC field. Figure 108-b displays the electrical
model describing a human cell in extracellular fluid [282].

a)

P-L-P Layer sandwich structure

c

)
o smessesasens

Proteins =—>

b)
ECF

Equivalent
R .
EF electrical model

R
Membrane ECF

Figure 108 a) P-L-P structure of the membrane of the cells. b) Electrical model of the system made of ECF,
ICF and membrane.

At low frequencies Xy is very large, meaning that currents are not allowed to pass throw the
membrane; The majority of the current will pass through the extracellular fluid, which is low
resistive. On the other side, at high frequencies the capacitive reactance decreases, and the
current penetrates the membrane reaching the core of the cell (Figure 109). It is possible to
conclude that high frequencies are more suitable to study ICF, ECF and CM. Bera et al
estimated the impedance equation of a tissue, which is reported as follow (Eq.69) [282].

7 = RicFREcF(RicF+RECF)+(XmM)*REcF . XM(RECF(RicF+RECF)—RicFRECF) (69)
cell (RicF+RECF)*+(Xm)? (RicF+RECF)*+(Xm)?

Both real and imaginary part of the impedance depend on the capacitive reactance, hence on
the frequency [280].
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Low frequency High frequency

Electric field lines

a) b)

Figure 109 Electric field distribution for a) low frequency voltage, b) high frequency voltage.

In this study we propose a novel technique based on bioimpedance spectroscopy of blood to
assess coagulation markers. Blood follows the electrical model previously presented; red
blood cells (RBCs) are non-conducting ellipsoids containing a conductive ICF in a conductive
medium, the plasma, full of proteins and ionic species. Platelets as well are non-conducting
cells, nonetheless, being their shape and size different from RBCs, they have a different
capacitance [283]. Bioimpedance can be a useful tool to assess several blood parameters, for
instance the number of erythrocytes, and blood disfunctions. Many studies have employed
bioimpedance spectroscopy to examine blood. For instance, Amaral et al. used bioimpedance
technique to study the level of glucose in the blood [284]. This technique proved to be useful
also for cholesterol detection as reported by Aghaei et al. [285]. Additionally, the electrical
characterization of blood and its constituents is crucial for understanding several clinical
applications, including the separation of cancer cells from healthy blood cells and the
degradation of stored blood [286-288]. This approach can enable coagulation monitoring by
identifying the activation of clotting factors which turn plasma into serum, the activation of
platelets, a local accumulation and aggregation of red cells, and the polymerization of the
fibrin. Similar to biological tissues, the voltage frequency plays a key role in the
characterization of blood. Different electrical responses occur depending on the frequency
range of investigation, and this may be easily observed when examining the broadband
dielectric behavior of blood from few Hz to MHz (Figure 110-a) [289].
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Figure 110 a) Broadband dielectric spectroscopy ( relative permittivity real part) of whole blood [289].
b) Dielectric broadband spectroscopy (real permittivity) of whole blood normalized over the value at MHz,
performed in this work at 37°C.

Blood exhibits electrode polarization and two dielectric relaxations named [3, and y. Between
10 Hz to 10 kHz there is the electrode polarization, related to ions diffusion; the § dispersion
is of Maxwell-Wagner type is and in the range of 10 kHz to 200 MHz, as is the result of the
dielectric and electric properties of cells’ membrane, ICF and ECF. Finally, at extremely high
frequencies, above the GHz, the y dispersion takes place, and it is associated with water in the
tissues [289,290]. Figure 110-b displays a broadband dielectric spectroscopy that we
performed on whole blood. The test performed between 100-106 Hz follows the one reported
by Wolf et al. [289]. Blood is a heterogeneous system with a conductive medium and
cells with an insulating zone (membrane of the cells) and a conductive core. The interface
dominates capacitance and conductance at low frequency, and this is connected to high
dielectric constant and lower conductivity. However, at higher frequencies, the capacitor
burns out and the bulk characteristics of the cell are sensed. This causes an increase in
conductance and a decrease in the real component of permittivity. The increased conductivity
is due to the fact that bulk conductance is substantially greater than membrane conductance,
which is shorted by the interface capacitor at high frequencies [289]. Electrodes to convey
and gather the signal are required for bioimpedance spectroscopy. The measurement can be
performed using different electrodes arrangements; the most used are two and four electrode
configurations (Figure 111 a-b). In two-electrodes method, as the name suggests, only two
electrode will be put in contact to the sample; these will inject the electric signal and collect
the response; on the other side, in four-electrodes method two electrodes are in charge of
delivering the signal (driving electrodes) and two others to collect the response from the
tissue under examination (sensing electrodes)[282].
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O
0
0, <
a) b)

Figure 111 a) Two-electrodes and b) four-electrodes bioimpedance configuration.

5. Materials and methods

5.1. Materials

This study was approved by the local Ethics Committee. Human blood was provided by
"Etablissement Frangais du Sang" in citrate tubes (vacutainers) from deidentified healthy
volunteers. Calcium solution (CaCl; in HBS (Hepes Buffered Solution) (200mM)) and Tissue
Factor (TF) solution (TF in HBS (1nM)) where provided by inter-university Laboratory of
Human Movement Sciences (LIBM). Fibrinogen from Human plasma, Alexa Fluor™ 488
Conjugate, used to visualize fibrin via confocal microscopy, was purchased from Thermo
Fisher Scientific®.

5.2 Blood clot preparation

Each blood sample was analyzed within 24-30 hours after collection and stored at 4°C until
use. It was not possible to analyze the samples immediately after withdrawal since the blood
was delivered (by French Blood Establishment) the day after collection. Several studies have
revealed that a storage of blood samples under a temperature of 4°C within 24h did not lead
to significant change on their coagulation parameters [291,292]. The whole citrated blood
was incubated 5 minutes at 37°C before testing. In a first cycle of tests the blood was
coagulated only by recalcification: 3.5 pL of calcium solution were added to 60uL preheated
blood. The final concentration of calcium in the blood was 11 mmol/L. Recalcification allowed
the activation of the coagulation process. After recalcification the blood was tested
immediately at 37°C via impedance magnitude spectroscopy. In a second cycle of
experiments, following 5 minutes of incubation at 37°C, recalcification was performed,
respecting the proportions written above with the further addition TF solution, according to
the following ratio: 3.5 uL of TF solution per 60 pL of blood and 3.5 pL of calcium solution,
which allowed a study of coagulation via extrinsic pathway. After the addition of the clotting
agents, the blood was tested immediately at 37°C via impedance magnitude spectroscopy.
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5.3. Impedance magnitude spectroscopy
Impedance of blood coagulation was carried out with two-electrodes configuration.
60 pL of recalcified blood, with or without TF, were placed on a PET substrate where two gold
lines, acting as electrodes, were previously deposited via gold sputtering. The thickness of the
two lines was a = 0.5 mm and the distance was w = 5 mm (Figure 112-a). According to
Eq.70, the penetration depth (T) of the electric field lines was estimated equal to 1.65 mm
[293].

e @) [y 7o

The electrodes were connected to a wave generator (Agilent 33220A), providing a voltage
input to the blood. The current output delivered from the sample was measured via a current
amplifier (Stanford Research Systems SR70). The generator and the amplifier were coupled
to Dewesoft®, a data acquisition software, allowing simultaneous monitoring and recording
of the input voltage and the current response (Figure 112-b). Based on the expression of
Eq.67, the changes in the impedance magnitude (denoted |Z|) of blood during coagulation
could be estimated. RMS values of current and voltage were used to compute Z. The
sinusoidal-waveform voltage was set at 0.05 V amplitude and initially different frequencies
were tested (100 Hz, 1 kHz, 10 kHz, 100 kHz and 1 MHz); 10 kHz was selected as the optimal
frequency to identify the markers of coagulation. In light of this, that parameter was used for
all following measurements. The sampling rate was chosen equal to one value per second (1
Hz), adequate to detect the clotting variations which are of the minute order. The test was
carried out in a small, closed chamber of a 0.5 cm3 volume so as to prevent the blood from
drying. The measurement was performed in incubation at 37 °C for 45 min (Figure 112 a-b).
The recorded data were normalized over the first value (denoted |Z|/|Z;~¢|) and plotted as a
function of time.

Waves Generator

a) b)

Figure 112 a) Sample-holder used for blood impedance magnitude spectroscopy. b) Complete
set-up employed in [Z| measurements.
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5.4 Impedance phase angle
The changes of blood’s impedance phase angle (®) during coagulation were recorded using
Solartron spectrometer (1296A Dielectric interface System) at a 10 kHz frequency and a
0.05V amplitude. Following the formation of the clot, retraction occurred, with consequent
expulsion of the serum from the clot. The serum and clot were then separated and tested
individually via broadband spectroscopy over a broad range of frequencies (from 10 Hz to 1
MHz), using the sample-holder shown in Figure 112-a.

5.5 Confocal microscopy

Confocal microscope (Nikon Alr) was used to observe blood during coagulation with the aim
of validating the significance of the impedance magnitude test. A solution with sodium
bicarbonate (0.1M, pH 8.3) and Alexa Fluor™ 488 Conjugate, was prepared (40 pg/ml), and 5
uL of it were added to 200 uL of citrated blood. The mixture was then incubated at 37°C for
10 minutes, followed by the addition of the calcium solution in the same ratio as explained in
subsection 5.2 of this chapter. A stopwatch was set as soon as calcium solution was
introduced, allowing to control the delay between the addition of the coagulant and the
beginning of the observation. 80uL of blood were deposited on a closable glass bottom dish
(Mattek, 35mm with 14mm glass uncoated, 1.5), to prevent the blood from drying, and
observation started in a closed chamber at a controlled temperature of 37°C. Three different
planes were appropriately selected to observe the coagulation process, at 0 um, 3.28 um, and
6.57 um from the glass. Each 27.3 seconds an image per plane was recorded over 45 minutes.
Only the pictures from the first plane (i.e., the most representative of 0 um) are reported. The
objective magnification was 40x and the numerical aperture (NA) was 1.30. The emission
wavelength was set at 525 nm with the excitation wavelength of 488 nm. Other setting
parameters were chosen as follows: the image pixel size was 0,31 um/pixel, the pinhole of 80
um, the optical sectioning of 1.5 um, and the optical resolution of 0,21 pm. The same blood
observed by microscopy was then analyzed by impedance spectroscopy on a surface made of
the same material of the microscope glass. Blood from the same donor was simultaneously
tested at 37°C by confocal microscopy and impedance characterization, and this made it
possible to link impedance markers to events that could be seen under a microscope.

