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RESUMEN

RESUMEN

El poli glycerol sebacato es un polimero que posee gran versatilidad gracias a
sus propiedades mecanicas adaptables en funcidn del proceso de sintesis que
le preceda. Posee caracteristicas tales como gran biocompatibilidad y buena
biodegradabilidad que le confieren un gran atractivo en el ambito de la ingenieria
tisular y de diversas aplicaciones biomédicas como liberacion de farmacos.
Dichas propiedades son proporcionadas gracias a sus componentes principales,
glicerol y acido sebacico, ya que ambos poseen la aprobacion de la “U.S. Food
and Drug Administration”. Para sintetizar dicho polimero, se emplea un proceso
de policondensacion basado en dos etapas. La primera llamada
prepolimerizacion, suele durar alrededor de 24h y se efectia a altas
temperaturas y bajo una atmodsfera inerte de nitrégeno o argdn. La siguiente
etapa, la de polimerizacién, requiere de periodos mas largos, alrededor de 48h,
bajo las mismas condiciones de temperatura. En este proceso es cuando se
suele emplear el uso de moldes para poder general el soporte material necesario
para futuras aplicaciones biomédicas.

Como se mencionaba anteriormente, posee alta capacidad de adaptabilidad
mecanica en funcidon de qué parametros de sintesis sean los empleados. Entre
los parametros que mas afectan a las propiedades finales de la red polimérica
de PGS se encuentran la temperatura, el tiempo de reaccién y el ratio de sus
componentes principales. A pesar de que la sintesis se realice del mismo modo
en diferentes grupos de investigacién, el material final que se obtiene puede
variar mucho de uno a otro. Esto es debido a la inconsistencia en los procesos
de sintesis y al desconocimiento de los efectos de los diferentes parametros de
sintesis. Por ello, un mayor entendimiento del proceso de sintesis es necesario,
pudiendo reducir los costes de produccion y permitir la produccién a escala de
este biomaterial.

En primer lugar, se estudié la etapa temprana de sintesis, la prepolimeracion,
mediante diversas técnicas de caracterizacion para determinar las propiedades
fisicoquimicas del prepolimero durante los primeros momentos de su sintesis.
Los resultaros mostraron la cinética de la reaccién de policondensacion entre los
diferentes hidroxilos del glicerol y los carboxilos del acido sebacico, formando en
primer lugar cadenas largas mediante la reaccién de los hidroxilos primarios, que
luego, durante el proceso de polimerizacion entrecruzaban a través de la
reaccion de los remanentes hidroxilos secundarios.

Ademas de ello, se planted una hipotesis acerca de uno de los parametros de
sintesis que no se habian estudiado anteriormente, la atmosfera aplicada. Este
estudio revelé como las atmdsferas inertes favorecen la generaciéon de una red
mas ordenada, pero con menor grado de entrecruzamiento, mientras que
atmodsferas mas oxidativas generaban una estructura menos organizada, pero
con mayor entrecruzamiento de su red polimérica.

Para concluir, se empled el PGS para poder resolver un problema de indole
bioldgica. Se buscaba estudiar el efecto de la variacion de la temperatura de
curado del PGS mediante proteinas pertenecientes a la matriz extracelular
(fibronectina y colageno tipo |) en las etapas tempranas de adhesién de células



de corddn umbilical humano. Para ello fue necesario la optimizacion de la técnica
de recubrimiento material llamada spin coating para lograr obtener
recubrimientos lo suficientemente finos como para que su rugosidad no afecte al
comportamiento de las proteinas y las células durante el estudio in vitro de los
diferentes efectos de las diferentes redes poliméricas.
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El poli (glycerol sebacato) és un polimer que posseeix gran versatilitat gracies a
les seves propietats mecaniques adaptables en funcié del procés de sintesi que
el precedeixi. Posseeix caracteristiques com ara gran biocompatibilitat i bona
biodegradabilitat que li confereixen un gran atractiu en I'ambit de I'enginyeria
tissular i de diverses aplicacions biomédiques com a alliberament de farmacs.
Aquestes propietats son proporcionades gracies als seus components principals,
glicerol i acid sebacico, ja que tots dos tenen I'aprovacio de la "U.S. Aliments i
medicaments ". Per sintetitzar dit polimer, s'empra un procés de policondensacié
basat en dues etapes. La primera, anomenada prepolimerizacio, sol durar al
voltant de 24hores i s'efectua a altes temperatures i sota una atmosfera inert de
nitrogen o argd. La seglent etapa, la de polimeritzacio, requereix de periodes
més llargs, al voltant de 48 hores, sota les mateixes condicions de temperatura.
En aquest procés és quan se sol emprar |'Us de motlles per a poder general el
suport material necessari per a futures aplicacions biomediques.

Com s'esmentava anteriorment, posseeix alta capacitat d'adaptabilitat mecanica
en funcidé de quins parametres de sintesi siguin els empleats. Entre els
parametres que més afecten a les propietats finals de la xarxa polimérica de PGS
es troben la temperatura, el temps de reaccié i la ratio dels seus components
principals. Tot i que la sintesi es faci de la mateixa manera en diferents grups de
recerca, el material final que s'obté pot variar molt d'un a un altre. Aix0 és a causa
de la inconsisténcia en els processos de sintesi i a el desconeixement dels
efectes dels diferents parametres de sintesi. Per aixd un major enteniment del
procés de sintesi és necessari i pot reduir els costos de produccio i permetre la
produccio a escala d'aquest biomaterial.

Per aix0 en primer lloc es estudi l'etapa primerenca de sintesi, la
prepolimerizacié, mitjangant diverses técniques de caracteritzacié per a
determinar les propietats fisicoquimiques de I'prepolimer durant els primers
moments de la seva sintesi. Els resultar-van mostrar la tendéncia cinética de la
reaccio de policondensacio entre els diferents hidroxils de I'glicerol i els carboxils
de I'acid sebacico. Formant en primer lloc cadenes llargues mitjangant la reaccié
dels hidroxils primaris, que després, durant el procés de polimeritzacio
s'entrecreuaven a través de la reaccio dels romanents hidroxils secundaris.

A més d'aix0, es va plantejar una hipotesi sobre un dels parametres de sintesi
que no s'havien estudiat anteriorment, I'atmosfera aplicada. Aquest estudi va
revelar com les atmosferes inerts afavoreixen la generacié d'una xarxa més
ordenada perd amb menor grau d'entrecreuament, mentre que atmosferes més
oxidatives generaven una estructura menys organitzada perd amb major
entrecreuament de la seva xarxa polimérica.

Per concloure, es va emprar el PGS per poder resoldre un problema d'indole
bioldgica. Es buscava estudiar I'efecte de la variacié de la temperatura de curat
de I'PGS mitjangant proteines pertanyents a la matriu extracel-lular (fibronectina
i col-lagen tipus I) en les etapes primerenques d'adhesié de cél-lules de cordd
umbilical huma. Per aixd0 va ser necessari l'optimitzacié de la técnica de
recobriment material anomenada spin coating per aconseguir obtenir



recobriments prou fins com perqué la seva rugositat no afecti el comportament
de les proteines i les cél-lules durant I'estudi in vitro dels diferents efectes de les
diferents xarxes polimériques.
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Poly (glycerol sebacate) is a polymer that has great versatility thanks to its
adaptable mechanical properties depending on the synthesis process that
precedes it. It has characteristics such as great biocompatibility and good
biodegradability that make it highly attractive in the field of tissue engineering and
biomedical applications such as drug delivery. These properties are provided
thanks to its main components, glycerol and sebacic acid since both have the
approval of the “U.S. Food and Drug Administration”. To synthesize the named
polymer, a two-stage polycondensation process is used. The first called
prepolymerization, usually lasts around 24 hours and is carried out at high
temperatures and under inert atmosphere of nitrogen or argon. The next stage,
the polymerization stage, requires longer periods, around 48 hours, under the
same temperature conditions. To generate the material scaffold necessary for
future biomedical applications moulds templates are usually used.

As mentioned previously, it has a high capacity for mechanical adaptability
depending on which synthesis parameters are used. Among the parameters that
most affect the final properties of the PGS polymer network are temperature,
reaction time and the ratio of its main components. Although the synthesis is
carried out in the same way in different research groups, the final material
obtained can vary greatly from one to the other. This is due to the inconsistency
in the synthesis processes and the lack of knowledge of the effects of the different
synthesis parameters. Therefore, a better understanding of the synthesis process
is necessary, being able to reduce production costs and allow the production of
this biomaterial at scale.

Consequently, the early stage of synthesis (prepolymerization), was first studied
by using various characterization techniques to determine its physicochemical
properties during the first moments of its synthesis. The results showed the
kinetic tendency of the polycondensation reaction between the different hydroxyls
of glycerol and the carboxyls of sebacic acid. Firstly, linear chains are formed by
the reaction of the primary hydroxyls, which then, during the polymerization
process, cross-link through the reaction of the secondary hydroxyl remnants.

In addition to this, a hypothesis was raised about one of the synthesis parameters
that had not been previously studied, the applied atmosphere. This study
revealed how inert atmospheres favour the generation of a more ordered network
but with a lesser degree of crosslinking, while more oxidative atmospheres
generated a less organized structure but with greater crosslinking of its polymeric
network.

To conclude, PGS was used to solve a biological problem. The aim was to study
the effect of the variation of the PGS curing temperature using proteins belonging
to the extracellular matrix (fibronectin and type | collagen) in the early stages of
adhesion of human umbilical cord cells. For this, it was necessary to optimize the
material coating technique called spin coating to obtain coatings thin enough so
that their roughness does not affect the behaviour of proteins and cells during the
in vitro study of the different effects of the different polymeric networks.
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TH-NMR Proton nuclear magnetic resonance

3D Three dimensional

AFM Atomic force microscopy

ATR Attenuated total reflection mode

Coll Collagen type |

DA Dry air (according to synthesis conditions)
DB Degree of branching

DE Degree of esterification

DMA Dynamic Mechanical Analyser

DSC Differential scanning calorimetry

E Elastic modulus

E' Storage modulus

ECM Extracellular matrix

EEC Equilibrium ethanol content

EtOH Ethanol

EWC Equilibrium water content

FA Focal adhesion

FDA Food and drug administration

Fn Fibronectin

FTIR Fourier-transform infrared spectroscopy
Gly Glycerol

GPC Gel permeation chromatography

HA Humid air (according to synthesis conditions)
HBP Hyperbranched polyester

HUVECs Human umbilical vein endothelial cells



Mn
mPGS
mPPDS
mPPGS
Mw
PDI
PGS
pOH
PPD
PPG
pPGS
pPPDS
pPPGS
SA
sOH
Ta

TE

TGA
tgel
THF

Tm

tmax

Average molecular weight

Monomeric mixture of poly(glycerol sebacate)
Monomeric mixture of poly(propylenediol sebacate)
Monomeric mixture of poly(propylene glycol sebacate)
Molecular weight

Polydispersity index

Poly(glycerol sebacate)

Primary hydroxyl group

1,3-Propylenediol

Propylene glycol

Prepolymer of poly(glycerol sebacate)
Prepolymer of poly(propylenediol sebacate)
Prepolymer of poly(propylene glycol sebacate)
Sebacic Acid

Secondary hydroxyl group

Degradation temperature

Tissue engineering

Glass transition temperature
Thermogravimetric analysis

Gelification time

Tetrahydrofuran

Melting temperature

Time of maximum viscosity









INTRODUCTION

Poly (glycerol sebacate) (PGS)
History of PGS

Mechanical and thermal properties of synthetic aliphatic polyesters are often
inferior to the rest of its polymer family. This is the reason why Nagata et al.
decided to design and build a polyester more suitable to the demand of the
polymeric industry [1,2]. To do that, they incorporated a polyester network
structure into the polymer backbone, to enhance its chemical and physical
properties and control its degradation rate.

Then, a bunch of different methylene chain length aliphatic dicarboxylic acids
(sebacic acid (10) , succinic acid (4), 1,12-dodecanedicarboxylic acid (14),1,18-
octadecanedicarboxylic acid (20), and terephthalic acid (T)) were copolymerised
with glycerol (Y), as a trifunctional alcohol, at high synthesis temperatures
(around 200 °C) for 4 h and under nitrogen environment. They concluded that all
polyesters obtained had similar mechanical properties but the biological
degradation rate presented wide disparities, particularly the polymer originated
by the mixture of glycerol and sebacic acid (Y 10), which was the only one that
showed a significant loss of weight [1].

Soon after, in 2002, Wang et al., in pursuit of a biodegradable elastomer for
biomedical applications, decided to search for a polymer that took account of the
fulfilment of some specific needs, such as [3]:

e The polymer degradation should be produced by hydrolysis to minimize
individual differences in degradation characteristic rates, so
polycondensation reaction was chosen as synthesis procedure. Thus, the
resulting network would host hydrolysable ester bounds within its main
polymer backbone and then avoid heterogeneous degradation.

e The polymeric network should be three-dimensional (3D) based on
covalent crosslinking and hydrogen-bonding interactions to enhance
mechanical properties with high elasticity. It should therefore have, at
least, a trifunctional monomer to produce a 3D crosslinked network.

¢ |t should have a low crosslinking degree since high degrees of crosslinking
often lead to rigid and brittle polymers.

e The starting monomers had to be non-toxic.

Therefore, glycerol was chosen as the trifunctional monomer, which is the main
compound for the formation of saponifiable lipids (triglycerides, phospholipids,
etc). Sebacic acid, which is an intermediate in the w-oxidation of fatty acids, was
chosen as monomer with carboxyl functional groups, complementary to glycerol
hydroxyl (a diacid in this case). Furthermore, it has an ideal chain length since
short-chain dicarboxylic acids are more acidic and tend to form cyclic structures
during the polymerization reaction, whereas long-chain dicarboxylic acids are
more hydrophobic and immiscible with glycerol. Besides, glycerol and sebacic
acid-containing polymers have the US Food and Drug Administration (FDA)
approval for medical applications such as, cardiovascular, neurovascular,



orthopaedic, and soft tissue regeneration [3,4]. Hence, poly(glycerol sebacate)
was firstly named as a potential polyester with further applications .

PGS synthesis and properties

As previously mentioned, PGS is synthesized by a two-step polycondensation
reaction between glycerol and sebacic acid. At temperatures above 100 °C, the
hydroxyl group of glycerol attacks the carboxyl group of sebacic acid to form a
monoester, releasing a molecule of water as a subproduct of the reaction (Figure
1). In the early stages of the reaction, a viscous transparent liquid, with a waxy
appearance and texture (at room temperature), is formed (the pre-polymer,
hereafter named pPGS). If the reaction continues, a major crosslink process take
place by increasing the interaction among the remaining free reactive groups
leading to the final polymeric network. This final and completely cured PGS
material becomes insoluble in any solvent and has an amber appearance.

OH o 0 1)120°c:24h
HO\)\/OH +|-|c:.)L$-’)£J\o 2)120°C, W

30 mTorr, 48 h

R =H, polymer chain

Figure 1. Chemical scheme of the poly(glycerol sebacate) synthesis. Extracted from [3].

What follows describes in detail the two steps in which PGS polymerisation is
usually divided. The first step of the reaction is usually called pre-polymerisation.
During this 24h step, a viscous pre-polymer is obtained by the formation of short
linear segments from the condensation reaction between the monomers [5,6].
This short early macromers are formed mostly by the reaction between primary
hydroxyls of glycerol and the carboxylic acid from sebacic acid, leading to a low
degree of branching [7]. However, it was not been fully determined to date which
is the chemical structure of the intermediate products formed during PGS pre-
polymerization.

The next synthesis step is the curing, where polymerisation proceeds in the solid
state after the macromers percolate yielding a cross-linked insoluble gelly
structure. The prepolymer is conventionally cured for 48h at temperatures above
100 °C to induce esterification between macromers and form a 3D- network in
combination with random coil characteristics [8,9].

The formation of the network does not take place immediately, but rather
gradually during both, the prepolymerization and the curing step. Proof of this is
how the degree of esterification achieved during the reaction evolves
progressively (Figure 2). Nevertheless, how the material structure evolves during
its synthesis procedure remained still unknown.



INTRODUCTION

140

~ 135}

B

o | 46%65% 76% 84% Degree of Esterification

5 130+

<

8

E 125} Elastomer

[ I

120 }-Brittle \ € . Viscous
| wax | lquuid ' .
0 15 30 45 60 75 90
Time (h)

Figure 2. Map that describes the relationship between the esterification degree (DE) and
specimen statuses. Filled squares in the figure denote the time and temperature values for
thermal treatment where the measurement of DE and the observation of physical status were
made for each specimen. Extracted from [5].

It has been shown recently how important a third step becomes, in order to
achieve a better reproducibility of the material behaviour, which is the rinsing of
unreacted monomers and oligo- or macromers not bonded to the main network
[6]. This step is made gradually by washing the sample material starting with
tetrahydrofuran (THF), to ethanol (EtOH) and finally, soaking it in water. In this
way, PGS samples were more consistent and early release of degradation
products, which can lead to dissimilar biological performances was avoided.

Some authors have studied an alternative synthesis path by using a microwave
assisted synthesis because of the time- and energy-consuming conventional
PGS synthesis. It increases the reactivity of each of the hydroxyl groups,
producing polymers with a higher degree of esterification and in a reduced
reaction time [10,11]. This study concludes that the only issue to be fixed is
glycerol evaporation during the procedure, which alters the reproducibility of PGS
synthesis [6,12].

PGS synthesis parameters and their influence on the final
polymer characteristics

Pre-polymerization is usually carried out at temperatures around 120 °C and 130
°C for a time of 24 hours, under an inert atmosphere, commonly nitrogen (N2).
However, the conditions of the second stage of curing vary between published
works, giving rise to materials with dissimilar outcomes, mainly mechanical
properties, and biodegradability degrees. These known factors that influence the
curing step are the temperature, the curing time, as well as the molar ratio of the
monomers, and the atmospheric environment of the reaction [9]. The effect of
curing temperature and curing time on the mass of PGS effectively crosslinked
can be observed in Figure 3.

The curing temperature usually ranges between 110 °C and 150 °C [5,6,9]. It has
been shown that at a higher curing temperature, the final mechanical properties



of the material increases, with Young's moduli ranging from 56 KPa at 110 °C to
1200 KPa at 130 °C, while decreasing the mass loss after the rinsing, because
of a more crosslinked polymer [6]. Furthermore, the lower the curing temperature,
the greater the degradation rate. It has been shown that PGS cured at 110 °C
loses around 20% of its mass in 15 days, while the PGS cured at 130 °C does
not reach 1% mass loss in 60 days [9], which highlights a direct relation between
curing temperature and degree of crosslink of the final PGS structure. The more
the curing temperature, the higher the mechanical properties due to an increase
of its crosslink degree.

Regarding the curing time, several studies have been done on PGS synthesis
conditions by using curing times from 24h to 114h. It has been shown that the
curing time is directly correlated with the final mechanical properties of the
material. That is, in accordance with the temperature parameter, the longer the
curing time, the higher the degree of esterification of the polymer network
obtained [13]. On the other hand, in vitro cytotoxic studies have proven that
cytocompatibility of PGS improves with long curing times. This may be attributed
to fewer soluble monomers and oligomers in the network when the PGS is more
cured, which favours cell response and cell-material interaction [14].
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Figure 3. PGS films prepared from equimolar SA:G ratios and cured (a) at increasing
temperatures (from left to right: 110 °C, 120 °C, 130 °C, 140 °C and 150 °C) for 48h, and (b) for
different times at 130 °C (24, 48, 72 and 96 h). (c) PGS films prepared from 0.5:1, 1:1 and 2:1
sebacic acid:glycerol ratios and cured at 130 °C/48h. The values between brackets are mass
fractions (%) of efficiently crosslinked chains, i.e., ratios of experimental mass after rinsing per
reagents unit mass at different synthesis conditions. Extracted from [6].

The atmospheres applied during the pre-polymerization used to be argon (Ar),
N2, or alternatively vacuum was applied. The underlying explanation is to avoid
uncontrolled reactions among monomers, as it was done the first time PGS was
synthetized by Wang et al. in 2002 [3]. Although no reference has been found

regarding the effect of different atmospheric conditions during pre-polymerization
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on the final properties of the PGS, most of the studies seems to state that no
differences appear to be found between the materials obtained at different
atmospheres (Ar, and N2).

The influence of the molar ratio of reagents determines the final PGS properties
as well. The synthesis of PGS is usually carried out at an equimolar ratio of its
monomers (SA:Gly; 1:1). Notwithstanding, a number of studies have carried out
considering the stoichiometric ratio (3:2), or even at different proportions between
reagents [5,6,15]. Some studies have shown that the higher the molar ratio of
sebacic acid, the lower the resistance of the final material obtained. In particular,
when the molar ratio is 2:1, a PGS with Young's modulus around 1 MPa is
obtained, while at an equimolar ratio, this same mechanical parameter has a 4-
fold increment [6]. Emphasising the fundamental effect the molar ratio and curing
time have over PGS final characteristics, it can be observed n Figure 4 that it is
possible to predict the PGS mechanical properties by knowing the starting molar
ratio and curing time [15].

4.5

35

Tangent Modulus (MPa)

Figure 4. Tangent moduli (at 10% strain) for PGS cylinders synthesized at various processing
parameters. Linear regression can be used to predict the modulus (70% power) from these two
variables: Modulus (MPa) = 3.607— 1.410 * (ratio of glycerol:sebacic acid) + 0.60 * (vacuum curing
time in hours). Extracted from [15].

Apart from that, it must be considered that most of the studies carried out with
regard the PGS synthesis process have determined that loss of glycerol occurs
by evaporation during the procedure, which alters the real ratio of monomers
applied. This loss of glycerol has been followed by some groups, which have
determined the evaporation as a function of the time and temperature of synthesis
[5,14]. This is the main reason why an equimolar ratio of monomers is used
instead of a stoichiometrically one. Thanks to the excess of glycerol provided by
this ratio (1:1), the effect of glycerol evaporation is slightly compensated.

PGS applications

Biocompatible polymers, such as PGS, possess a wide range of tunable
mechanical properties. This is the reason why it becomes interesting for its
application in the field of tissue engineering. Thus, one of the most common
applications of PGS in this field is the development of three-dimensional



scaffolds, which would serve as a support to house cells from a wide variety of
tissues. Once the damaged tissue starts to regenerate, the supporting PGS
scaffold should decompose by releasing non-toxic metabolizable degradation
sub-products, avoiding a host response [3].

Some of the target tissues by PGS scaffolding techniques for regenerative
medicine are:

Myocardial tissue. The published studies focus mainly on the synthesis of
cardiac patches for regeneration of the myocardial wall, thanks to the PGS
adaptable stiffness range, from 0.004 to 1.2 MPa [9]. The synthesized
scaffolds allowed the proper contraction amplitude which is mandatory for
cardiac patches [16,17].

Vascular tissue. It has been investigated he generation of tubular conducts
based on PGS. The studies focused on PGS interactions with endothelial
cells and smooth muscle cells and the evaluation of its hemocompatibility
[18-20].

Bone and articular cartilage. PGS scaffolds support the formation of matrix
from cartilage in vitro [15,21]. Furthermore, PGS enhance bone
regeneration, more specifically, it allows the repairment of critical size
bone defects [22] by facilitating the connection among bone defects as

shown in Figure 5.
-

Figure 5. Rabbit ulna defect micro computed tomography 3D rendering after 4 week (B) (n = 2)
and 8 week (C) (n = 5) retrieved ulna samples compared to an 8 week empty negative controls
(A) (n =5) and an intact ulna (D). (E—H) The corresponding midsection X-ray for control, 4 week,
8 week and intact ulna. Extracted from [22].

Retinal tissue. PGS membranes have been developed of to induce
selective photoreceptor elimination by creating a permissive environment
since, in retinal implantation, the presence of donor cells and the host cells
hinder the formation of functional tissue [23,24].



INTRODUCTION

¢ Nervous tissue. The biocompatibility of PGS has been studied for the
reconstruction of neural networks promoting spinal cord repair in rats [25].
In vitro studies with Schwann cells have shown that PGS has no
detrimental effects on cell metabolic activity, adhesion or proliferation with
no signal of apoptosis [26].

Thanks to PGS tailored biodegradability, studies have been carried out about the
bioadsorption of PGS, for its use as a vehicle for drug release [27].