5.6 Rotem® characterization

To further validate the technique developed in this study, impedance magnitude analysis
combined with Rotem® test (using TOTEM delta Werfen®) were concurrently performed.
Blood collected from the same donor was used during both tests, performed at 37°C. Nine
tests were carried out on blood recalcified with calcium solution. For each of the nine tests
the blood was drawn from a different donor. Subsequently, the extrinsic coagulation pathway
was verified by performing six further tests with recalcified blood to which TF solution was
added. The clotting time measured by Rotem® was then compared to the markers identified
by impedance spectroscopy. A blood volume of 200 pL was used for the Rotem® analysis and
the ratio of blood to clotting agents is the same mentioned in subsection 5.2 Chapter IV.
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5.7 Coagulation time and wettability

Contact-induced coagulation with synthetic materials is intimately connected to surface
wettability, as stated in section 2 of this chapter. The coagulation impedance test should be
evaluated on a variety of surfaces with different degree of wettability in order to prove that it
is suitable for the examination of contact coagulation. Therefore, four surfaces with different
wettability were selected: PET, UV-ozone-treated PET (named PET UV-treated), PVDF
positive and negative polarity side. Although the wettability of PET is not particularly high,
UV ozone treatment can provide satisfactory wettability levels. The UV-ozone treatment is a
photo-sensitized oxidation method that employs short-wavelength UV light to excite and
dissociate polymer molecules. In addition, UV radiation splits oxygen into atomic oxygen and
atomic oxygen reacts with polymers to make polar functional groups like peroxyl, carbony],
carboxyl and hydroxyl that increase hydrophilicity [294]. In this case the surface of PET was
treated by UV-ozone for 10 minutes. PVDF, on the other hand, is a piezoelectric polymer that,
when mechanically stressed, generates a positive charge on one surface and a negative charge
on the opposite surface. Nevertheless, in this case the material was not mechanically
stimulated during the test so the difference between surfaces’ wettability was small. First, the
contact angle between the blood and the surfaces with different wettability was tested by
means of a Contact Angle Goniometer. Gold electrodes with the geometry presented in the
subsection 5.3 Chapter IV were sputtered on each surface. Subsequently, blood from the same
donor was deposited between the electrodes on the PET and UV-treated PET surfaces and
two impedance measurements (voltage amplitude 0.05 V frequency 10kHz, sinusoidal shape)
were taken simultaneously at 25°C. The same measurement was carried out on PVDF positive
and negative side. In this instance, it was required to add extra components to the setup in
order to be able to measure coagulation on two surfaces at once: an identical signal could be
supplied to both samples since the two surfaces were joined by a T-connector to a single
sinusoidal voltage generator; two current amplifiers—one for each sample—collected the
current responses and delivered them to two distinct channels of the Dewesoft® data
analyzer, which captured all the data. This arrangement made it feasible to simultaneously
analyze coagulation on many surfaces. The tests were repeated 3 times on different donors’
blood.

6. Results and discussion

6.1 Impedance spectroscopy
Impedance characterization of coagulating blood allowed to identify the key biomarkers
related to coagulation events. First, impedance magnitude of citrate whole blood (without
coagulants) was measured at a constant frequency of 10 kHz for 45 minutes. The same
measurement was repeated on recalcified blood, ie, coagulating blood. Figure 113
illustrates the time evolution of the electric impedance of bloods normalized to the first value
(1Z]/|Z¢=0])- Substantial discrepancies between the whole blood and the clotting blood are
observed, confirming that blood impedance spectroscopy can potentially define biomarkers
to assess blood coagulation. The red curve of the whole blood is characterized by an initial
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slight decrease, probably related to the formation of rouleaux!? of red blood cells. A few
minutes after, an increasing trend associated with the sedimentation of red cells on the
bottom appears, leading to a phase separation between red cells and plasma. On the other
hand, the black curve associated with clotting blood clearly presents a peak at around 9
minutes (the 1st possible marker), a subsequent decrease culminating in a minimum at 13
minutes (the 2nd possible marker), beyond which a sudden steep increase appears. Given the
timing of the two markers, they may be related to fibrin formation and clot retraction,
respectively, nonetheless further assessment is required to verify their meaning.

e \Nole blood

e Clotting blood
1.6+
1.5
1.4

1.34

1ZI/1Z,,

1.24

1.14
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0.9
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Figure 113 Time evolution of normalized impedance (|Z[/ |Z:=0]) measured at 10 kHz for the whole blood
and recalcified blood.

Bioimpedance test was then conducted at a variety of frequencies between 100 Hz - 1 MHz
during the whole coagulation process (45 minutes) to select the optimal frequency for
detecting impedance changes related to clotting. Coagulation of citrate blood was induced by
recalcification. Figure 114 reports the evolution in time of impedance magnitude normalized
at the first value at the following frequencies: 100 Hz, 1 kHz, 10 kHz, 100 kHz, and 1 MHz. The
plot at 100 Hz exhibits an increase in impedance but no peak that may be connected to the
beginning of fibrin production. At 1 kHz, a peak emerges between 5 and 10 minutes, followed
by a minimum, then a sudden climb. These indicators are more significant between 10 and
100 kHz and subsequently become less pronounced at 1 MHz. These findings lead to the
conclusion that coagulation-related impedance variations are mostly detectable between 1
kHz and 1 MHz. The frequency of 10 kHz is found to be the best for coagulation bioimpedance
monitoring since it appears to display more distinct indicators, therefore is selected for
impedance characterization of clotting blood. A first verification of the second marker is
achieved by comparing the impedance measurements with visual inspection of the clot. The
retraction of the clot is observable by naked eyes on the sample, as shown in Figure 115-a,
where the retracting clot's serum is visibly expelled. If contraction does not occur (or is

12 Rouleaux are stacks or aggregations of red blood cells (RBCs) that occur due to the discoid shape of vertebrate cells.
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delayed beyond 45 minutes), no separation of phases is visible on the sample. As a result, the
impedance curve does not manifest any increase, but ends with a plateau indicating non-
retracting blood (Figure 115-b). This suggests that the sharp increase of impedance may be
caused by a separation of clot and serum phases due to contraction of the thrombus.

—100 Hz

—— 1000 Hz
1.60 = 10000 Hz
100000 Hz

155 —— 1000000 Hz
1.50

1.45 /

1.40
1.35
1.30
1.25
1.204
1.156 1
1.10 4
1.054
1.00
0.95
0.90

ol

1112,

0 10 20 30 40 50
Time (min)

Figure 114 Evolution in time of normalized impedance magnitude during coagulation at 100 Hz, 1 kHz,
10 kHz 100 kHz and 1 MHz.
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Figure 115 a) Retracting blood impedance magnitude analysis at 10 kHz with respective picture of
retracted blood clot; b) non-retracting blood impedance magnitude analysis with picture of non-retracted
clot.
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Further assessment of the second marker is performed by measuring the impedance phase
angles (@) using Solartron analyzer system. Usually, the value of @ indicates the capacitive,
resistive, or inductive behavior of a sample at a specific frequency. First, @ at 10 kHz was
measured on blood during coagulation to determine its trend over time. Then clot and serum,
separated after retraction, were tested via broadband spectroscopy of @, over a large
frequency range from 100 Hz to 1 MHz. The variation of ®gj,0s during coagulation follows the
trend of normalized impedance magnitude, presenting the two main markers
(Figure 116-a). Regarding the rise occurring after 13 minutes, the angle rises from -7,3° to -
5.6° indicating an increase in resistive behavior as 0° is associated to a perfect resistor.
According to broadband spectroscopy analysis, at 10 kHz the clot has ®¢,: equal to -5° while
serum broadband spectroscopy reveals a @serum angle of -24° (Figure 116-b). It is therefore
intuitive that an increase of resistive behavior during the coagulation may be related to a
contraction of the clot with expulsion of the serum (Figure 113-b). We can summarize the
electric changes in blood as follow: during the coagulation process, RBC aggregation results
in an impedance network (increase in resistance) of the cells that are connected to one
another by fibrin fibers, dramatically raising the impedance of the entire blood. After clot
retraction only the clot made of fibrin, platelets and red blood cells remains between the
electrodes. Further investigations are carried out in the following sections to validate the first
biomarker as well as to corroborate the second one.
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2 —e— Clot
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Figure 116 a) Impedance phase angle (®) as function of time for recalcified blood; the red arrows indicate
the value of ®@ before and after the steep increase. b) Impedance phase broadband spectroscopy (100 Hz-
1MHz) of clot and serum separated after retraction.