In addition, it is worth mentioning the application of PGS as a tissue adhesive
since, due to its mechanical properties, biocompatibility and resorption [28]. The
copolymerization of PGS and lactic acid (called P (GS-co-LA)) as a surgical
sealant has also been investigated, since this material behaves as a liquid at
45 °C, while it solidifies at body temperature and presents good biocompatibility.
PGS films have been developed for the prevention of adhesions during surgery,
which serves as an effective barrier in patients undergoing open surgery and
laparoscopic (surgery to explore the abdominal cavity) [29].
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OBJECTIVES

Poly(glycerol sebacate) (PGS) is a polyester whose synthesis is based on a two-
step polymerization process. A wax-like material at room temperature (pPGS) is
obtained during its prepolymerization step, which takes 24h under constant
stirring. After 48h of curing step, the final PGS network is produced. The variation
PGS synthesis parameters, such as, temperature, reaction time, ratio of
monomers and atmospheric environment, can alter its chemical morphology. This
fact highlights the versatility of PGS as a polymeric material while its synthesis
variability becomes an issue. Therefore, the material morphology and properties
during its pre- and polymerization remain unknown. The understanding of the
effect each of the PGS synthesis parameters possess on its final PGS
morphology and properties would be fundamental for modulating the elastomeric
PGS networks obtained to suit the properties required in a particular application.

Thus, in order to understand and determine the PGS material morphology and
properties the following objectives have been addressed in this thesis:

1. Determine and characterise the molecular mechanism of synthesis of
poly(glycerol sebacate)

2. Study the effect of different atmospheric synthesis conditions on pPGS
and PGS networks.

3. Analise and determine the effect of temperature on PGS coating
substrates properties by biological characterisations.






ABSTRACT

CHAPTER 1: Unveiling the key synthesis mechanism for
optimal poly(glycerol sebacate) hyperbranched polymer
synthesis

ABSTRACT

Poly(glycerol sebacate (PGS) is an interesting option for glycerol (Gly)
applications that can produce a wide range of industrial interesting products. PGS
is part of the family of hyperbranched polyesters (HBP) which possesses an
extensive variety of applications due to its tunable chemical and mechanical
properties, together with its great biocompatibility and biodegradability. However,
its low reproducibility synthesis becomes a challenge for its industrial scalability
and development of replicable products of commercial interest. While the reaction
is undoubtedly based on the polycondensation of glycerol hydroxyls with sebacic
acid carboxyl groups, the exact polymer structure has not been established yet .
Indeed, numerous synthesis variables come into play during PGS synthesis:
temperature, time, ratio of monomers and atmosphere conditions. The
understanding and monitoring of these parameters are fundamental to control
PGS synthesis procedure allowing a scalable and reproducible final product.

To unveil the origin of scattering in PGS properties, the study of different PGS
synthesis conditions was performed using Gly-like reagents. Furthermore, the
prevention of water and Gly loss were achieved by modifying its PGS early
prepolymerization synthesis conditions and parameters. Each reaction was
monitored by titration, FTIR and 'H-NMR techniques in other to understand the
polymer chemical distribution. The characteristic HBP properties such as
polydispersity (PDI), degree of esterification (DE) and branching (DB) were
calculated together with the determination of hydroxyl affinity during PGS
prepolymerization.

Keywords: Poly(glycerol sebacate), glycerol loss, hyperbranched polyesters,
polycondensation and "H-NMR
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INTRODUCTION

Poly(glycerol sebacate) (PGS) is one of the most studied hyperbranched
polyesters thus far [4,5,29,30]. This is because PGS shows polyvalent properties
for biomedical and tissue engineering (TE) applications, such as biodegradability
and biocompatibility, thanks to its FDA-approved main monomers interaction,
glycerol (Gly) and sebacic acid (SA) [31,32]. Conventionally, PGS synthesis
begins with 24h pre-polymerization of an equimolar ratio of its reagents, glycerol
(Gly) and sebacic acid (SA), under inert atmosphere flow, following by a 48h
curing in an oven, both steps at 130 °C [1,3,6]. Nevertheless, several studies
have shown how the irreproducibility of PGS synthesis leads to a challenging
industrial scalability for further commercialization, having different broad final
properties with same synthesis conditions [5,6,15,33-37].

Now, at a time when the implementation of best practice and enhancement of the
environmental population awareness are rising, bio-based monomers have
gained important interest [38—40]. It is the case of the trifunctional alcohol Gly,
typically found as one of the byproducts of biodiesel production [41]. It opens the
possibility of achieving better and more sustainable outcomes when scalability
and industrialization of PGS synthesis procedure are the primary target [42]. This
fact highlights the necessity of fully understanding PGS synthesis, based on a
typical hyperbranched polymers (HBP) synthesis methodology by A2 + Bs
reaction, two-step polycondensation system [43—45].

HBP, studied for the first time by Young H. Kim and Owen W. Webster at early
1990s [46], as random branch-on-branch topology dendritic macromolecules, are
nowadays one of the more promising alternatives to dendrimers [46]. HBP
properties and characteristics stood out due to its versatility, which raises the
possibility of its multipurpose applications in several fields, including drug
delivery, biosensing and imaging, catalysis or nanoencapsulation, among others
[47-57]. This is possible thanks to its characteristic properties, such as controlled
molecular weight, wide range of polydispersity, which may be optimized up to
values around 1.5, and degree of branching, up to 70%, unlike the 100% of most
dendrimers [43,48].

Thus, the aim of this study is to shed light on PGS HBP synthesis parameters:
Gly different hydroxyl functionality effect, polycondensation reaction kinetics,
degree of branching and the loss of Gly and water during rection. This last factor
may play a key role during early stages of PGS synthesis, and it has been
overlooked on mainstream PGS synthesis protocols [5]. For that purpose,
different synthesis scenarios were evaluated, using similar Gly alcohols and
different environmental conditions in order to understand PGS key synthesis
steps. To avoid water and Gly loss during prepolymerization, a sealed system
that allows water and Gly recirculation was developed, achieving the expected
reproducibility of the final product (Scheme 1).



INTRODUCTION

Scheme 1 pPGS experimental setup
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PGS HBP from Gly and SA was synthetized, and its polycondensation reaction
was monitored by titration, FTIR and 'H-NMR spectroscopy over reaction time.
Others have studied glycerol-based hyperbranched polymers by nuclear
magnetic resonances techniques and validated the chemical shift assignments,
demonstrating how the technique was sensitive enough to determine the glycerol
and its 5 possible derivatives resulting from its polycondensation with SA
[7,14,45,58]. Complementary characterization techniques such as differential
scanning calorimetry and thermogravimetry analysis were performed to support
previous data results [59].
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MATERIALS AND METHODS

General procedure for synthesis of Poly(glycerol sebacate)
prepolymer and derivatives.

Equimolar (1:1) and stoichiometric (3:2) ratios of sebacic acid (SA) (>99%, Sigma
Aldrich) and glycerol (Gly) (99%, Sigma Aldrich) were measured and mixed under
nitrogen gas, in a round bottom flask at 130 °C. The starting point of the
prepolymerization reaction (t = Oh; mPGS) was determined once the mixture was
homogenous. Then, samples at different time points (Oh <t < 24h; pPGS) were
collected and then cooled at room temperature.

Similar synthesis procedure was applied for 1,3-propanediol (PPD) (Sigma
Aldrich) and propylene glycol (PPG) (Sigma Aldrich), at equimolar/stoichiometric
ratio together with SA (PPDS and PPGS respectively), but only samples att = Oh
(mPPDS and mPPGS) and t = 24h (pPPDS and pPPGS) were collected.

Characterisations
Fourier Transform Infrared Spectroscopy

A Platinum ATR from ALPHA Il spectrometer in attenuated total reflection mode
(ATR) was used to confirm the chemical bonds in the frequency range of 400-
4000 cm™ at 4 cm" resolution.

Titration

The titration method used to determine the degree of esterification (DE), was
adapted from [5]. For that purpose, a 250 mL Erlenmeyer flask with 50 mL of a
25:75 wt% ethanol:tetrahydrofuran solution (EtOH:THF) (absolute ethanol and
tetrahydrofuran, Scharlau) was used to dilute 100 mg of each sample (monomers
and prepolymers) while stirring. Once the sample was completely dissolved, 5
drops of phenol red solution (Sigma Aldrich) were mixed and a 0.1 M solution of
potassium hydroxide (KOH); Sigma-Aldrich) was added dropwise to perform the
titration by changing the solution colour from transparent to pinkish-purple when
a pH of 10 was achieved. The following equation was used to calculate the DE,
adapted from [5]:

Vi—Vo

DE=1- (1)

Vimon—Vo

Were V) is the volume of KOH solution used for the blank test, Vinon is the volume
used for the monomers (MPGS, mPPDS and mPPGS), and V7 the volume used
for each pPGS sample.

TH-NMR spectroscopy

"H-NMR was utilized to confirm chemical compositions of mMPGS and pPGS
samples and to determine its reaction degree and branching by mean of end-
group analysis. Samples from Oh to 24h were dissolved in Acetone-d® (Sigma-
Aldrich).

The spectra were acquired on a 400 MHz Varian Inova spectrometer and
samples were reported in parts per million (ppm) relative to the acetone-d®
solvent (v = 2.05 ppm) as an internal reference. SA characteristic sharp peaks
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are located between 61-2.5 ppm. The data extracted was analysed using
MestReNova Processor software.

Gel permeation chromatography

The weight average molecular weight (My), the number average molecular weight
(M) and the polydispersity index (PDI), of the mPGS and pPGS samples were
measured by gel permeation chromatography (GPC, OMNISEC System GPC(,
using THF as the mobile phase and polystyrene standards for calibration.

Rheology measurements

In order to scan the viscosity of monomeric samples during gelation and curing
until the break-up of the formed network, a Discovery HR-2 hybrid rheometer (TA
Instruments) was used. Viscosity was monitored every 300s throughout the
curing process at constant temperature (130 °C) at 1.5 rad-s™ of rotational speed.
Samples were placed between disposable 25 mm-diameter parallel plates,
separated by a gap of 1000 ym.

For mPPDS and mPPGS rheology analysis, all experimental parameters were
set as mentioned but time, which was set based on PGS gelation point, in order
to compare the results between all the samples.

Differential scanning calorimetry

Differential Scanning Calorimetry (DSC) measurements of mPGS and pPGS
were performed in a Perkin Elmer DSC 8000 device. For each experiment around
3 mg of each sample were weighed in a standard aluminium pan and then,
sealed. Pans were cooled to -80 °C and scanned up to 60 °C at 20 °C-min-' under
a constant nitrogen flow of 50 ml:-min-'. The melting point temperature (T») was
determined for each sample from its calorimetric curve.
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Effect of molecular configuration during prepolymerization

Viscosity of monomeric mixtures was monitored at constant temperature of
130 °C, in order to understand the effect of different chemical distribution of
primary (pOH) and secondary (sOH) hydroxyl groups , as represented in Scheme
1. An equimolar ratio of Gly and SA was used to determine the time conditions
for the rest of the mixtures. Once the mixture was broken under the stress exerted
during the rheometric procedure, the gel point record was achieved. Thus, the
time for the following viscosity measurements (PPDS and PPGS) was set as the
maximum time where the maximum viscosity (tmax) Of pPGS was achieved
(around 50h). Constant values of viscosity were obtained from the rheometry
measurements of PPDS and PPGS.

Scheme 2. Representation of glycerol, propylene glycol and 1,3.propanediol together with
sebacic acid.

Glycerol (Gly) Propylene glycol (PPG) 1,3-Propanediol (PPD)

OH OH
Ho\)\/OH /I\/OH HO™ >""OoH
| HiC™ .

H
HO ©

Sebacic Acid (SA) QO

Polycondensation reaction of equimolar Gly and SA at 130 °C after 24h leads to
a wax-like prepolymer mixture (pPGS). The reaction is conducted thanks to the
presence of pOH and sOH groups (Gly) and carboxyl groups (SA). Yet hydroxyl
reactivity during the synthesis reaction remains unknown. The use of PPG and
PPD, with same chemical composition but hydroxyl groups distribution, may be
useful in order to understand the preference that follows the usual reaction among
Gly and SA as to form PGS. PPG contains both, one pOH and one sOH group,
while PPD have only two pOH groups.

From viscosity monitoring (Figure 6) can be determine how Gly + SA is the only
monomeric mixture that produce crosslink reaction thanks to the presence of
three hydroxyl groups, (two of them primary and the middle secondary one) which
may react by mean of polycondensation with the two free carboxyl provided by
SA.

PPG and PPD were not able to produce any crosslink because of its chemical
distribution. The reaction among PPD or PPG, together with SA, produces linear
macromers which maintain its viscosity value constant at logarithmic scale. This
is because of the absence of a third hydroxyl which allows the macromers chains
to crosslink. Thus, the only possible chain growth direction for these two different
monomeric combinations, can be determined as a linear macromer distribution.
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Figure 6 Viscosity monitoring of different monomeric mixtures as represented in Scheme 2(PGS,
PPDS and PPGS), at 130 °C.

For chemical bond identification of monomeric mixtures at the start (“m”; Oh) and
the end (“p”, 24h) of its prepolymerization, FTIR characterization technique was
performed. The obtained FTIR spectra (Figure 7a and b) have a broad band at
3300 cm™' for hydroxyl groups (O-H stretching). More precisely, pOH and sOH
saturated alcohol groups are present by two sharp peaks at 1030 cm™' and 1100
cm™' respectively. Aliphatic C-H absorption is displayed at 2850-2950 cm'
together with the unreacted carboxyl carbonyl (-COOH) at 1700 cm-'. After 24h
of reaction the ester carbonyl (-COO-) at 1730 cm™ and C-O peak at 1168 cm™"
are present in Figure 7b.

All spectra from monomeric samples at Oh (Figure 7a) present its broad band of
-OH groups around 3300 cm-', but there are some differences after 24h (Figure
7b) with prepolymers. Only pPGS keeps a hydroxyl broad peak. From Scheme 2
can be elucidated the theoretical stoichiometric ratio of pOH and sOH of mMPPGS
and mPGS as 1 and 2 respectively. Values extracted from Figure 7b are
represented as the ratio of pPH/sOH in Figure 7c. The resulting hydroxyl ratio is
reduced to the half of the previously calculated theoretical one, when compared
with the empirical ratio for pPPGS and pPGS (0.5 and 1, respectively).

There is a common trend when free carboxyl carbonyl peak (-COOH) shifts from
1700 cm™ to the reacted ester group (-COQO-) at 1730 cm™ in each of the 24h
FTIR spectra. The major peak from C-O bonding at 1168 cm™, is only present
after 24h. Based on the alcoholic monomer used, there are distinct outcomes on
polycondensation subsequent reaction.

If PPD is mixed and reacted with the SA, the resulting pPPDS has major signal
at COO- when compared with the free COOH groups. When PPG is the alcohol
which react with the SA, the resulting spectra shows two peaks with similar



RESULTS AND DISCUSSION

intensity at 1700 cm™ and 1730 cm-'. Finally, for pPGS, the peak around
1700-1730 cm™" becomes more homogeneous, presenting both signals together
but displaced to the 1730 cm™' peak.

The resulting data present how during the 24h prepolymerization process, the
priority chain growth trend is the polycondensation of the free carboxyl group with
the primary alcohol by polycondensation, rather than the secondary one. This
synthesis step reduces the presence of primary hydroxyl groups and increases
the relative signal of the secondary hydroxyl groups, highlighting the tendency of
chain growing of the macromers of the polyesters.

All three combinations of monomers result in a polyester, with different degrees
of esterification. PPD, which is rich in pOH, leads to a higher degree of
esterification when compared with the PPG, because of the presence of the sOH.
This fact highlights how the presence of a secondary hydroxyl group and one
primary, instead of two primaries in the case of pPPDS, alters the final prepolymer
chemical structure. With the pPGS sample, the homogeneous peak around 1730
cm™' suggest a higher degree of esterification of all the monomeric mixtures
because of a higher amount of reacted ester groups than carboxyl carbonyl.
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Figure 7. FTIR spectra (transmittance, a.u.) of different polyester mixtures (Scheme 1)
prepolymerized under N2 atmosphere conditions at 130°C and at (a) Oh (monomers) and after (b)
24h (“prepolymers”). (c) Ratio between primary hydroxyl groups (pOH) at 1030 cm™ and
secondary hydroxyl groups (sOH) at 1100 cm-* of the pPPGS and pPGS FTIR sample spectra.
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Glycerol and its asymmetrical hydroxyl reactivity during PGS
synthesis

PGS FTIR spectra from Figure 8a present the evolution from mPGS (0h) to pPGS
(24h) under N2, and the final PGS HBP completely cured at 130 °C for 48h more.
The broad band maximum intensity of hydroxyl groups is displaced from 3335
cm™’ for mPGS at Oh, to 3438 cm™' and 3453 cm-" for pPGS and PGS respectively.
The ratio of pOH/sOH represented in Figure 8b exhibits a decreasing trend on its
value from around 2 for mPGS, 0.8 for pPGS and a final 0.6 for the final cured
PGS HBP.

It can be interpreted that free carboxyl groups have more affinity for pOH of Gly,
leading to more linear chemical macromers during the prepolymerization instead
of interacting with sOH, which remains unaltered until the cured step starts and
PGS structure becomes more crosslinked.

If compared "H NMR spectra of pPGS sample (24h) (Figure 9a), with the mPGS
(Figure 9b), several differences may be observed. The five possible Gly reactant
families are only represented after the 24h of prepolymerisation, thanks to each
hydrogen proton signal which are located in between 63.5-5.5 ppm, including the
free OH- of unreacted Gly as a broad band around 62.8 ppm. Thus, the pOH and
sOH groups which reacted with the SA carboxyl groups were calculated
according to the adapted equations from [7] and represented at Figure 9c.

The acyl glyceride chemical groups (83.5-5.5 ppm), identified thanks to the 'H
NMR spectra, tend to grow in intensity from mPGS to pPGS, with the time of
prepolymerization. This fact has a direct correlation with the reaction affinity of
different hydroxyl groups from Gly and de diacid from the SA. More particularly,
from Figure 9c, can be confirmed how the pOH are the first ones which react by
polycondensation, leading to more linear macromer formulation of the pPGS. The
sOH has been demonstrated to be the main responsible of the polyester
crosslinking, having less reactivity than the pOH.
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Figure 8. (a) FTIR spectra (transmittance, a.u.) of PGS synthesis steps: Step 1, mPGS
prepolymerization under N2 atmosphere conditions at 130 °C from Oh to 24h (pPGS). Step 2,
cured process at 130 °C for 48h more until the final polymer is achieved (PGS). (b) Ratio between
primary hydroxyl groups (pOH) at 1030 cm-! and secondary hydroxyl groups (sOH) at 1100 cm'
for all the samples from FTIR spectra.
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Glycerol influence on the kinetic of the PGS prepolymerization
reaction

The thermogravimetric experiment (Figure 10a) was performed in order to
simulate a fully PGS synthesis containing both steps of polymerization, step 1
from mPGS to pPGS and then the step 2 till PGS during 48h more. The conditions
settled were the conventional ones but the environment, which was N2 gas flow
with constant renewal of the surroundings. The change of the conditions allows
the free evaporation of Gly and the resulting water as a sub product of the
polycondensation reaction due to the no containment area of the reaction
surroundings. This enables the indirect understanding of the constant water and
Gly loss effect (due to high synthesis temperature = 130 °C) on the final PGS
sample synthesis through the constant monitoring of its mass loss, with a final
value of 55%.

At the beginning of the reaction is the moment of major percentage of weight loss
(around 15% on the first 0.5h). This may be because of the hygroscopic nature
of the mPGS which could absorb environmental water while the sample was
placed onto the TGA equipment. The presence of water alters the kinetic
response of the reaction due to the inhibition of the polycondensation reaction.
Inhibition which stops, once the free water content is evaporated because of the
temperature, when the most significant increase in conversion occurs (between
1-2h).Thus, the water present in the initial monomers, slightly delays the reaction,
since being a polycondensation subproduct, it displaces the reaction equilibrium
and, when the water absorbed by the monomers evaporates (around 0.5-1h), the
reaction accelerates.

The final mass loss (55%) is significantly higher than the theorical possible
assuming a 100% of the reaction among all the functional mPGS groups (OH and
COOH), which may be around 30% (Figure 10a). Part of the final mass loss can
be attributed to the excess of Gly when equimolar ratios where introduce for
polymerizing. However, the amount of final mass loss recorded under the
thermogravimetric simulation was significantly above the expected, clarifying the
importance of Gly loss during the synthesis process of PGS.

Normalised power of mPGS and pPGS samples were obtained from DSC
measurements which are displayed in Figure 10b. The pPGS T, samples evolve
across its melting point window range, which starts at mPGS major T, around
118 °C and ends around 10 °C from pPGS prepolymerized during 24h. The only
sample that present a clear Ty is the pPGS at 24h at -10 °C once the full step 1
of the PGS polymerization has conclude. Thus, the last of the pPGS thermal
scanning presents a more defined T, instead of the less homogeneous thermal
properties obtained from less prepolymerized samples.

As the synthesis time elapses, the occurrence of oligomers as they form and grow
in the structure of the pPGS, was monitored. These different size oligomers still
have the possibility to melt, generating a broad melting window showed in Figure
10b. The presence of a melting window determines a typical HBP
prepolymerization [59]. This thermal effect highlights the heterogeneous kinetic
trend of PGS prepolymerization, while reducing the material crystalline content in
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pursuit of a more amorphous structure when prepolymerization time increases.
As exposed in previous work [6], this trend leads to a fully and homogeneous
amorphous HBP once the second, and last, polymerization step has taken place,
with no melting point and a T4 around -12 °C.
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Figure 10. (a) TGA and (b) DSC curves representing the thermal characteristics of PGS pre- and
polymerization under N2 atmospheres for 24h at 130 °C. (a) It is shown the time (h) vs weight loss
(%). (b) The graph presents the temperature (°C) vs normalized heat flow (W/g) of the mPGS at
Oh and the different pPGS at different time of reaction (1h, 2h, 3h, 4h, 8h, and 24h). Insert of 24h
sample Tg.

Figure 12a and b display the determination of the DE by mean of titration and 'H-
NMR values of mPGS and pPGS samples, respectively. For the '"H-NMR DE
calculation, adapted formulas from [7] were used. The DE have its maximum
value at 80.65% for the titration results and around 54% for the 'H-NMR
approximation. Both have with its steepest DE increase during the first 4h of
reaction but different numerical results. This is because the DE is defined based
on the proportion of hydroxyl (or of hydroxyl-associated protons, since there is
only 1 per hydroxyl), and hence the maximum degree of esterification of each
species cannot reach 100%, but stay in lower fractions. Parallel studies, by mean
of the sample FTIR spectra, were conducted for measuring the ratio of unreacted
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hydroxyl groups and the ester carbonyl (Figure 12c). A strong downturn of the
OH/CQOO- ratio during the same first 4h of polymerization, is shown.

From all the data presented in Figure 12, can be confirmed how the early stages
of the prepolymerization are key factors for the understanding of the PGS HBP
synthesis. These first 4h of the prepolymerization process, are the moment where
most of the polycondensation process take place, leading to the randomly
distributed PGS HBP first oligomers.

Data extracted from GPC experiments are illustrated in Figure 11 and Table 1
presenting a linear trend of M, and My, from 200 g/mol at mPGS, to around 3000
g/mol with the final pPGS. PDI values are around 1.5, except mPGS which, due
to the Gly and SA individual peak presence, is higher (PDI = 3.1).

Table 1 Molecular weights from GPC measurements of mPGS and pPGS samples

Time (h) 0.0 4.0 8.0 12.0 16.0 20.0 24.0

M, (g/mol) | 113.9 757.3 858.9 1464.0 1580.0 1906.0 2204.0
M., (g/mol) | 355.3 925.4 1224.0 2190.0 2118.0 2717.0 3510.0

PDI 3.1 1.2 14 1.5 1.3 1.4 1.6

5000 - -4
4500 - Mn (g/mol)

4000 - —o—Mw (g/mol)
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Figure 11. GPC results of Mw, Mn, and its ratio evolution from Oh to 24h

Different molecular weight distribution determines how the chain growth of the
PGS HPB has a very regular trend, nearly linear with time and values of PDI
which determine how the polyester behaviour is the typical HBP [60]. Other
authors have proved how the melting peak of semi-crystalline polymer samples
are directly related to its branching, the more the branching the less the melting



RESULTS AND DISCUSSION

peak [59]. Thus, from Figure 10b and previous works with fully cured PGS [6],
can be concluded how the prepolymerization process influences on branching
degree by modifying its polyester thermal properties. The first semi-crystalline
structure (mPGS) evolves to more amorphous oligomer chains due to the raising
on its polycondensation process which leads to more branching degree. This fact
is supported by the range of melting temperatures instead of single peak
distribution during its DSC thermal analysis, indicative of how the ability of chains
to crystalize is reduced with the more branched structure content. Once the
polymerization of the polymer has concluded (after 24h of prepolymerization and
48h more of curing) the maximum degree of branching is achieved leading to a
fully amorphous crosslinked PGS HBP with no crystalline content.
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Figure 12. DE calculated by mean of (a) titration and (b) "H-NMR of mPGS and pPGS samples,
respectively. (c) Ratio of -OH/COO- from FTIR spectra peaks at 1730 cm-! for COO- groups and
the maximum value of-OH from 3300 to 3400 cm'.
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CONCLUSIONS

Monomeric mixtures of three alcohols (PPD, PPG and Gly) were prepolymerized
together with SA during 24h under N2 atmosphere at 130 °C. Different time
samples were collected from standard mPGS prepolymerization in other to unveil
the chemical evolution over time. To this effect, the process parameters during
synthesis were controlled by applying a confined environment that allows Gly and
water by products to remain into the system, avoiding Gly loss while a constant
flux of N2 was applied.