6.2 Confocal microscopy
Confocal microscopy has previously been employed in several works to investigate clots and
coagulating blood. One of the technique's primary advantages is the ability to track blood-
related events second by second. For instance, Wallner et al. investigated how temperature
affected platelet and coagulation activity as seen by real-time live confocal imaging [295]. The
study of Kim et al, who reported confocal microscopy of clot contraction, is equally
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noteworthy [296]. The findings of these studies indicated that confocal imaging might be used
to evaluate clotting time and clot retraction. The course of coagulation was imaged through
confocal microscopy to further validate the markers found by impedance magnitude
spectroscopy. A fluorescent labeling emitting in the green wavelength was added to the blood
to visualize the filaments of fibrin, otherwise invisible. As explained in subsection 5.5 Chapter
IV, the first image was not pictured immediately after the addition of the calcium solution, but
rather 4 minutes and 40 seconds after recalcification, due to the time required to set the
microscope. Figure 117 a-1 report the results. The first image exhibits a green background
with darker spots related to red blood cells, as indicated by the red arrow in Figure 117-a,
not visible in the wavelength range analyzed, while fibrin is still not present, since no
polymerization has yet occurred. When fibrinogenesis is activated, the first fibrin filament
appears, at 6 minutes from recalcification (Figure 117-b). Fibrin begins to form from a
localized area and propagates in space until it covers the entire examined area, at 11 minutes
from the addition of the calcium solution, (Figure 117-f) (Video 1 available in supplementary
support). The appearance of the fibrin indicates the clotting time (CT). A contraction of the
fibrin network can be noticed in the video and in the sequence of images reported below,
starting from 11-12 minutes (Figure 117 f-g). When contraction starts, the platelets locally
pull the fibrin causing the whole clot contraction at macroscopic level [277].

t=6 min t=8 min

t=9 min t:10 min t11 min
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t=25 min t=35 min t=45 min

Figure 117 a)-1) Confocal microscopy frames at different times since the addition of calcium solution. The
red arrow in figure a) indicates the dark shadow of a red cell. The green fibers correspond to the fibrin
network labeled using fibrinogen from human plasma Alexa Fluor™ 488 conjugate.

To quantify this phenomenon, a reduced area of the whole image, circled in red in
Figure 117-c, is analyzed. The evolution of this area as coagulation proceeds is illustrated in
Figure 118 a-1, where the length of the filament is determined in pixels, using Image]®. We
decided to focus on this area rather than the large agglomeration in the picture because we
are observing in the x-y plane, but coagulation and contraction are also occurring in the z
plane; the large clot during the observation contract is three dimensions, making it difficult
to measure the variation in fibrin lengths, so we needed to identify an area that was always in
in the plane to properly perform the analysis. Before 11 minutes no reduction of the length of
the fibrin is measured. At minute 11 the filament shortens of 10% of its initial length,
indicating the starting of retraction (Figure 118-e), while at the end of the measurement the
length reduction is of 55%. Following confocal analysis, a blood sample from the same donor
was tested by impedance magnitude analysis and the markers were compared with the
confocal microscopy observation. The clotting time peak (the 1st marker) and the minimum
followed by a steep increase (the 2nd marker) coincide exactly with the times detected by
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microscopy for CT and clot retraction, confirming what predicted in the previous subsection
6.1 Chapter IV (Figure 119).

(@) (b)

t=5 min t=8 min

S

@ t=15min (M =20 min M t=25min ) t=30min &  t=35min () t=40min

Figure 118 a)-1) Detail of a of fibrin branch from its appearance through the different moment of the
contraction. On each frame the length of the fibrin is measured in pixels using ImageJ® software.
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Figure 119 Impedance magnitude test of clotting blood from the same donor as that tested via confocal
microscopy.

6.3 Rotem® characterization
Impedance magnitude characterization was compared to the Rotem® test, which is routinely
employed in biological laboratories as the gold standard for describing the coagulation
process. Blood samples were tested simultaneously with the two techniques and the collected
data were compared. In a first set of tests (nine different blood samples), coagulation was
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triggered only by recalcification. Figure 120-a displays the coagulation plot obtained by the
impedance measurement of a blood sample, while Figure 120-b illustrates the results
recorded via Rotem® for a sample from the same donor. As expected, the clotting time
acquired through the impedance test (denoted CTimpedance) is well correlated to the Rotem®
one (denoted CTrotem), allowing to clarify the meaning of the first peak in the impedance plot.

Recalcified blood without TF

CT: 593s CFT: 185s o 56*

Al0: 42mm A20: 50mm MCF: 53mm

0 10 20 30 40
Time (min)

a) b)

Figure 120 a) Impedance magnitude test and b) Rotem® analysis of recalcified blood from the same donor
without TF.

The boxplot in Figure 121 provides a statistical overview of the results acquired from the
nine tests performed on different donors’ blood, comprising locality, dispersion, and
skewness of the acquired data. The numerical values are summarized in Table 13, where
mean value, standard deviation (SD), maximum and minimum values are reported. The three
quartiles (Q1, Q2 or median, and Q3) are reported as well, where Q1 is the 25t percentile, i.e.,
the median of the lower half of the dataset, Q2 is the 50th percentile, i.e., the median of the
entire dataset, Q3 the 75t% percentile, meaning the median of the upper half of the dataset, and
IQR is the interquartile range. To better assess the variability of the data, we provide here an
estimation of the quartile coefficient of dispersion (QCD, i.e., given by Eq.71). The higher the
QCD, the more dispersing are the observed the data.

QCD — Q3_Q1 — IQR
Q3+0Q1 Q3+0Q1

(71)

Overall, the values from the Rotem® and the Impedance spectroscopy match each other. The
average discrepancy between CTrotem and CTimpedance 1S found around 11 seconds (2 %),
reflecting high reliability of the impedance analysis that somehow agrees with the standard
measurement. Based on Rotem® characterization, it was not possible, however, to verify the
second impedance marker appearing at the beginning of the clot retraction, since this value
was not accessible through the viscosity test. As a matter of fact, Rotem® allows to identify
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the maximum clot firmness (MCF) that indicates the maximum strength of the clot occurring
after the retraction has already begun.

Recalcified / Impedance measurement
Recalcified / Rotem measurement
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Figure 121 Box graph computed over 9 different blood samples (recalcified without TF) representing
clotting time by impedance magnitude spectroscopy and Rotem® (black and red boxes, respectively).

To analyze coagulation via extrinsic pathway, a second set of tests was performed by initiating
coagulation with an addition of calcium and TF solutions. Six different blood samples were
characterized by Rotem® and impedance magnitude tests, simultaneously. The impedance
characterization enabled to identify the clotting time and retraction markers. Figure 120 a-
b report the results from the normalized |Z| analysis and Rotem® test respectively, on blood
collected from the same donor. Good coherence between CTrotem and CTimpedance iS Observed,
again, confirming high accuracy of the developed protocol.
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Figure 122 a) Impedance magnitude test and b) Rotem® analysis of recalcified blood from the same donor
with TF.
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Figure 123 displays the whisker box graph computed over all the six tests. To some extent,
the clotting times measured through these two techniques are analogous. Focusing on the

average value, it is 3 minutes for both impedance and Rotem® test.

Recalcified + TF / Inpedance measurement
Recalcified + TF / Rotem measurement

CT (min)

2 - L
CT Impedance (TF) CT Rotem (TF)

Figure 123 Box graph computed over 6 different blood samples (recalcified with TF) representing clotting
time by impedance magnitude spectroscopy and Rotem® (green and blue boxes, respectively).

Table 13 reports the detailed data related to the box graph, giving an overview over the
statistic of the experiments. The results lead to the following conclusion:

Whatever the technique of measurement, recalcified blood samples with TF led to smaller
value of CT.

For all samples with or without TF, both impedance and Rotem® technique leads to
similar results in terms of central tendency (mean and median values), dispersion (SD,
IQR), and limit values (max, min).

In any case, the data distributions were almost symmetrical, as the medians (horizonal
lines in the whisker box) were close to the mean values (circles), thus the skewness
should be near to zero.

All observations did not show any outliers or extremes values (i.e, fall below Q1 - 1.5 IQR
or above Q3 + 1.5 IQR), meaning that the highest and lowest occurring value were within
this limit interval.

Finner analysis regarding the data dispersion via QCD:

v Impedance technique gave raise to somewhat higher dispersion in CT than the
Rotem® one.

v' Measurement of the samples without TF results in smaller dispersion, regardless
of which technique was chosen.

For all the cases, the QCD value is relatively low, confirming good repeatability of the data.
Accordingly, the comparison between Rotem® and Impedance magnitude analysis confirmed
the significance of the 1stbiomarker in recalcified blood, either with or without TF.
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Table 13 Statical data related to CTimpedance and CTrotem for recalcified samples with and without TF.
6.4 Wettability and blood coagulation.

Variable: CT Impedance test Rotem® test

with TF without TF with TF without TF
Mean value (min) 2,96 8,76 3,08 8,71
SD (min) 0,65 1,38 0,68 1,23
Min value (min) 2,15 6,10 2,13 6,46
Max value (min) 3,60 10,90 4,15 10,75
Q1 (min) 2,50 8,30 2,73 8,13
Q2 (min) 2,99 8,80 3,04 8,76
Q3 (min) 3,60 9,80 3,41 9,50
IQR (min) 1,10 1,50 0,68 1,36
QCD (%) 18,0 8,3 11,1 7,7

The values of CT reported in this work are in good agreement with those reported in other
studies where the clotting time is found from 6.5 to 10 minutes. Vrigkou et al. reported an
average of 8.11 minutes for CT in healthy patients, showing an increase in CT for patients with
chronic thromboembolic pulmonary hypertension [297]. Similar findings were presented by
Sucker et al. where the clotting time activated by only recalcification for women was found to
be 7.4 minutes, while for men 8.58 minutes [298]. Other works, such as the one performed by
Ramstrom et al,, found a range of clotting times similar to the one reported in this work [299].
Additionally, the earlier CT obtained via extrinsic coagulation test is consistent with previous
studies published in the literature, corroborating our findings on the involvement of TF to
coagulation [298]. The results reported suggest that the procedure followed in this study in
terms of storage time and temperature does not significantly affect the coagulation time,
however further investigations are required on the matter.