When comparing, the three alcoholic monomers prepolymerized with SA, Gly was
the only one with a defined increment of its viscosity through its synthesis time
when rheological measurements were performed. On the other hand,
prepolymers from PPD and PPG present a constant viscosity value under same
rheometric conditions as Gly but differences on FTIR spectra unveil the first of
the key synthesis parameters. The chemical hydroxyl distribution, and final
prepolymer bonding structure (from FTIR and '"H-NMR results), define how the
reaction tends the polycondensation of pOH rather than sOH, leading to a linear
and less crosslinked polyester during its early stages (first 4h). This determines
why synthesis of PGS need of two-step synthesis to obtain a fully crosslinked
PGS HBP.

TGA mass loss analysis clarifies the hygroscopic behaviour of mMPGS and specify
how water act as an inhibitor of the polycondensation reaction and the
irretrievable loss of Gly unless we control the pPGS synthesis environment.
These data highlight the importance of confinement of the prepolymerization
reaction in order to control its final PGS HBP synthesis controlling its monomer
ratio to remain equimolar. Data obtained from DSC analysis of mPGS and pPGS
at different time points (Oh, 1h, 2h, 3h, 4h, 8h, and 24h) illustrate a melting window
from Tm at 118 °C to 10 °C. The melting point window becomes sharper and more
defined once the prepolymerization ends and its branching degree raises,
together with its amorphous state for the shake of crystalline distribution.

DE calculated thanks to titration, '"H-NMR and FTIR determines a similar trend
with values around 40% for both, titration and '"H-NMR at 4h when, as expected,
most of the polycondensation reaction take place establishing the polyester
backbone structure. Afterwards, the DE value grows until different values of 80%
and 60% (titration and "H-NMR respectively) due to its different quantification
method.

From GPC My and M, values, a linear tendency can be elucidated on its
molecular weight evolution, from 200 g/mol to values around 3000 g/mol with PDI
around 1.5, which indicates how the prepolymer is prone to growth as an HBP
once its linear reactivity through primary hydroxyl groups is reduced (after 4h). In
total, early stages of the PGS HBP synthesis procedure and understanding its
synthesis parameters, such as hydroxyl affinity, water and Gly loss effect together
with the DE, are crucial for the scalability and reproducibility of its final product.
The first 4 hours of the process determine the final state of the polymer linear
chain growth. After this time, the prepolymerization tends to create more
branching chemical structures which may lead to a more crosslinked polymer.
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ABSTRACT

CHAPTER 2: Influence of pre-polymerisation atmosphere
on the properties of pre- and poly(glycerol sebacate)

ABSTRACT

Poly(glycerol sebacate) (PGS) is a versatile biodegradable biomaterial on
account of its adjustable mechanical properties as an elastomeric polyester.
Nevertheless, it has shown dissimilar results when synthesised by different
research groups under equivalent synthesis conditions. This lack of
reproducibility proves how crucial it is to understand the effect of the parameters
involved on its manufacturing and characterise the polymer networks obtained.
Several studies have been conducted in recent years to understand the role of
temperature, time, and the molar ratio of its monomers, while the influence of the
atmosphere applied during its pre-polymerisation remained unknown. The results
obtained here allow for a better understanding about the effect of inert (Ar and
N2) and oxidative (oxygen, dry air, and humid air) atmospheres on the extent of
the reaction. The molecular pattern of intermediate pre-polymers and the gelation
time and morphology of their corresponding cured PGS networks were studied
as well. Overall, inert atmospheres promote a rather linear growth of macromers,
with scarce branches, resulting in loose elastomers with long chains mainly
crosslinked. Conversely, oxygen in the latter atmospheres promotes branching
through secondary hydroxyl groups, leading to less-crosslinked ‘defective’
networks. In this way, the pre-polymerisation atmosphere could be used
advantageously to adjust the reactivity of secondary hydroxyls, in order to
modulate branching in the elastomeric PGS networks obtained to suit the
properties required in a particular application.

Keywords: poly(glycerol sebacate); polymerisation atmosphere; glycerol;
polycondensation; pre-polymerisation; curing
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INTRODUCTION

Poly(glycerol sebacate) (PGS) is an elastomeric polyester with suitable
properties for biomedical and tissue engineering applications, such as
biodegradability and biocompatibility [32,61-63]. First reported as a biomaterial
by Wang et al. in 2002 [3], PGS can be manufactured in a wide range of
consistencies, from soft to hard [64], enhancing tissue regeneration and/or
substitution [62]. Its versatility enables mimicking the mechanical and structural
features of several tissues, such as cornea [65,66], adipose [67], blood, cartilage,
nerve [68], cardiac muscle [17,69] and bone [35,70,71].

PGS synthesis is typically based on a two-stage polycondensation, starting with
the pre-polymerisation of its reagents glycerol (Gly) and sebacic acid (SA).
Carboxylic groups of the diacid condense with hydroxyl groups of the triol leading
to ester groups (and a water molecule), eventually yielding oligo- or macromers,
most of which are presumably linear, while they might be branched due to the tri-
functionality of the alcohol. This pre-polymerisation process is conventionally
carried out at constant temperature around 120 °C-130 °C, for 24h under an inert
atmosphere such as nitrogen or argon to prevent oxidation of reagents [1,3]. The
pre-polymer (pPGS) is a wax-like mixture of species that can still be dissolved.
The different species eventually start curing into a solid elastomer, when the
condensation of terminal groups of branched chains causes the gelation of a
percolated network. This second stage of the process goes on for 48h under
vacuum conditions at the same temperature, leading to a flexible polymer (PGS)
[6,15,33-37].

In the last two decades, some studies have revealed the need for an optimised,
simple and reproducible synthesis procedure, to avoid variability in the final
properties of the polymer, and reduce manufacturing costs [5,15]. On the one
hand, some authors have addressed the influence of synthesis parameters for a
better understanding of the synthesis process and clarify how they alter the final
polymer properties. Temperature stands as the most studied parameter during
pre-polymerisation and curing of PGS, ranging between 110 °C and 150 °C [6,36].
Furthermore, curing time has also been investigated, as well as the ratio between
monomers [5]. On the other hand, to further reduce the synthesis time, the use
of a microwave oven has been proposed, for example. The drawback of this
method is that the synthesis rate is faster at the expense of glycerol loss because
of the high temperatures reached, thereby distorting the molar ratio between
monomers [5,11]. Other authors performing a microwave-assisted synthesis
showed that, by using a water-based reagent mixture, the reaction temperature
remained more homogenous and kinetics decelerated. This is due to the fact that
water is a by-product of the esterification between Gly and SA, thanks to the
solvent diffusion effect, leading to a more reproducible reaction [10].

Notwithstanding the foregoing, the PGS synthesis is conventionally conducted
under an inert atmosphere to replicate the condition set when it was synthesised
for the first time by Nagata ef al. in 1998 under the name of Yg10, using a nitrogen
atmosphere [1]. Although the polymerisation temperatures are milder than those
reported in this foremost work (215 °C-250 °C), no studies have reported to date
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the real need for an inert atmosphere, and its effect on the resulting viscous pre-
polymer remains undetermined.

To unveil the potential influence of this parameter, pre-polymerisation was tested
in different atmosphere compositions over 24h at 130 °C as described in [6]. The
environments selected were: argon (Ar) and nitrogen (N2) as inert gases; oxygen
(O2), which may produce oxidative reactions due to its interaction with glycerol
hydroxyls [72,73]; dry (compressed) air (DA), as a combination of inert and
oxidative atmospheres; and humid air (HA) to study the additional effect of
environmental water vapour. Next, the obtained pre-polymers were cured
conventionally, to correlate properties of pPGS (and their corresponding PGS
elastomer) with the synthesis atmosphere. This approach will enable monitoring
the performance of pre-polymerisation as required, to then manipulate the
viscous mixture and shape the cured PGS as a scaffold or porous membrane, for
example. Thus, PGS networks would be obtained matching the properties
demanded by a particular biomedical application.
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MATERIALS AND METHODS

Preparation of pPGS pastes and PGS films

PGS pre-polymers (pPGS) were synthesised by condensation of glycerol (Gly;
99%, Sigma-Aldrich) and sebacic acid (SA; 99% Sigma-Aldrich), as reported in
detail in a previous work [6]. An equimolar Gly:SA mixture (i.e. 3:2 ratio of
OH:COOH functional groups) was heated up briefly to 140 °C (above the SA
melting point) to ensure homogeneity, and then kept at 130 °C. The gas flow
circulating through the reactor during pre-polymerisation was selected from N2,
Ar, Oz, dry air (DA) and humid air (HA; 33% relative humidity). The pre-
polymerisation reaction was prolonged in each case to several time points up to
24h. Next, the viscous pPGS was withdrawn and cured in Teflon® open moulds
in a forced ventilation oven, at 130 °C for 48h, to obtain 1-mm thick PGS films.

After curing, the films were rinsed in tetrahydrofuran (THF, Scharlau) for two days
in an orbital shaker with a solvent renewal, to remove unreacted monomer
residues and non-crosslinked chains. Next, THF was progressively replaced with
ethanol (EtOH; absolute ethanol, Scharlau) over two additional days to avoid the
fracture of swollen networks, concluding with the gradual change to Ultra-pure
MilliQ water for the last two days. Finally, PGS samples were dried overnight at
room conditions, and then in a vacuum for 24h. Unless otherwise specified, the
films were cut into 6 mm diameter samples.

Characterization of pPGS pastes under different atmospheres
Degree of esterification of pPGSs

The degree of esterification (DE) of pPGSs obtained under each atmosphere
after 24h of synthesis was determined by titration method, adapted from [5]. The
DE of the starting Gly:SA monomer mixture (mMPGS) was also obtained for
comparison. To this effect, 100 mg of viscous pPGS were poured into an
Erlenmeyer flask with 50 mL of a 25:75% wt EtOH:THF solution and placed on
a stirrer at 500 rpm until completely dissolved. Then, 5 drops of 0.5% phenol red
solution (Sigma-Aldrich) were added for pH-monitoring, and the Erlenmeyer flask
was sealed with parafiim to prevent atmospheric CO2 to form K2COs. A 0.1 M
solution of potassium hydroxide (KOH; Sigma-Aldrich) in EtOH was added drop-
by-drop to perform the titration, until the colour of the solution changed from
transparent to pinkish-purple, indicating a pH value of 10.7. The final degree of
esterification was calculated using the following equation, adapted from [5]:

DE - 1 B (Vl B VO)/(VmOTL - VO) (1)

where V7 is the volume of KOH solution used to titrate each pre-polymer sample,
and Vo and Vmon are the volumes used for the blank test and consumed by mPGS,
respectively.

Fourier-Transform Infrared Spectroscopy

Fourier-Transform Infrared Spectroscopy (FTIR) spectra of pPGS samples
obtained at different reaction time points up to 24h were collected to follow the
progress of hydroxyl, carboxylic and ester bonds under different synthesis
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atmospheres. A Platinum ATR spectrometer (ALPHA II, Bruker) was used for this
purpose. The spectra resulted from averages of 24 scans at a resolution of 4 cm-
', between 400 and 4000 cm™'.