6.4 Coagulation and wettability
After confirming the coagulation markers’ validity, impedance magnitude coagulation test
was examined on surfaces with varying wettability, in order to evaluate how surface energy
impacted coagulation time and verify the accuracy of our test to analyze surface
hemocompatibility. Table 14 shows the blood wettability angle on untreated PET, UV-treated
PET, PVDF positive side, and PVDF negative side. The blood drop on the surfaces is depicted
in the Figure 124.

Table 14 Contact angle of blood on PET non-treated, PET UV-treated, PVDF positive and negative sides.

PET PET PVDF PVDF
non-treated UV-treated Positive side Negative side
Contact angle (deg®) 77,8°+ 1° 25,7°+ 2° 68,4°+ 0.1° 65,1°+ 0.7°
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PET non-treated PET UV-treated ‘
PVDF positive side PVDF negative side

Figure 124 Drop of blood on the four different surfaces pictured by means of Contact Angle Goniometer.

As expected, UV oxidation treatment increases the wettability of the PET surface, as it
promotes functional groups such as hydroxyl, carbonyl, and carboxyl groups, enhancing the
hydrophilicity. Regarding the blood contact angle, PVDF's positive and negative sides are
similar, given that they are examined in a static condition, which means that no stress is
applied inducing surface charges. However, it appears that the negative side marginally
enhances the wettability, which is reasonable given that negative charges are linked to
greater hydrophilicity. Figure 125 a-b represent the impedance tests performed on the
aforementioned surfaces. The tests are performed at 25°C thus, the timing as well as the shape
differ from the test performed at 37°C and reported in the previous paragraphs, since the
kinetic of coagulation is strongly related to the temperature. Although the clot contraction
cannot be observed, the clotting time peak can be easily identified. It's interesting to note that
the higher the wettability, the faster the coagulation; PET that has been exposed to UV ozone
treatment reports a clotting time of 15 minutes, but PET non-treated has a clotting time of 25
minutes (Figure 125-a). On the other side, PVDF surface positive and negative sides report
very similar clotting time, with a very small discrepancy of around 1 minute. These results
were found on all the test performed on PVDF, suggesting good reproducibility. The results
are in line with the wettability tests as PET UV-treated and non-treated exhibit an angle
difference of more than 50°, which is associated with a significant difference in clotting times;
However, the angle difference between the PVDF positive and negative surfaces is only a few
degrees, not enough to noticeably alter the way that blood interacts with the surfaces. We can
conclude that wettability strongly affects the coagulation process: as stated earlier, different
proteins will adsorb on a surface based on its charge and wettability, causing the coagulation
to begin either by activating fXII (on hydrophilic surfaces) or by adsorbing fibrinogen, which
in turn promotes platelet activation (hydrophobic surfaces). It is interesting to notice that the
initial slope of the bioimpedance plot varies depending on the contact angle, and this may be
related to the coagulation trigger: for surfaces with poor wettability, there is an early drop in
impedance magnitude, followed by an increase that peaks at the clotting time (PET non-
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treated, PVDF positive/negative); This is not the case for surfaces that are highly wettable
(UV-treated), as the impedance shows a sharp rise that culminates at the clotting time. This
may be since on hydrophilic surfaces the kinetic of coagulation is faster that red blood cells
do not have time to form rouleaux, also it could be related to the different trigger of clotting
that is associated with a different layer of proteins adsorbed on the surface. Nonetheless to
verify the reason behind these findings, more research is required.

e P\/DF positive side

| | e PET non-treated = PVDF negative side
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Figure 125 Coagulation impedance test at 25°C carried out simultaneously on a) PET and PET treated
with UV-ozone b) PVDF positive and negative sides.

7. Conclusions and perspectives

This work reports on innovative biomarkers for assessment of blood coagulation, based on
impedance spectroscopy characterization. Such approach provides a real time and
comprehensive picture of all the events occurring during clotting of blood. Two significative
markers are identified, i.e., related to fibrin formation (the 1st marker) and clot contraction
(the 2nd marker). Impedance phase (@) investigation confirms the meaning of the 2nd marker,
revealing an increase in the resistive behavior during the contraction caused by expulsion of
serum. Next, imaging via confocal microscopy provides the onset time of the fibrin
polymerization as well as the beginning of the clot contraction, enabling to further highlight
the physical meaning of both test markers. In addition, |Z| characterization compared with
the standard Rotem® analysis allows to strengthen the meaning of the 1st marker. The
impedance magnitude test gives an overview of the clotting time that could be useful as an
effective indicator of hypo/per coagulability disorders. The test proposed in this study is not
only reliable in terms of identifying clotting time, but it also provides detection of the onset of
clotretraction. Indeed, if the contraction does not occur or is delayed, the test should not show
the 2nd marker followed by a steep increase. This technology, relying on the electrical
impedance characterization of blood, allows for a real time monitoring of coagulation which,
otherwise is inaccessible with current techniques (Rotem® analysis). Analyses on the effect
of external factors (temperature, time collecting, diseases) on coagulation are out of scope of
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this paper, but nonetheless will be one of the most priorities in our future research direction.
Indeed, the approach used in this study involved testing the blood 24 hours after collection,
however it is not fully disclosed how much storage time may alter clotting time. In any event,
the findings of this study are consistent with those of other studies conducted via Rotem®
using the same coagulants, suggesting that testing within 24 hours does not significantly alter
the results. A novel insight of this work involves in the development of an easy and efficient
technique adaptable to various material’s surfaces to analyze their interactions with blood.
The proposed approach enables to study the clotting time related to the wettability. The
results of a coagulation impedance test on four surfaces with variable wettability (PET, PET
UV-treated, PVDF positive and negative sides) reveal that the higher the wettability, the faster
the clotting time. This proves that coagulation impedance test is suitable for the
determination of the thrombogenicity of materials in order to identify the most
haemocompatible candidates. A study of materials' thrombogenicity is crucial because one of
the main limitations of cardiovascular prostheses is their tendency to induce thrombosis once
in contact with blood. Hence, there is an urgent need for materials capable to delay or avoid
coagulation, to prevent patients from severe health problems such as ischemia, heart attack,
or embolism. Impedance blood characterization may therefore pave the way for a new
generation of smart materials that could overcome current technological lock of
cardiovascular prostheses where coagulation is a serious issue. The future prospects of this
study include the development of a non-contact electrode devices that can also be integrated
into a real graft to perform real-time in vivo monitoring. Furthermore, the test should be
performed under dynamic conditions, which are similar to the real human condition.
Nonetheless, it is feasible to conclude that impedance blood characterization is a helpful
instrument not only for studying the wellness of blood coagulation systems, but also for
understanding the interaction with artificial materials.
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Chapter V
A preliminary study on self-endothelialized tissue
engineered vascular grafts

Summary

In this final chapter we present a preliminary study related to charge/cells interaction. As
described in Chapter I, one way to improve vascular grafts while preventing body rejection and
lowering the danger of thrombosis is to cover the prosthesis with endothelial cells, which are the
natural cells that lid the inner layer of a human vessel. To accomplish so, innovative methods
able of accelerating and improving cell culture are needed. In this chapter, we propose the
employment of surfaces-charged scaffolds. The effect of charge on cells is investigated on
epithelial cells, which are considerably simpler to handle than endothelial cells. Nonetheless,
future works will focus on them. The charge generated by a photo-capacitive composite
(ZnS:Cu/PVDF-TrFE-CFE), is driven on cell culture sample holders whose substrates are a
semiconducting ITO deposited on a glass slide. Positive charged and negative charged scaffolds
are compared to non-charged ones, by means of testing the cells adhesion after 6h from cells
deposition. The results show that both positive and negative charges enhance the adhesion of
epithelial cells. This work is mainly focused on the adhesion of the cells, future works will be
focused also on the study of the charge influence on the cells’ proliferation.

1. Introduction

As mentioned in Chapter I, a promising technique for the production of antithrombogenic
prostheses capable of integrating into the human body is the development of tissue
engineered vascular grafts (TEVGs). More specifically, the possibility of coating a prosthesis
with endothelial cells before it is surgically inserted in the body would allow a total bio-
integration of the prosthesis (Figure 126).

Cells’ extraction from a patient and isolation

() &
‘:>®%% "

Cell’s culture
@ and seeding

-

Bypass grafting TEVG

Figure 126 Concept behind tissue engineered vascular grafts covered in endothelial cells.
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Cells culture includes several stages: adhesion of the cells to the substrate, growth of the cells
and differentiation (Figure 127). This is particularly applicable for endothelial cells, which
precisely differentiate from Stem cells.

Adhesion Proliferation Differentiation

Figure 127 Stages of cells culture.

Stem cells are a class of cells able to evolve (differentiate) in more specialized cell type,
involving a switch from proliferation to specialization. This entails a series of modifications
to metabolic activity, membrane potential, cell shape, and response to certain signals (Figure
128) [300]. As result of differentiation, cells become committed to developmental lineages
and acquire certain capabilities depending on the tissue they will eventually reside in.
Although the idea of covering prosthetic devices with endothelial cells is promising, it is
complicated to implement as the times required by the cells to adhere, proliferate and
differentiate are rather long, and to fully cover a vascular prosthesis would take more than
two weeks, with a very high risk of bacterial contamination [57].

Growth
STEM

G)—'@@
@

Differentiation in specialized cells

Figure 128 Typical steps of Stem cells culture.

It is thus necessary to find a solution to reduce the culture time. A way to accelerate this
process may be related to the interaction with the scaffold surface. Indeed, functionalization
of the substrate can govern responses of the cells, enhancing their adhesion and growth. For
instance, the surface potential seems to have a strong correlation to the adhesion time and
growth [301]. The objective of this pilot study is to comprehend the impact of applying a
charge on the initial stage of cell culture, i.e., cell adhesion on the surface scaffold. In practice,
a surface charge modifies the surface potential and enables the modulation of the cell
response. Depending on the type of cells involved, the charge might be positive or negative.
The wettability of the surface is also influenced by its charge and may play a role in the culture
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of the cells; hydrophilic surfaces have demonstrated improved compatibility with cell
development [302].