Differential Scanning Calorimetry measurements

Differential Scanning Calorimetry (DSC) measurements of pPGSs (pre-
polymerised for 24h) and mPGS were performed in a Perkin Elmer DSC 8000.
Samples were cooled to -80 °C, and scanned up to 60 °C at 20 °C-min-' under a
constant N2 flow of 50 ml/min. The melting point was determined for each sample
from its calorimetric curve as the maximum of the endothermic peak.

Thermogravimetric analysis

Thermal degradation tests of pPGS samples (polymerised for 24h) were
performed to determine the effect of the atmosphere composition on the thermal
decomposition profile of the pastes. A SDTQ600 thermogravimetric analyser
(TGA, TA Instruments) was used to register the mass loss from 30 °C to 600 °C
at a heating rate of 10 °C min™' under a N2 flow of 50 ml/min. The monomer
mixture (MPGS) was measured for comparison.

Characterization of PGS cured after pre-polymerisation at different
atmospheres

FTIR, TGA and DSC measurements were also performed on PGS samples as
previously described. Additionally, the following experiments were conducted:

Viscosity tests

A Discovery HR-2 hybrid rheometer (TA Instruments) was used to scan the
viscosity of pPGS samples during gelation until the rupture of the formed
elastomer. pPGS pastes were placed between aluminium, 25 mm-diameter,
parallel plates, separated by a gap of 1000 um. The viscosity was recorded
throughout the curing process at constant temperature (130 °C) at 1.5 rad-s™ of
rotational speed.

Wettability tests

Dry PGS samples were analysed using a Dataphysics OCA 25 (DataPhysics
Instruments GmbH), to determine their wettability. Water contact angles (WCAs)
were obtained from at least ten 3 ul-drops of Ultra-pure MilliQ water for each
sample, by the sessile drop technique. In order to unveil the presence of surface-
hidden polar groups in the elastomers, as observed in [6], the WCAs of analogous
wet samples were obtained. To this end, PGS samples were immersed for 24h
in Ultra-pure MilliQ water. The excess of water on the surfaces was carefully
removed before measurements.

Swelling at equilibrium

An XS105 Dual Range balance (Mettler Toledo) was used for weighing dry PGS
samples and laterimmersed in Ultra-pure MilliQ water at 37 °C over different time
lengths until constant weight. The equilibrium water content (EWC) was defined
as follows:

Ewc ="/ (2)
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where my is the mass of water in the swollen sample at equilibrium, and m is the
mass of dry sample. In parallel, PGS networks were swollen in EtOH, a more
affine solvent than water. These measurements might broaden differences
between samples that remain subtle when swelling in water. An equation
analogous to (2) was used to calculate the equilibrium EtOH content (EEC) in
each case. Triplicate measurements were taken for each sample and solvent.

Density measurements

A Mettler ME 33360 density kit, accessory to the balance was used to determine
the density of dry PGS samples through Archimedes’ principle. The samples were
weighed open-air and immersed in n-octane (98 %, Sigma-Aldrich, pn-octane =
0.703 g-cm) at room temperature. It has been reported that PGS does not swell
significantly in n-octane [6] and can thus be safely used in these tests. The
density (o) was determined as the ratio of the weight of the dry sample (m)
through the volume of n-octane displaced (V):

—_m —m
p= /17 a /(m— My _octane )/pn—octane (3)

where mp.octane is the measured weight of the sample immersed in n-octane. Three
samples were taken from every batch condition registered to carry out
measurements.

Mechanical compression tests

In order to determine the compressive elastic modulus (E) of the dry PGS
samples, a Thermomechanical Analysis device TMA/SS6000 Seiko Instruments
Inc was used. Five replicates per PGS type were scanned. The experiments were
conducted at room temperature between 0.5 and 1500 mN at 100 mN-min-" to
obtain the stress-strain curves. The elastic moduli were obtained from the slopes
in the initial ramp, from 0 to 5 kPa, and in the second linear zone, in the range
between 70 and 120 kPa.

Dynamic Mechanical Spectroscopy

Dynamic mechanical thermal analyses were performed to characterize the main
relaxation process associated to the glass transition of dry PGS samples under
different atmospheric synthesis conditions by means of a Dynamic Mechanical
Analyser DMA 8000 (PerkinElmer). Rectangular shaped specimens,
approximately 100 mm?, were tested from -80°C to 180°C at 3°C min™" at 1 Hz of
frequency in the single cantilever mode. The evolutions of the storage modulus
(E’) and tan o (the ratio between loss and storage moduli of viscoelastic materials)
with temperature were recorded. To compare the different PGS samples, the
temperature at the tan 6 peak was determined.
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RESULTS AND DISCUSSION

Influence of the pre-polymerisation atmosphere on the pPGS degree
of esterification

In order to identify the chemical bonds and degree of esterification (DE) of pPGS
viscous mixtures, FTIR and titration techniques were used. The FTIR spectra (
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Figure 13a) of all pPGS, mPGS and SA show a main peak at 1731 cm" assigned
to the C=0O stretching vibrations. The alkane groups (C-H) of the polymer
backbone appear as two characteristic sharp peaks at 2855 cm' and 2927 cm-'.
mPGS and SA peak also at 1682 cm™! representative of the carbonyl stretching
of the free carboxylic acid groups (-COOH). The peaks at 1045 cm™ and 1097
cm™ are indicative of the co-existence of primary and secondary saturated
alcohol groups (C-O and O-H stretching) and evolve differently, same as the
broad, unspecific band around 3440 cm™.
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Generally speaking, during the pre-polymerisation of PGS, Gly alcohol groups
react with free carboxyl groups of SA by means of condensation reactions to form
ester groups. Several interesting findings can be inferred from the comparison
between the FTIR spectra of pPGS mixtures obtained under different
atmospheric conditions (Ar, N2, DA, O2 and HA) and Gly, SA and the monomeric
mixture. Initially, primary hydroxyl groups are twice more frequent than secondary
groups in the precursor Gly, as expected (Figure 13c). This ratio decreases below
1 when the pre-polymerisation with SA takes place, for all atmospheres tested,
which suggests that, in an early stage, PGS synthesis yields mainly linear
structures because of the superior reactivity of primary hydroxyl groups of Gly.

Simultaneously, as shown in Figure 13a, the sharp peak at 1682 cm™ (free -
COOH groups) from SA and mPGS shifts to 1710 cm™ and then to
1730 cm™' at the time ester groups (-COO") are formed. A similar trend is found
in the hydroxyl broad band: the increase in transmittance of this band shifting
from 3300 cm™' to 3580 cm™ and its area becoming smaller are indicative of
esterification taking place by consuming hydroxyl groups. The high -COO7/-
COOH (Figure 13b) and low -OH/-COO- (Figure 13a, between brackets) ratios
observed after 24h of pre-polymerisation when it is performed under HA suggest
that this atmosphere allows this reaction to take place most efficiently. N2
apparently has the opposite effect.

The DE values obtained from the titration experiments with the pPGS samples
are shown in Figure 13d. An increasing trend is observed when oxidative
atmospheres are used (DA and O2) and water vapour is present in the
environment (HA). DE values around 72.5% and 66.40% for N2 and Ar,
respectively, are indicative of a lower interaction between -OH and free -COOH
groups during these pre-polymerisations. The DE values in oxidative
atmospheres are higher than in inert environments, around 76%. It can be
confirmed that synthesis under atmospheres containing Oz increases the ratio of
initiation of the reaction, which is in accordance with [74]. Taken together, the
FTIR and titration results suggest that oxidative atmospheres enhance the pre-
polymerisation rate. Water vapour, for its part, may hinder the evaporation
reactant Gly (that it is well known to occur [5]), bringing this reaction to a higher
extent.
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Figure 13. (a) FTIR spectra (transmittance) of pPGS mixtures pre-polymerised under different
atmospheres for 24h at 130 °C. The spectra of SA, Gly and mPGS mixture are represented as
control values. The values between brackets show the transmittance ratio between 3480 cm!
and 1730 cm™ (-OH/-COO"). (b) Ratio between ester and free carboxylic acid obtained as the
transmittance ratio between 1731 cm' and 1682 cm-', respectively. (c) Ratio between primary
and secondary hydroxyl groups obtained as the transmittance ratio between 1045 cm-' and 1097
cm'. (d) Degree of esterification (DE) values of pPGS after pre-polymerisation under different
atmospheres during 24h at 130 °C.

Influence of the pPGS degree of esterification on its thermal
properties

Figure 14a shows the normalised power during the heating scan of the DSC
measurements of pPGS samples, together with their melting point (7m,) values
taken as the maximum of the melting endothermic peak. The monomers mixture

displays two different Tp: one around 26 °C (less intense), and another at 118.68
°C (strong endothermic peak, shown in the insert at another scale), as expected
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given the different T of its constituents Gly (18.2 °C) and SA (130.2 °C). The
melting peaks of the mixture unify as pre-polymerisation occurs and the result
gradually shifts to values around 10 °C for inert atmospheres (12.24 °C for Ar and
9.89 °C for N2) or lower when O2 and/or environmental water are present (around
6 °C for O2 and HA samples). All these pre-polymers are, thus, still
semicrystalline, whereas crosslinked PGS networks turned out to be fully
amorphous after curing [6].

Although O2and HA have shown to esterify to a greater extent, the presence of
oxidative species from Gly seems to facilitate chain mobility in the pPGS paste,
lowering their T, values. In the case of HA, diffusion of water vapour throughout
the mixture taking place in the reactor could hinder the evaporation of Gly, as
previously mentioned, thus acting synergistically with the oxidative ambient to this
effect.

The thermogravimetric profiles of pPGSs and the monomer mixture are plotted in
Figure 14b. For comparison purposes, the thermal degradation temperature has
been tabulated as the inflection point of the main weight loss (Tq in the insert).
Again, mPGS shows the behaviour of its components, with two weight loss
stages, that of Gly (T4 = 213.93 °C) and SA (T4 = 435.19 °C). The pre-polymers
display a mild weight loss between 175 and 275 °C, attributed to free Gly (in
excess in the monomer mixture), which is less evident as the reaction proceeds
and it is further consumed, in oxidative environments. In accordance with this
observation, Ty (calculated in the main weight loss stage, between 400 and 500
°C) for pPGS obtained under Ar, N2 and DA appears at around 425 °C, while
higher values are obtained under O2 and HA atmospheres (428.59 °C and 434.9
°C, respectively).

Notwithstanding, it is worth mentioning that the profile of HA pPGS paste differs
greatly from the rest, with a significant intermediate weight loss between 275 °C
and 400 °C (around 20%), indicative of a wider variety of species in this pre-
polymer, some more sensitive to thermal degradation.
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atmospheres after 24h at 130 °C. Values displayed in (a) are the melting temperatures (Tn)
indicating the maximum value of the endothermic melting peak. The mPGS profile is shown as
control, displaying in the insert the characteristic melting point of SA. Data in table on (b) lists the
inflection point (Tq) of the main degradation stage, obtained from derivative curves. Colours
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Effect of the pre-polymerisation atmosphere on pPGS gelation

The viscosity rate over time was monitored simulating the conventional curing
step conditions of a PGS pre-polymer, typically in a force-ventilated oven at 130
°C during 48h [18]. Gelation and subsequent polymerisation in the solid state
(curing) were monitored until the PGS networks broke under the stress exerted
by the plates (Scheme 3).

Scheme 3. Synthesis procedure of pPGS from mPGS for the rheometric characterisations.
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The viscosity profiles of pPGS pastes, previously pre-polymerised (as polymer
melt) under different atmospheric conditions, are presented in Figure 15. It is
worth indicating that origin of x-axis (Oh) corresponds to the start of the second
polymerisation stage, carried out in the rheometer. Table 2 lists the value of initial
viscosity (no), gelation time (located at the intersection point of the extrapolated
liquid and solid polymerisation trends), and the ultimate viscosity and time for i,
obtained at the end of the experiment (breaking point). These results allow for a
better understanding about the effect of each atmosphere on the resulting pPGS
and the corresponding cured PGS network final morphology.

Initial viscosity values are higher for pastes obtained under HA, O2 and DA
atmospheres (higher degree of conversion at Oh), which gel after few hours. This
trend correlates with the amount of oxygen and water vapour in the tested
environment. It has been proven that O2 rich atmospheres applied during polymer
synthesis may increase the viscosity of the solution, because of its high electron
affinity which leads to an increase of reactivity by removing electrons from
monomers [75]. In the case of HA, if one assumes that water vapour hinders the
evaporation of Gly from the reacting mixture, as suggested before, its excess
would enhance the formation of branched chains during the pre-polymerisation



RESULTS AND DISCUSSION

process, which explains its greater viscosity. Indeed, in [6] it was found that an
excess of Gly in the reacting mixture promoted the activation of secondary
hydroxyls and led (after pre-polymerisation under N2 and curing) to highly-
branched oligomers, poorly crosslinked to each other. Such samples lost, after
rinsing, more than 70% of its weight, resulting in very sticky polymers, really
difficult to handle. Besides, water has been found to thermally stabilize the
reacting mixture by facilitating heat transfer [10], which could contribute to this
effect.
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Figure 15. Viscosity monitoring of pPGS (pre-polymerised under different atmospheres) vs. time,
at 130 °C.

Inert atmospheres yield less viscous pastes that require longer times for the
percolation of a crosslinked polymer, following a gradual and prolonged increase
of viscosity. When compared, N2 seems to favour the production of more viscous
macromers (and probably slightly more branched) than Ar during the pre-
polymerisation stage.

Table 2 Representative parameters of the curing process: initial (pPGS) viscosity (7), gelation

time (fger), and ultimate (maximum, i.e. that of PGS) viscosity (#7max) attained in the rheometer at
the breaking point (tnax) under the stress of its plates.

Atm 1, (Pa's) toe (D) Nmax (P2°S) t (")
Ar 0.13 24.86 535.45 29.25
N2 0.24 17.17 920.99 23.67
DA 0.22 15.08 155.66 16.92
02 0.31 10.25 96.63 11.33
HA 0.59 5.58 141.15 6.75




CHAPTER 2

The final viscosity, obtained at the breaking point, correlates with the gelation
time of the different pre-polymers: on those pre-polymerised under inert
atmospheres the polymeric chains contribute more effectively to the elastomeric
behaviour, while those obtained under oxidative atmospheres have a more
branched morphology, being softer. All in all, the rheometry results point out that
by setting the atmospheric conditions in the first polymerisation stage, not only
the pre-polymers but also the PGS networks obtained greatly differ from each
other.

Effect of the pre-polymerisation atmosphere on the physicochemical
properties of cured PGS

The -OH/-COOr ratio of PGS, obtained from their FTIR spectra (Figure 16a) does
not differ significantly between samples, being close to 0.11 for all conditions.
This indicates that the final cured PGS network achieves, insofar this
experimental technique can provide chemical information about the polymeric
matrix, equivalent endpoints following each pre-polymerisation atmosphere. If
compared to Figure 13a, the pre-polymer obtained in presence of Nz is, therefore,
the resulting material with the lowest rate of terminal -OH during curing.

As for the primary/secondary -OH ratio, it does not vary significantly during the
curing process (Figure 16b), unlike during pre-polymerisation of mPGS (Figure
13b). Apparently, the consumption of primary hydroxyls is favoured, as opposed
to secondary ones, during the whole process. Notwithstanding, networks pre-
polymerised under oxidative atmospheres show slightly higher ratios, which
agrees with branching through secondary hydroxyls described in the previous
section. As for the ester/free carboxylic acid ratio (Figure 16c), it increased
significantly from the values reached after pre-polymerisation (Figure 13c),
especially for those obtained under inert atmospheres.

The density of the PGS networks, Figure 16d, slightly decreases after pre-
polymerisation in oxidative and humid atmospheres. This finding, though subtle,
supports the hypothesis that these conditions yield defective (less crosslinked)
branched networks, and are aligned with the observations in [6,9] for PGS cured
at mild temperatures.

The water contact angles of the surfaces are shown in Figure 16e, together with
those obtained on wet analogous surfaces. The purpose of equilibrating the
samples in water was to remove the potential effect of hydrogen-bonding
interactions between polar terminal groups in the dry state for PGS samples [6]
and other rubbers [76]. Still, an aspect worth noting is that oxygen in the reacting
atmosphere presumably produces alcohol-oxidised species, namely aldehydes
and/or carboxylic acids from primary hydroxyls or ketones from secondary ones,
which slightly increase the wettability of these samples compared to those
obtained under inert atmospheres. Indeed, up to eleven oxidation compounds of
glycerol have been isolated and identified under distinct conditions (presence of
salts, catalysts, free oxygen or sunlight, to name a few) [74].
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Table 3 Equilibrium water (EWC) and EtOH (EEC) contents of cured PGS samples starting from
different pPGS.

EWC (%) EEC (%)
Ar 4.49 £ 1.36 86.60 + 0.97
N2 4.51+1.89 91.14 + 1.36
DA 4.99 £ 1.74 82.70 + 3.31
02 5.70 + 1.05 97.58 + 3.69
HA 2.97 + 153 84.69 + 8.95

Although water is not as good as EtOH as a swelling solvent of PGS (20-fold
higher content at equilibrium, according to Table 3), it can be argued that oxygen
in the pre-polymerisation atmosphere slightly improves this feature in the
resulting hydrophobic networks.

Effect of the pre-polymerisation atmosphere on thermal and
mechanical properties of cured PGS

Figure 17a and b present the normalised power in the DSC heating scan of PGS
samples along with their melting points (Tm), when still detectable, and glass
transition temperatures (T4). The latter were located as an increase in the
normalised power (positive shift in the trend). The endothermic melting peaks
vanish while the melting temperatures decrease compared to those of the pre-
polymers and get closer to the glass transition. This effect is more evident for
those samples pre-polymerised under the presence of oxygen, probably because
branching hinders folding of polymer segments into crystallites. Indeed, in PGS
pre-polymerised with HA, the melting peak of the crystalline phase is no longer
discernible, which is characteristic of an amorphous elastomer. As for the glass
transition temperatures, they range between -15 °C to -25 °C, being higher when
crosslinking of macromers are more extensive and chain stiffness increases, i.e.
under inert atmospheres.

Weight loss curves from Figure 17b illustrate that PGS samples are stable up to
250 °C, which coincides with the literature [77]. They show a single weight loss
step in all cases, located between 350 °C and 475 °C, which overlaps in all
samples except for HA PGS, which again shows weight loss at lower
temperatures. This is, once more, indicative of its branched morphology, which,
as observed during our monitorisation, leads to the presence of oligomers that
decompose in the polymer matrix. Figure 17c and d, show the dynamic-
mechanical spectra of the samples, in terms of the storage moduli (E’) and (b)
loss tangent (tan 0).
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Figure 16. (a) FTIR spectra (transmittance, a.u.) of cured PGS networks previously pre-
polymerised under different atmospheres. The values between brackets show the transmittance
ratio between 3480 cm* and 1730 cm' (-OH/-COO-).(b) Ratio between primary and secondary
hydroxyl groups obtained as the transmittance ratio between 1045 cm ' and 1097 cm-". (c) Ratio
between ester and free carboxylic acid obtained as the transmittance ratio between 1731 cm-’
and 1682 cm-', respectively. (d) PGS density measurements. (e) Water contact angles (WCA) on
cured samples, in their dry (black, Latin letters) state and after stabilisation in water (wet, grey,
Greek letters). Sample data distributions were analysed through a one-way ANOVA and a post-
hoc Games-Howell multiple mean comparison test, with a p-value of 0.05. Matching letters
indicate homogeneous groups.
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Figure 17. (a) DSC normalised power of PGS networks synthesised under different atmospheres,
as a function of temperature. The melting temperatures (T») have been located at the maximum
of the endothermic melting peak. Glass transition temperatures (Tg) between brackets. (b) TGA
thermograms. Insert: inflection point (7,) of the main degradation stage, obtained from derivative
curves. (c) Temperature dependence of loss tangent (tan &) and (d) the storage moduli (E’) of
PGS networks pre-treated under different atmospheres. The insert in (c) lists the temperature of
the maximum values of the main peak in tan & (T4) characterising the main relaxation process
associated to the glass transition of PGS simples. Colours included for the shake of clarity.

The main relaxation appears between -30 °C and 0 °C for samples pre-
polymerised under inert atmospheres and narrows to show an abrupt drop ending
up at -20 °C for those samples obtained under Oz and HA. These results are
consistent with the observations on the calorimetric profiles.

The temperature at the maximum of the associated peak in tan 6, T4, shifts
accordingly to lower temperatures, around -20 °C. Interestingly, this peak
displays a shoulder at higher temperatures, between -5 °C and 10 °C, for these
samples, not so distinctively showing in the networks obtained under inert
atmospheres. This indicates that the mobility of certain segments in these PGS
networks is hindered up to these temperatures, probably due to branching that
hinders rotations over the main chain bonds and decrease the flexibility of the
polymer chain.
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Additionally, the rubbery plateau modulus decreases following pre-
polymerisations under oxidative and humid atmospheres, which matches the
results obtained from the compressive measurements. The compressive elastic
moduli, E1 and E2, were taken from the stress-strain curves (Figure 18) at their
two linear zones: the first slope from 0 to 5 KPa and the second from 70 to 120
KPa, and are listed in Table 4. Aligned with previous findings, the elastic moduli,
which is in all cases in the typical range of elastomers, are higher when networks
are pre-polymerised under inert atmospheres. N2. Moreover, Ar seems to
promote a linear growing of macromers, with scarce branching, that eventually
crosslink while curing to a high degree. Oz and water vapour in the atmosphere
boost reactivity of secondary hydroxyls of Gly to react more readily, leading to
more branched and eventually defective networks with lower mechanical

properties.
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Figure 18. Stress-unitary strain average curves obtained from five compressive replicates of each
PGS sample pre-treated under different atmospheres.
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Table 4 Young moduli (E) evaluated in the two linear regions of the curves.

E1 (kPa) E: (kPa)
Ar 380+300 1750 + 380
N2 230 + 80 1580 + 360
DA 170+ 100 1920 + 430
02 110 + 60 2470 + 490
HA 230+ 150 1690 + 130
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CONCLUSIONS

It is widely accepted that PGS synthesis by condensation yields mainly linear
structures in an early stage, because of the enhanced reactivity of primary
hydroxyl groups of glycerol. Indeed, secondary hydroxyl groups appear to remain
less reactive until primary -OH have been partially consumed. This work has
shown that this can be easily strengthened, if it is of interest, by the synthesis
atmosphere, leading to PGS networks with significantly different properties.

Thus, the results here presented reveal that, in the outlining of a PGS network,
temperature, time, or the ratio between reactants Gly:SA aren't the only crucial
variables to be taken into consideration, as it was previously considered, but also
the reacting atmosphere during polymerisation in the liquid state, before gelation.

This so-called pre-polymerisation proceeds at a greater extent if carried out under
oxidative atmospheres (DA, Oz and HA), but in a branched fashion because of
the simultaneous formation of oxidised species that boost the reactivity of
secondary hydroxyls from Gly. Water vapour contributes to this effect, likely by
hindering glycerol evaporation from the reacting mixture. Inert atmospheres, on
the other hand (Ar even more than N2), promote a rather linear growth of
macromers, with scarce branching.

The pre-polymers obtained under inert atmospheres are less viscous.
Nonetheless, the presence of glycerol and by-products thereof decrease the
melting point of pastes obtained under oxidative and humid environments, which
can also be an interesting feature when manufacturing PGS-based structures.
The increase in viscosity is more gradual in pPGS obtained under inert
atmospheres, thus gelation takes longer. The resulting networks are loose
elastomers with long chains, overall effectively crosslinked. Conversely, the
branched, less-crosslinked networks obtained after curing pre-polymers obtained
in the presence of oxygen are less elastic and softer, and their main mechanical
relaxation splits, as branching prevents the free rotation of the main chain.

Each of these pre-polymers, having singular properties and yielding different
polymer morphologies, could find particular applications as biomaterials,
particularly when processed to obtain microporous structures in the tissue
engineering field.
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ABSTRACT

CHAPTER 3: Role of curing temperature of poly(glycerol
sebacate) substrates on protein cell interaction and early
cell adhesion

ABSTRACT

A new, simplified method for preparing model surfaces of PGS coatings is
introduced in this study. The development of a novel procedure to obtain very
smooth continuous polymeric surfaces from PGS was performed to study the
material influence with protein cell interactions. The PGS substrates cured under
different temperatures, lead to different chemical properties and topographies
determining its fate as a biomaterial. The physicochemical characterization of the
surfaces obtained confirms that there are differences in the networks formed by
spin-coating when different temperatures are used in the curing stage. Higher
synthesis temperatures lead to denser networks with fewer polar groups available
on the surface.