In this sequence of exploratory experiments, we aimed to comprehend how positive and
negative charge, as opposed to no charge (control), improved epithelial cells adhesion.
Epithelial cells were chosen over endothelial cells for a variety of reasons, including the ease
of handling them as opposed to Stem, their availability, and the rate of their proliferation. In
future works we plan to test on Stem/endothelial cells. The study is particularly interesting
for healing patches, as a faster epithelial growth enhanced by a charge on the patch could
speed up the wound healing. In this work, we decided to use the charge produced by photo-
capacitive composite based on (P(VDF-TrFE-CFE) terpolymer doped with 70% wt. phosphor
particles ZnS:Cu. This ultra-flexible, high-performance photodetector is a light-sensitive
composite material capable of generating charge surface in response to a blue light stimulus
(A=470 nm), and emit a fluorescent light if subjected to an electric field [303]. In this work,
we focus on the first effect of this polymer composite embedded with phosphors, which
transform into self-sensitive structures. The sample is coating on an ITO/glass slide (Indium
Tin Oxide layer), so that the ITO is in contact with it. The other surface of the composite is
gold sputtered. The cell adhesion test, however, is not performed directly on the material
surface; rather, after light excitation of the composite, the charge is collected using conductor
cables and sent to other slides coated with the semiconductor ITO, which serve as the
substrate for the scaffolds. A silicone mold is glued onto them to contain the medium with the
cells. When lit with blue light, the photo-capacitive produces positive charged surface on one
side and negative charged on the other, and the charges are driven on the ITO surfaces. The
charged ITO is in contact with medium and cells, making it possible to examine how positive
or negative charge affects adhesion. The decision not to use the composite directly, but rather
to conduct its charge on transparent conducting glass is based on the following reasons: first,
we wanted to separate the effect of the charge from any other effect, such as surface
roughness or light; and second, the use of transparent glass allowed for optical microscope
observations to be made in light transmission.

In the next sections a brief overview of the charge/cell interaction will be presented as well
as the photodetectors developed in this work. Then the material and methods involved in this
preliminary study will be introduced as well as results and conclusion of this work.

2. Cell-surface charge interaction

The surface charge of a substrate is without a doubt one of the elements affecting how cells
and the substrate interact. According to various studies, surface charge regulates the
dynamics of adhesion, proliferation, and differentiation. However, depending on their
composition, structural geometry, and size, not all cells react to an external charge in the same
manner. To begin, the surface charge influences the amount and nature of protein adsorbed,
as well as the degree of refolding, just as discussed in Chapter IV with regard to
blood/material interaction. The layer of adsorbed proteins influences cell adhesion indirectly
[301]. Cai et al, for instance, describe a beneficial effect of charge on the adsorption of
integrins, which are essential regulators of cell adhesion [304]. Additionally, the electrostatic

172

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0122/these.pdf
© [G. D'Ambrogio], [2022], INSA Lyon, tous droits réservés



Chapter V. A preliminary study on self-endothelialized tissue engineered vascular grafts

interaction between the substrate charge and the cell's membrane charge has a significant
impact on adhesion. Each cell has a cell membrane that separates the intracellular fluid from
the extracellular matrix. The presence of ions in the extracellular and intracellular matrix
generates an electric potential across the membrane. Typically, a cell shows a negative surface
(membrane) potential between -10 and -90 mV, depending on its nature. The electrical
potential of neuronal cells, for instance, has been measured as -60 mV by Fairless et al. [305].
As cell adhesion is the foundation for cell survival, proliferation, and mobilization, it is
important to maximize it. Non-adherent cells ultimately perish. Positive charges might also
be useful for affecting the proliferation step [302]. The beneficial impact of employing
charges, both positive and negative, on cell culture has been effectively described in several
studies; for instance, according to Chang et al. , a negative surface potential reduces
electrostatic repulsion between negatively charged membranes and the surface, increasing
the adherence of epithelial cells (HEK293T and HepG213) and fibroblasts (NIH3T314) [306].
Yet, their research shows that compared to fibroblasts, positive charge has a stronger impact
on epithelial cell attachment. Other research has emphasized the significance of surface
charge density in cell adhesion, demonstrating a strong correlation between cell adhesion and
proliferation with the amount of charge [307,308]. Other studies, such as that reported by
Thevenot et al. claim that a negative charge can positively influence the adsorption of proteins
that are essential for promoting adhesion [309]. Indeed, negative charges
induce hydrophilicity, and this has been related to improved adhesion. As a matter of fact, the
wettability (hydrophobicity and hydrophilicity) of surfaces affects protein adsorption on the
surface, and it appears that cells are more prone to cling to hydrophilic surfaces. Wei et al.,
for instance, found that osteoblast adhesion decreased when the contact angle increased from
0°to 106°[310]. It is evident from all the experimental findings reported in the literature that
each combination of surface/cell has a unique interaction and distinctive properties. Other
parameters such as roughness, microporosity, mechanical characteristics, and bio-coating
impact adhesion proliferation and differentiation, however in this study we focus on the effect
of charge, which is particularly intriguing in connection to electroactive materials.

3. Photo-capacitive ZnS:Cu/Terpolymer

The combination of the semiconducting ZnS:Cu filler with the ferro-relaxor (PVDF-TrFE-CFE)
matrix allows for the development of a composite able to emit light under external electric
field (Mokni et al. [303]), and to generate charge on its surface due to light exposition, making
it suitable for use as both a photodetector and a light emitter. This behavior is correlated with
both filler and matrix properties. ZnS bulk doped with Cu ions is a common inorganic
photoluminescent material used in light-emitting diodes [311]. Since the middle of the
previous century, the photoluminescence and electroluminescence of ZnS:Cu have been
extensively researched. The material belongs to the phosphors p-type semiconductors class.
Phosphors are typically created by combining a suitable host material with an activator.
Copper-activated zinc sulphide (ZnS) and silver-activated zinc sulphide (ZnS) are the most

13 HEK293T= Embryonic kidney; HepG2 = human hepatocellular carcinoma

14 mouse embryofibroblast
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well-known kinds (silver zinc sulphide). Cu-doped ZnS is gaining popularity as a blue-green
emitting active layer for a variety of optoelectronics applications [303]. The photo-luminesce
properties are related to its semi-conductivity: when a light beam with photon energy beyond
the bandgap hit the material it excites the electrons from the valence to a higher energy state,
in the conduction band [312]. Recently phosphor particles have been coupled with different
classes of polymers to develop all sorts of devices, especially in the field of photoemitting
diodes. For instance Huang et al. developed polymer based ZnS:Cu composites capable of
emitting blue light under a threshold voltage of 4 V [311]. Choi et al developed
photodetectors made of ZnS:CU/silicone elastomer highly photo-responsive, which exhibit
dielectric changes in response to an external light [313]. Similarly, Jun et al. developed
ZnS:Cu/Polyvinyl butyral with a capacitance extremely sensitive to irradiation of light with
wavelength in the range of 350-450 nm [312]. In our case phosphor fillers are combined with
a dielectric ferro-relaxor matrix. The composite was already proven to be highly
photosensitive in our previous works [303]. This behavior can be related to Maxwell-
Wagner-Sillars effect at particle-polymer interfaces [312]. Under light excitation with high
energy photons, the semi-conducting filler generates charges which accumulate at interface
matrix/filler, causing polarization of the matrix chains [303,313]. This results in an increase
in dielectric properties of the composite, hence capacitance. When the dipoles are oriented,
there is an electric field across the thickness, which also means the presence of surface charge.
This behavior will be further verified in the experimental section of this chapter. In conclusion
our filler/matrix combination generates a material that once exposed to an external light
excitation alters its electrical properties, inducing an increase of capacitance and surface
charges. On the other hand, as already proven, if exposed to an alternating current field, it
could generate visible radiation whose intensity varies with the applied voltage and
frequency [303]. The polymer itself has a unique semicrystalline structure that, as a result of
the nano-polar regions in the crystal domains, causes dramatically elevated polarization
levels when it is exposed to an external electric field. There are no traces of polarization left
once the electric field is discharged. Similarly, the matrix gets strongly polarized when the
light reaches the sample, and the polarization will turn to zero in absence of light, hence in
absence of charges from the polymer. We can conclude that in this material the polarization
of the chains is so heavily reliant on the light.

4. Materials and methods

4.1 Material development
The new light polymeric composite photoreceiver was prepared using a solution casting
method. The commercial fluorinated terpolymer powder (purchased from Piezotech S.A.S,
Arkema group, Lyon, France) P(VDF-TrFE-CFE) 56.2%-36.3%-7.5 was dissolved with
butanone, also known as methyl ethyl ketone (MEK) in a fraction of 14%wt. When the solution
achieved a homogenous state, phosphor powder (ZnS:Cu) purchased from Shanghai
Dongzhou Industrial Co., LTD with a diameter in the range of 3-10 um was filled into the
terpolymer solution with a content of 70% wt. This ratio was chosen for achieving the best
trade between the photo-capacitive performance and the dispersion of the sample. The blend
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was mixed via magnetic stirring for 24h. The prepared mixture was then casted on a
conductive thin ITO/GLASS substrate of 1mm thickness and surface 25x75 mm? (Indium Tin
Oxide coated on transparent glass slides), which was purchased from Sigma Aldrich®. The
ITO-coated glass film was chosen due to its high conductivity and optical transmission. The
thermal treatment of the films was the following: first the temperature was increased from
25°Cto 110°Cin 2h, then 110°C plateau was kept for 2h, finally, the cooling down from 110°C
to 25°C lasted 20h. With this thermal treatment the material was adherent to the surface,
without any detachment. For surface charge test of the photo-capacitive composite, samples
were sputtered on the top with 2 cm diameter circular surface gold electrode using a
Crossington Sputter Coater (208 HR) that helped to deposit a very thin (25 nm) Au layer. For
wettability and cell adhesion tests a 2x5 cm? rectangular gold surface was sputtered. The
thickness of the film was ~90+10 pm-thick. The architecture of a flexible
terpolymer/phosphor is illustrated in Figure 129 a-b.

a)
PHOTOELECTRIC DEVICE STRUCTURE ——————) GOLD LAYER
/ ) PHOTOELECTRIC COMPOSITE
——)) TO

/ —l)  GLASS

Figure 129 a) Picture of the photo-capacitive sample based on ZnS:Cu/PVFD-TrFE-CFE; b) architecture of
the photo-capacitive device developed.

4.2 Electrical characterization
Figure 130 illustrates the design used to examine the charge produced on the sample’s
surface when exposed to blue light (470 nm). The light irradiated the sample from the glass
side, as the opposite face was coated with gold, and it would prevent light transmission to the
sample. The distance between the light and the sample was 5 cm. In the first test the charge
developed on the surface directly illuminated was evaluated by connecting the ITO electrode
to a charge meter, while the gold electrode was grounded. The charge meter (KISTLER, Type
5015) measured the charge (high pass filter 0.16 Hz, 1V, 500 pC V-1), which was displayed on
an oscilloscope (MSOX3014A Keysight / Agilent oscilloscope). Then the gold electrode was
connected to the charge meter while the ITO was grounded, to measure the charge on the side
not directly illuminated by light. The findings are presented in terms of charge per unit area
(pC cm-2). The characterization was repeated three times per side. This test was necessary to
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understand which was the positive side and negative side, as well as the amount of charge
produced per unit of surface. Then the capacitance changes of the sample without and with
light excitation (5 cm of distance) were examined using a capacitance meter (Agilent 4278A)
at 1kHz and 1V. Both charge and capacitance measurements were performed at room
temperature. Finally dielectric broadband spectroscopy at 25°C from 0.1 to 106 Hz was
performed on the sample with and without light exposition (5 cm of distance) using a
broadband spectroscopy analyzer (Solartron 1260A).

Gold sputtered photoelectric sample on ITO/glass

'/ Blue light

<« Oscilliscope

Charge-meter

Figure 130 Set-up used to examine the charge produced by the sample when exposed to blue light. In this
image, the connection is made in a way to measure the charge developed on the surface directly
enlightened.

4.3 Wettability test

The set-up shown in Figure 131 was used to study the effect of charge on the wettability of
the ITO surface, in view of the cell adhesion test. Initially, a drop of demineralized water (3 pL
by volume) was placed on a bare uncharged ITO/glass slide, i.e., not connected to any photo-
sensing device. The contact angle between the water and the ITO surface was measured using
a USB -microscope (Dinolight®). Subsequently, the ITO/glass slide was connected to the ITO
electrode of a second slide where the photo-capacitive sample was deposited, ie., it was
connected to the side directly illuminated by the light (positive charged side), and the same
contact angle measurement was carried out. Finally, the ITO/glass was connected to the
sputtered gold surface on the photo-capacitive sample, i.e, the surface opposite to the light
(negative charged side) and the effect of the charge on wettability was measured as in the two
previous cases. Two different ITO/glass slides were tested and on each one three different
tests per “charge condition” (zero, positive and negative) were performed. All the tests were
performed at room temperature.
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USB-miscroscope

ITO/glass ﬁ
. » A
Photoelectric sample /

|

Water drop

Blue light

Figure 131 Set-up used for water/ITO contact angle. In this drawing we report the case where ITO is
positively charged.

4.4 Cells preparation

Human epithelial cells (HBEpC-p Human Bronchial Epithelial Cells) were purchased from
Promocell® in proliferating conditions in a 25 cm? flask. On arrival, they were left to stand for
three hours in an incubator at 37°C. Subsequently, the medium (Airway Epithelial Cell Growth
medium) was completely removed and 10 mL of new medium was added to the flask. The
cells were removed from the flask the day after when a surface confluency was >70%,
determined by optical microscopy. The medium was removed, the flask was rinsed with 2.5
ml Hepes (PBS). After, the Hepes was removed and 2.5 ml of trypsin were added to the flask
and left for 7 minutes at 25°C, during which time the sides of the flask were gently tapped to
promote cell detachment. After 7 minutes, 2.5 ml of trypsin inhibitor was added. The total of
5 ml was placed in a 15 ml sterile centrifuge tube, and the whole was centrifuged at 220 g for
3 minutes. All pipetting was carried out with sterile pipettes and the whole procedure was
performed under a class I hood (class [ ADS air laminar sterile dust collector PPS 12) (Figure
132), under sterile conditions. The cells were at the bottom of the tube after centrifugation,
and the top liquid was discarded. 1 ml of new prewarmed medium was added. The cells were
homogeneously mixed with the medium by pipetting up and down. 100 pl of the mixture was
placed in a fresh flask with 10 ml of pre-warmed medium for the next tests. 150 pl of the
mixture were placed in three separate sample holders (50 pl each one) designed for the
adhesion/charge investigation and discussed in the next section, where 1.5 ml of prewarmed
medium were already placed.
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Figure 132 Class 1l hood used to perform all the cells manipulation.

4.5 Charge stimulated epithelial cells adhesion test

Three sample holders were created in order to perform the study of the influence of charge
on epithelial cells adhesion. The Figure 133 depicts the structure of the samples. The base
substrate was an ITO/glass slide. A Polydimethylsiloxane mold (Sylgard® 184) was glued onto
the substrate using a thin PDMS layer and cured 10 minutes on a hot plate at 150°C. This
structure was used to contain medium and cells (geometry shown in the Figure 133). The
first sample, named control, was not connected to anything, and the charge on its surface was
zero. A second and third samples were connected to two photo-capacitive samples, both
illuminated by blue light (470 nm). The former was connected to the positively charged
surface and the latter to the negatively charged surface. The three sample holders were
sprayed with 70% alcohol, which was left to dry under a ventilated fume hood type II for 24
hours. 1.5 ml of medium heated to 37°C was added to each sample holder under the hood and
50 pl of medium and cells taken from the centrifugation tube (see previous section) were
injected into each sample. Once the medium and cells were inserted, the three sample holders
were placed in an incubator at 37°C for 6h. After 6h, the three surfaces were observed under
a light microscope. 20 photos per sample at 10x of magnification were collected to cover most
of the cell-containing area and using Image]® the cells were counted, and the three samples
compared. The same experiment was then performed, increasing the amount of charge on the
samples: the positive charge sample was coupled with two, three, and four photo-capacitive
samples, and the results of cell adhesion were compared to no-charged samples. The identical
procedure was subsequently carried out with the negatively charged sample. In this way the
number of cells adhered was evaluated depending on the sign and amount of charge and on
the ITO glass.
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Figure 133 Drawing of the cells sample holder with detail of the geometry.

5. Results and discussion

5.1 Electrical characterization and wettability investigation
Figure 134 displays the charge developed by the Terpolymer/phosphor sample per unit of
surface, when enlightened by a blue light. The black curve is the charge coming from the side
that is directly facing the light, named “glass side” in the graph, while the red one is coming
from the opposite side, i.e, the gold sputtered one. The total charge collected per side was
300 pC, over a circular sputtered surface (diameter 2 cm). The charge developed per unit of
surface was |90 pC cm-2| and the side directly facing the light was producing a positive charge,
while the side opposite to the light a negative charge. According to us, when the sample is
enlightened, the polymer gets polarized by the excited phosphors and an electric field
develops across thickness, leading to a change in capacitance. The charge trend is decreasing
in time due to the measurement instrument, which integrates the results over time, leading
to a fictitious drop of the charge, however the charge in the sample is not dropping.
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Figure 134 Charge per unit of surface when the photo-capacitive sample is lit by a blue light. The black
curve is the positive charge coming from the face that is directly facing the light, while the negative one is
described by the red curve and is the side not facing the light.
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Table 15 Capacitance for the photo-capacitive samples without and with light excitement.

No light Light
Capacitance (pF) 705+ 10 987+ 15

Table 15 reports the capacitance values with and without the effect of the light measured
across the sample. The capacitance variation and the charge associated to it is computed
according to Eq.72-74, where V is the voltage applied by the capacitance meter, C the
capacitance, Q the charge and A is the surface of the sputtered sample. The light on the sample
induces a 40% increase of the capacitance (AC=288 pF). The charge associated is
~90 pC cm-2, matching the charge meter results. This test allowed us to understand the level
of charge produced by the sample as well as which was the positive and negative side, so that
we could distinguish them when testing cells’ adhesion. The distance between the light and
the material is an important parameter. In our previous studies we already proved the
dependence of the capacitance change on the distance between the sample and the light [303].

AQ =V xAC + C AV (72)
At constant voltage of 1V:
AQ =V xAC (73)
The charge developed per unit of surface is computed as follow
AQ/S =V +AC/S (74)

Finally dielectric broadband spectroscopy allowed us to collect the values of permittivity real
and dielectric losses in absence and presence of enlightenment (Figure 135): the increase of
permittivity due to light excitation is ~35%, close to the capacitance one reported previously.
The small difference may be related to uncertainties in the thickness measurements.
Interestingly there is only a small increase in dielectric losses, probably due to leakages,
meaning that the sample remains somewhat capacitive, and thus it does not turn in semi-
conductive composite.
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Figure 135 a) Relative permittivity real part vs. frequency and b) dielectric losses (tand) vs. frequency
(0.1-10%Hz) at 25°C without ( black curve) and with light (red curve).

The contact angle between demineralized pure water and ITO substrate was tested in three
different conditions: without any charge applied on ITO, negative charge and positive charge.
The results of the contact angle for two set of tests carried out on two different ITO are
reported in Table 16 and Figure 136 and Figure 137. The percentage of contact angle
variation with respect to the uncharged surface are reported in Figure 136. The addition of
a negative charge, as expected, increases the hydrophilicity of the surface, with a ~20% drop
of contact angle. Positive charge as well affects the wettability of the material, with a ~15%
drop of contact angle with respect to no charge condition.

Table 16 Water contact angle (°deg) with ITO in absence of charge and with negative and positive charge.

No Charge Negative Charge Positive Charge
Contact angle (°deg) 73+3° 60° £ 2° 63+ 3°
2mm
No Charge Positive Charge Negative Charge

a) b) <)
Figure 136 Drop of pure water on ITO a) uncharged, b) positively charged and c) negatively charged.
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Figure 137 Normalized Contact angle (°deg) of pure water in contact with ITO in three different
situations: 1) no charge; 2) negative surface charge; 3) positive surface charge. The real value for the
contact angle is reported in the graph at the top of the picture; the test is repeated on two different slides
of ITO/glass (test 1 and test 2).

From these results we can confirm that the light generated a separation of charge across the
sample of Terpolymer/phosphor, which could be transferred to ITO/glass slides and affect
their wettability.

5.2 Cell’s adhesion on charged surfaces
Figure 138 reports the variation (%) of cells number for positive charged and negative
charged surfaces with respect to the uncharged one (control) depending on the amount of
charge per unit of surface, for the tests on HBEpC-p epithelial cells. The analysis, performed
via optical microscope, was done after 6h of incubation, to verify the number of cells adhered
on the surface. The values of surfaces charge tested were 32, 53 and 106 pC.cm2 for the
positive charged samples, and 32,53, 106 and 160 pC.cm2 for the negative charged samples.
The positive charge increases the number of cells adhered at each value of charge on the
surface, however the maximum improvementis at 53 pC.cm-2 with a 150% improvement with
respect to the sample control (no charge). At 106 pC.cm2 the effect of the positive charge is
still effective, however it is reduced to a 50% improvement. These results suggest that the
interaction of the cells with the positive charge is beneficial to the adhesion, as there may be
an electrostatic attraction between the negative membrane of the cells and the positive charge
of the surface. Nonetheless we observe that after a certain value there is a drop in the
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improvement. The positive charge may be repelling a protein called integrin, which is
positively charged in our particular medium (pH 7.8)[301]. It is well known that integrin is a
fundamental mediator of adhesion. The negative charge on the other side presents a quasi-
monotonic improvement increasing the amount of charge per surface. At each value of surface
charge there is a higher number of cells adhered to the surface with respect to uncharged
sample. The maximal improvement is reached at 160 pC.cm-2 with a 115% of improvement.
In this case this may be related to a favorable interaction between the negative charge and
the positive integrin. We believe that two phenomena are counterbalancing each other, ie.,
the charge has an impact on both the cell membrane and integrin, and the quantity of charge
has a different effect. Nonetheless, in both circumstances, there is an enhancement in the
number of cells attached to the substrate. Figure 139 reports the results related to the test
for cells adhered on positive charge (106 pC.cm2) (Figure 139 a-c), negative (160 pC.cm2)
(Figure 139 d-f) and control (no charge) (Figure 139 g-i). Three pictures per sample are
reported, representative of the cells adhered on the sample holder. It is quite clear that
positive and negative charge are beneficial to the adhesion. Figure 140 a-b reports the optical
microscopy of human bronchial epithelial cells with high confluency from the literature,
meaning cells that have adhered and growth. Comparing those pictures with pictures with
our results in terms of cells shaped suggest good adhesion.
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—®— Negative charge
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Figure 138 Percentage of HBEpC-p cells variation adhered on ITO substrate charge positively, negatively
with respect to uncharged sample (control) depending on the amount of charge per unit of surface. The
test analysis performed via optical microscope, was done after 6h of incubation at 37°C.
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Figure 139 Epithelial cells (HBEpC-p) adhered onto a)-c) ITO positively charged (106 pC.cm*?), d)-f) ITO
negatively charged (160 pC.cm?2), g)-i) ITO without charge. The imaging, taken via optical microscopy in
light transmission was carried out after 6h of incubation.

a)
Figure 140 Human bronchial epithelial cells from a) Biotrend® [314] and b) Sigma Aldrich® [315].

6. Conclusions

In this preliminary study, we investigated the influence of charge on epithelial cell adherence
to a substrate. Thanks to this pilot investigation we were able to gather early data on the
charge/human cells interaction. The interest in this issue stems from the fact that human
prostheses, particularly the vascular prostheses at the heart of this thesis, would profit
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enormously from a covering of endothelial cells, i.e, the cells that line the lumen of vascular
conduits. This work was performed on epithelial cells, as they were more convenient to carry
out an initial series of tests, but future projects will include the study of the interaction
between Stem/Endothelial cells and substrate charge. The charge was generated by photo-
capacitive samples based on ZnS:Cu semiconducting fillers in P(VDF-TrFE-CFE) ferro-relaxor
matrix casted on ITO/glass slides, which was able to generate surface charge in response to a
light source at a wavelength of 470 nm. The lit sample underwent a 40% increase in
capacitance, producing a surface charge of |90 pC/cm?|. The side of the composite illuminated
by the light source generated positive charge, while negative charge was generated on the
side opposite the light. Capacitance measurement and dielectric broadband spectroscopy
confirm the increase in dielectric properties under light exposition. The findings of the
dielectric losses indicate that the material does not transition to semi-conductivity. The
photo-capacitive system (composite on ITO/glass slide) was electrically coupled to another
uncovered ITO/glass slide, allowing positive or negative charges to be conveyed depending
on which side was connected. Then a drop of water was poured on the uncoated ITO/glass
slide and a wettability assay was done in absence of charge and in presence of it
(positive/negative). When there was a positive charge, the water drop reported a ~15%
reduction in contact angle compared to the uncharged ITO/glass, whereas the reduction was
~20% with a negative charge, indicating the influence of the charge on the surface. Finally,
epithelial adhesion assays on charged plus, charged minus, and uncharged surfaces revealed
that positive and negative charges outperformed the sample without charges. Therefore, it
appears that both positive and negative charge may be used to accelerate adhesion. These
results are promising, nonetheless the impact of charge on growth (test time >24h) requires
more testing. Additionally, in this study, a photo-capacitive material triggers charge, which is
intriguing for the creation of, for instance, wound healing patches; in addition, it might be
utilized to induce ex vivo the proliferation of endothelial cells on vascular prosthesis before
they are implanted in the body. On the other hand, the employment of piezoelectric materials
as charge generator may also show promise. In reality, the materials created in Chapter Il may
function ambivalently as sensors and as adhesion/growth stimulants for in vivo cells culture.
Clearly, further studies are needed in this regard, but this preliminary work opens the door
to a developing field of research.
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Chapter VI
Conclusions and Perspectives

This research aimed to develop novel vascular prosthetic technologies that would enable in
vivo monitoring of the device and full integration with the human body. This thesis was
structured in four main sections, each of which involved knowledge and research in several
scientific domains such as materials engineering, biomedical, electrical, and bioelectronics,
the combination of which allowed for innovation in the field of cardiovascular devices. To
draw conclusions and define perspectives, the established objectives and the results achieved
will be outlined point by point.

As was covered in detail in Chapter I, vascular grafts are placed into the vascular system
through bypass grafting in order to reroute blood flow when the patient's veins or arteries
are clogged or damaged. Synthetic grafts are frequently required, however, they do not fully
integrate into the biological environment, leading to strong response from the body that is
hosting them; among the body's primary unfavorable reactions are blood clotting and
thrombus development, intimal hyperplasia, and infection. There is a hazardous decrease in
blood flow due to blockage in the event of thrombi or intimal hyperplasia, which can be deadly
if not recognized promptly. Therefore, a first step in this research was to develop vascular
grafts that could monitor blood flow and transmit the data via wireless systems to point-of-
care devices. We set out to develop pressure sensors capable of monitoring blood pressure.
The choice of sensor type steered us towards piezoelectric composites, due to a number of
advantages these provide over many other materials. These materials belong to the class of
electroactive materials, which are capable to produce an electrical charge in response to an
external mechanical stimulus. As a result, they do not require the use of sophisticated
electrical circuits to accomplish the measurement and are exceptionally reliable and reactive
because of their intrinsic sensitivity. The choice of piezocomposites rather than piezoelectric
ceramics or electroactive polymers stems from the fact that these can be modulated in matrix
and filler to achieve a combination of unique properties tailored to the application. In this
instance, the sensors needed to be both extremely piezoelectric and flexible to precisely
detect blood pressure without stiffening the prosthesis.

In Chapter II, we therefore focused on the development of biocompatible and highly sensitive
piezoelectric composites. This was the first stage of this work. Two different classes of
composites were developed, the first with BaTiO3 particles in PDMS matrix (BT/PDMS) and
the second with NaNbOs fibers and particles in PDMS matrix (NN_MF/PDMS and
NN_MP/PDMS). By structuring the composites with an electric field both before and during
polymerization (Dielectrophoresis-structuring), we were able to increase the connectivity of
the fillers along one direction, by driving them to form columnar structures across the
material's thickness. Due to this, the piezoelectric values increased but the Young's modulus
remained low.
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First, the effect of DEP-structuring on BT/PDMS was investigated. The influence of the
structuring electric field's frequency and amplitude was examined, allowing optimal values
(1Hz, 3 V um-1) to be chosen. The BT/PDMS was then manufactured in three different
volumetric contents (2.4%v, 12%v, and 24%v), with 0-3 and quasi 1-3 connectivity (DEP-
structured connectivity). From 0-3 to quasi 1-3 connectivity, dielectric and piezoelectric
properties revealed a considerable improvement (nearly 2-fold for £’-and g3z, while 3.5 times
for ds3 at 24%v). The dielectric losses increased in 1-3 composites with respect to 0-3,
although they remained modest. The filler redistributed itself under the effect of and external
electric field, inducing anisotropy in the composite, which is why there was such an
improvement along the structuring axis, without any increase of the volume content. The
development of densely aligned columns improved impedance matching between matrix and
fillers, allowing for more effective polarization on the one hand and better piezoelectric
characteristics on the other. These findings were supported by FE analysis and physical
models. Study on the thermal stability of d3; and XRD analysis in temperature allowed to
verify that the composite kept good piezoelectric response until 100°C. The thermal
rearrangement of the dipoles caused a 20% loss at 100°C, and total losses happened at 130°C,
which is the filler's curie temperature. The mechanical behavior of 0-3 and 1-3 composites
could be evaluated using DMA, which revealed that at a structuring-induced rise in Y of from
6 to 9 MPa at 24%v. Finally, DSC enabled evaluation of the influence of DEP-structuring over
polymerization. This analysis gave us unexpected and interesting information: the addition of
fillers leads to a reduction in the amount of amorphous phase in favor of the appearance of a
crystalline one, liquid at room temperature, indicating that high volume contents (24%v)
partially prevent crosslinking of the chains. This applies to both 0-3 and 1-3 connectivity. In
1-3 this effect is greatly amplified and is already present at 12%v. At 24%v in 1-3 ones, a
second, more rigid glass transition appears at slightly higher temperatures, which may be the
reason for the rise in Young’s modulus. There is unquestionably a strong interaction between
the filler and the matrix, which is amplified in 1-3 connectivities since the fillers are
considerably closer along a certain direction. This study allowed us to understand the effect
of dielectrophoresis on different properties of the composite with medium-high volumetric
content and particle filler. Dielectric Broadband spectroscopy in temperature, in particular
tand vs. Temperature in the range 100mHz - 1MHz, allowed to confirm the observation made
via DSC. Future studies using DMA in temperature could give more information regarding the
mobility of the chains and are therefore planned for the future as the main perspective of this
work.

The same study was then conducted on composites containing NaNbO3z in PDMS. Here, our
attention was on the aspect ratio of the fillers and how it impacted the outcomes of the DEP-
structuring. Hydrothermal synthesis was used to manufacture NaNbO3 fibers and particles,
which were then used to create composite materials with connectivity of 0-3 and quasi 1-3.
By using fibers, it was feasible to improve the filler dimension-to-interparticle distance ratio,
named r. 1-3 composites with fibers increased substantially the piezoelectric sensitivity at
extremely low volumetric contents (5%v) without affecting the mechanical properties,
ensuring the composite's flexibility. In addition, the selected filler has an ¢’ 20 times lower
than barium titanate, which allows for higher voltages in response to external stress, as gz3
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remains high. Overall, the permittivity of 1-3 fiber-based composite (NN_MF/PDMS) was 70%
superior to its counterpart with 0-3 connectivity and 16% to the structured particle-based
(NN_MP/PDMS). Similarly, dz3 for 1-3 fiber composite was 7-fold higher than 0-3 one and ~3
times higher than the structured one with NN particles. Even though the piezoelectric
constant of NaNbOs3 is 5 times lower than that of BaTiO3z and the volumetric content of fibers
is ~5 times lower (5%v vs. 24%yv), it is interesting to note that a dsz of up to 9.5 pC N1 is
attained, which is close to the value found for BT/PDMS. As a result, we may infer that DEP-
structuring of high form factor fillers allows for substantially greater improvement than
particles-alignment. Our findings were validated by FE analysis. DMA did not identify
significant variations in Young's modulus amongst the composites since the filler content was
exceedingly low and the results closely fitted the Halpin-Tsai models for short fibers
composites. Finally, unlike the BT composite, DSC showed no discernible changes between
0-3 and 1-3 or between fibers and particles. The findings clearly reveal that
NN_MF/PDMS with a filler of 5%v displays the best trade-off between piezoelectric
characteristics (~10 pC N-1) and stretchability (Y~4.5 MPa). The composite might be
improved by combining fibers and particles. This would allow for a structure as close possible
to a fully 1-3. This work does not examine the biocompatibility of the two composites; it is
generally known that PDMS is highly biocompatible, having been used in in vivo implants for
decades; similarly, various studies have reported on the biocompatibility of BaTiO3 and
NaNbOs. However, longer-term biocompatibility and integrity tests are planned in the future.

Overall, the two composites prepared, quasi 1-3 BT/PDMS 24%v and quasi 1-3 NN_MF/PDMS
5%v, seem very suitable for blood pressure sensors, thus they were tested on specific vascular
devices in Chapter III, which introduced to the second stage of the work. 1-3 BT/PDMS 24%v
was investigated as a blood pressure sensor in FFR devices, which are vascular catheters used
to identify the severity of a vessel occlusion based on the blood pressure. Systole/diastole
changes and blood pressure may both be accurately measured by the sensor, when inserted
in a vascular simulator thanks to the piezoelectric behavior of the sample. The second sensor
designed, NN MF/PDMS 5%pv 1-3, was then included into a vascular graft and placed within a
cardiovascular simulator where occlusions (ie., thrombi) were simulated. First, by
monitoring of the sensor's charge, we were able to spot occlusion-related changes in signal
amplitude (thrombi), as well as systolic and diastolic pressure fluctuations. Additionally, by
coupling the sensor with an RFID inductor, we could track the resonance frequency of the
filter, whose shift denoted a change in pressure, or an obstruction. Due to the wireless signal
connection of RFID technology, this device in the future may provide in vivo measurements
throughout the lifespan of the prosthesis. Using a piezoelectric composite implies lower
energy costs, less electronics, and a passive measurement method. This paves the way for a
new class of intelligent, self-monitoring prostheses that interact with a point-of-care device
without requiring intrusive patient procedures. There are undoubtedly many measures still
to take to optimize the device. First, in the near future, wireless testing will be conducted, and
in this context, the resonance frequency of the filter will be optimized to have low signal
absorption by the human body and adjust tag/receiver distance. In order to avoid interfering
with the functionality of the prosthesis, the sensor's shape and insertion into the grafts must
be properly designed. It will also be important to comprehend how sterilizing might affect the
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piezoelectric properties. To understand how it functions in a real vascular system, in vivo
investigations are required. Nevertheless, this study opens the door for a class of smart and
innovative prostheses able to detect thrombosis.

The third phase of this research, described in Chapter IV, entailed studying blood coagulation
and designing devices to study its interactions with different materials. This is relevant to
develop anti-thrombogenic devices. We were able to define two coagulation markers by
investigating the impedance magnitude of coagulating blood, the first pertaining to clot start
and the second relating to clot contraction. These two markers were initially verified using
confocal microscopy, a special type of microscopy that allowed us to see fibrin from its
appearance through its contraction. Then, a second confirmation of the first marker was
possible thanks to the gold standard visco-thromboelastography method employing Rotem®.
Impedance phase angle analysis was finally used to further corroborate the second marker.
This method, which is based on the electrical impedance of blood, enables for real-time
monitoring of coagulation, which is otherwise impossible with existing approaches (Rotem®
analysis) , which for example do not really provide a data point at the onset of contraction.
Furthermore, our approach is based on the use of coplanar electrodes that can be placed to
any surface, allowing us to analyze coagulation on a variety of materials. In this regard,
Surfaces with varying wettability were tested concurrently, revealing varying coagulation
times as a function of blood contact angle. This outcome was expected since the wettability
and surface energy influence the protein layers absorbed and consequently the coagulation
triggers. This demonstrates that the bioimpedance test is a very effective technique for
evaluating the hemocompatibility required to build antithrombogenic prostheses. This
technology will be upgraded in the future to produce non-contact electrodes and isolate blood
contact to the mere surface under examination. Secondly, the system will be tested under
dynamic conditions, so as to understand how it might respond to a flow of blood. Finally, the
device might be incorporated into vascular devices to monitor blood coagulation in real time.
This approach, in conjunction with the one outlined in Chapter III, might allow for
comprehensive graft monitoring and thrombosis detection.

The last stage of this project, the endothelialization of vascular grafts—that is, development
of coating of endothelial cells—is covered in Chapter V. As these cells are the natural inner
layer of the vascular vessels, their coverage would allow for improved tolerance of the
prosthesis in the body and would prevent coagulation to occur. Indeed, thrombosis in
prosthetics is triggered by the artificial surface. In this exploratory investigation, we intended
to construct cell scaffolds capable of speeding up cell growth, as time is one of its key limits.
The aim was to test adhesion on an electrically charged substrate. We developed photo-
capacitive composites based on ZnS:Cu/PVDF-TrFE-CFE, which are able to develop a surface
charge in the presence of a light source. This was accomplished by the combined action of the
semiconductor filler and the ferro-relaxor matrix. When irradiated with blue light (470nm),
the material produced 90 pC cm-2, and ~40% increase in capacitance. This charge, which was
positive on the lit face and negative on the opposite face, was transmitted through electrodes
onto the charged substrate of the scaffolds, which were ITO-coated glasses. A 6-hour adhesion
testwas conducted on neutral, positively and negatively charged substrates. The
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investigation was conducted on epithelial cells rather than endothelial cells since they are
simpler to manipulate but it allowed us to confirm that both positive and negative charged
substrates promote cell attachment. These encouraging findings pave the way for a more in-
depth investigation to be conducted in the future. The link between charge amount and
adhesion speed will be studied in more detail, as will the influence of charge on cells growth.
The same investigation will subsequently be performed on endothelial cells to determine the
time necessary to coat a prosthesis. The charge used to accelerate culture might also be
derived from a piezoelectric material, but further research is needed to fully grasp the link
between mechanical action with adherence and growth.

Finally, we can state that we have accomplished significant progress in several directions, all
with the objective of making vascular grafts safer and more efficient, with special focus on the
occurrence of thrombosis. This study paves the way for future research and serves as a
foundation for the development of new technologies for self-monitoring tissue engineered
vascular grafts.
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