Moreover, material-protein interactions were studied and characterised, by using
different extracellular matrix proteins such as fibronectin (Fn) and collagen type |
(Col 1), to reveal the biological behaviour of different PGS substrates. For that,
Atomic Force Microscopy (AFM) images and quantification of protein adsorbed
in single protein, sequential and competitive incubations were used for this
purpose. These protein coating experiments reveal that Fn is adsorbed in form of
clusters while Col | form a characteristic fibrillar network. Fn present an inhibitory
effect when is firstly incubated under Col | network. Human umbilical endothelial
cells (HUVECSs) were cultured on PGS surfaces to study the effect of synthesis
temperature. To this effect, early focal adhesions (FA) were analysed by
immunofluorescence techniques. This highlighted the contrasts between PGS
samples showing variations on biological characterisation studies.

Keywords: Poly (glycerol sebacate), focal adhesion, protein adsorption, polymer
protein interaction
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INTRODUCTION

Biodegradable elastomers are becoming fundamental in the field of materials for
medical applications[78—80]. Particularly, poly(glycerol sebacate), PGS, which is
an elastomeric hyperbranched polyester named firstly by Wang et al. as a
potential biomaterial in 2002, is nowadays one of the most studied polymers
[3,81,82]. This is because PGS possesses good biocompatibility and
biodegradability together with suitable chemical and mechanical properties
[32,61,62,64]. All this together allows PGS usage as a scaffolding material in
biomedical and tissue engineering applications, such as drug delivery [27,63] and
tissue regeneration of cartilage, nerve, cardiac muscle and bone [13]-[20],
among others.

Some of the most common techniques for understanding polymer
characterization and polymer-tissue interaction, are chemical and biological
polymer functionalisation [83,84]. Proteins such as fibronectin (Fn), collagen,
laminin and vitronectin, all of them components of extra cellular matrix (ECM) are
commonly used for biological characterization of biomaterials [85]. Each tissue
has a specific ECM composition tailored to their specific physiological needs. This
specificity is built thanks to the cross talking between several biochemical and
biophysical cellular constituents, and its microenvironment. The ECM proteins
functions are to provide an adequate attachment structure for tissue
morphogenesis, differentiation and homeostasis [86]. Particularly, collagen family
comprises 28 different species and have structural function contributing to cell
mechanical properties. Collagen type | (Col I) happens to be the utmost of its
collagen family representative due to its large presence across several body
tissues, specifically, on the endothelial wall of the blood vessels [87,88]. The
typical Col | structure has form of fibrils with a diameter around 50 to 200 nm. In
order to build this fibrillar structure, many three -stranded Col | molecules packed
conjointly are needed. There is a space between their adjacent fibrils of 67 nm,
which define a characteristic Col | pattern of bands [89]. Fibronectin on the other
hand, is a glycoprotein present in blood, connective tissues, extracellular fluids
and as a part of cell surfaces. Fn structure is formed by two subunits of 220 kDa
that play a central role in cell adhesion [90,91].

These two proteins, Col | and Fn, are directly related to the adhesive cell
interactions with their substrates and local microenvironments, which are
fundamental for the understanding of biomaterial-cells interactions [88,92]. The
main class of cell adhesion receptor protein is called integrin, which binds to
extracellular matrix ligands by providing anchor points for the cytoskeleton
organization of the cells, called focal adhesion (FA). Integrins play an important
role not only in early adhesion by the formation of FA, but regarding cell migration
and its fate, acting as a major fibronectin receptor on most cells and are usually
studied for biomaterial characterisation [92—-94].

Moreover, it has been proved how Col | and Fn incubated together on polymer
surfaces generates a synergic effect leading to better support for
endothelialization [95]. The understanding of cell-protein-material signalling
behaviour is one of the reasons of this study. This main aim could be achieved
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thanks to the development of a PGS coating technique for studying the PGS-
protein-cell surface interaction without any other interference.

For doing that, a novel PGS spin coating synthesis technique was performed with
different curing temperatures (130 °C, 150 °C and 170 °C) to achieve a thin film
that provides no surface external interaction and facilitate the proper PGS
substrate interaction with proteins and cells. Thus, the characterization among
different PGS synthesis conditions were produced because of its own chemical
and mechanical properties instead of its defective and non-homogeneous
surface. Chemical and surface characterization were performed onto the PGS
substrates, with and without the presence of different combination of Col | and Fn
as major representative proteins of ECM. For further PGS surface determination,
biocompatibility and protein-cell interaction studies with human umbilical
endothelial cells (HUVECs) were performed. Immunofluorescence techniques
highlighted the effect of different PGS curing temperature on HUVECs early FA.
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MATERIALS AND METHODS

Materials

A stoichiometric amount of sebacic acid and glycerol (3:2) (99%, Sigma-Aldrich)
was placed in a sealed reactor under a constant flow of N2 atmosphere, which
allows water and evaporated glycerol to recirculate avoiding glycerol loss during
its polycondensation reaction. Thus, the prepolymerization reaction took place at
130 °C for 24h under constant stirring to get the PGS pre-polymer (pPGS).
Subsequently, thin PGS films on a scale of just a few nanometers thick were
obtained by spin coating (WS-650MZ-23, Laurell Technologies). A 0.01% w/v
solution of pPGS in ethanol (Ethyl alcohol, pure, Sigma-Aldrich) was poured onto
12 mm diameter glass coverslips and then accelerated for 30 seconds at 10000
rom under N2 in the spin-coater equipment. For the complete reaction of pPGS
wax like paste into a fully cured PGS polymeric film, three different curing
temperatures were applied for 48h in an oven (130 °C, 150 °C and 170 °C). After
cooling down to eliminate unreacted monomers and impurities, the three sets of
PGS substrates were three times washed in a diluted ethanol/water solution (5%
v/v) and next dried overnight under vacuum conditions at room temperature.

Fourier-Transform Infrared Spectroscopy

Fourier-Transform Infrared Spectroscopy (FTIR) spectra of PGS substrates
cured at different temperatures were collected by using a Platinum ATR from
ALPHA Il spectrometer under an attenuated total reflection mode (ATR). To
obtain the different spectra the parameters used were: 24 scans at 4 cm'
resolution, between 600 and 4000 cm™".

Wettability and surface tension tests

Wettability of PGS substrates once cured was determined by water contact angle
(WCA) measurements. Data were collected in sessile drop mode by a
Dataphysics OCA25 Instruments GmbH, from 3 pl Ultra-pure MilliQ water drops
and at least ten measurements per type of elastomer.

PGS substrates surface energy (orota) Were calculated following Owens, Wendt,
Rabel and Kaelble model [96] and Young equations. In this model, two surface
energy components, polar (op), and dispersive (oy), determine the intermolecular
surface interactions. To obtain the, five different solvents (diethylenglycol,
ethanol, diiodomethane, glycerol and formamide (Sigma-Aldrich)) together with
the previous values of water angles (WCA), were used repeating the procedure
explained above.

Substrate adsorption and protein quantification

Series of PGS samples cured at different temperatures were UV sterilised for 15
min each side prior to adsorption. Solutions of fibronectin from human plasma
(Fn; Sigma-Aldrich, Spain) and/or Collagen type | (Col I; PureCol® Type |
Collagen Solution, 3 mg/ml (Bovine), Advanced BioMatrix) in Phosphate Buffered
Saline (PBS; Sigma-Aldrich, Spain) were adsorbed on the PGS substrates. A
total of 100 uL of protein solution was added for an incubation period of 10 min
onto each substrate and next the remnant was collected for further analysis. After
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the protein incubation, the disks were washed twice with PBS and next dried
under argon gas flow. Different protein concentrations were considered: 400
pg/mL, 80 pug/mL, and 40 ug/mL for Col I, and 100 ug/mL, 20 pg/mL, and 10
pg/mL for Fn. In order to analyse the effect of different protein combination onto
the substrates, sequential and competition of both proteins were performed. For
sequential protein adsorption study, Fn and Col | were incubated: Fn 100 ug/mL
first and then Col |1 80 ug/mL (Fn/Col I) and in the opposite way, Col | 400 pg/mL
and then Fn 20 pg/mL (Col I/Fn).The protein concentrations were chosen in this
way to create a firstly saturated protein adsorbed layer, so it can be observed the
effect of protein-material affinity and try to observe the protein-protein interaction
taking into account Vroman effect. Furthermore, proteins were mixed at different
volumetric proportions (Fn 10 ug/mL:Col | 40 ug/mL, 75:25, 50:50 and 25:75) for
protein competition analysis, and then incubated onto the PGS substrates. The
amount of total protein adsorbed was quantified by means of the bicinchoninic
acid method using the Micro BCA™ Protein Assay Kit (Thermo Scientific™,
Spain) and bovine serum albumin (BSA) as the standard provided by the same
kit. Glass coverslip was used as a control and 4 replicas of each protein condition
were performed for each substrate.

Atomic Force Microscopy

An atomic force microscope (AFM) (Bruker Multimode 8 model) operating in
tapping mode was used for evaluating the topography and composition of PGS
substrates. A Bruker RFESPA model silicon tip was used with resonant frequency
of 75 kHz, constant spring of 3 N/m, and a linear speed set at 2 ym/s. The
oscillation-free amplitude of 700 mV was applied by modifying the drive
amplitude. A ratio between the amplitude set-point and the free amplitude of 0.85
was kept. Images of 5x5 ym?, 2x2 uym?, 1x1 ym? and 500x500 nm? were taken
for PGS substrates and the non-treated glass coverslip with and without protein
coatings. For AFM image analysis the NanoScope Analysis v1.50 (Bruker)
software was used.

Cell culture

Human umbilical vein endothelial cells (HUVECs, Cellworks) were cultured in
endothelial cell medium (Innoprot) supplemented as recommended by its supplier
specifications and maintained in an incubator at 37 °C and 5% of COz. Cell culture
medium was replaced every 2 days until reaching confluence and passaging of
the cells was required. Cells with passage below 10 were used for all
experiments.

HUVECs were plated at a density of 4000 cells-cm2 on both coated and non-
coated PGS substrates cured at different temperatures, and glass coverslip as
controls. For cell adhesion experiments, HUVECs were placed for 3 h in
endothelial cell medium in absence of serum and then fixed in 4%
paraformaldehyde (Panreac) for 20 min at room temperature (RT). After fixation
samples were rinsed with PBS and stored at 4 °C.
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Fluorescence staining and imaging

Fixed HUVECs were first permeabilized with DPBS and 0.5% Triton X-100
(Sigma Aldrich) at RT for 5 min. Samples were blocked using DPBS and 2% BSA
(Sigma-Aldrich) for 2 h at room temperature (RT) and next incubated with
monoclonal antivinculin, clone hVIN-1 (1:400, Sigma Aldrich) as first antibody for
2 h at RT. After three rinses in DPBS and 0.1% Triton X-100, samples were
incubated for 1 h at RT with secondary antibody Alexa Fluor 555 Goat anti-Mouse
IgG (1:700, Thermo fisher) and Alexa Fluor™ 488 Phalloidin (1:100, Thermo
fisher). Finally, after washing twice with DPBS and 0.1% Triton X-100, samples
were mounted with Vectashield with 4’,6-diamidino-2-phenylindole
dihydrochloride (DAPI, Vector Laboratories) and fluorescence images were taken
in a Nikon Eclipse 80i microscope.

Cell viability assay

AlamarBlue™ viability assays (Thermo Fisher Scientific) were performed after 1,
3, 5 and 7 days of HUVEC culture onto the non-coated PGS substrates and glass
cover slides, to verify its good biocompatibility. Four replicates per sample type
were used. Shortly, 20 uL of endothelial cell medium was withdrawn from each
sample well and then replaced by AlamarBlue reagent and incubated for 3 h at
37 °C. Supernatants were placed in a 96 well plate for reading its absorbance
signal at wavelengths of 570 and 600 nm. Cell death control was needed, and for
that, a 10% of dimethyl sulfoxide (DMSO, Sigma Aldrich) was added to four glass
cover slides cultured as previously described. Acellular glass cover slides were
used as blank reagent solution for the subtraction of background absorbance.

Data analysis

Image analysis for HUVEC focal adhesion (FA) was performed using the software
Imaged (NIH, Springfield, VA) Trainable Weka Segmentation plugin to obtain a
binary mask. By using the same software from the binary masks, FA size, and
cell surface area from cytoskeleton images were quantified and analysed. A
minimum of ten pictures were analysed, with at least one cell per image, and
means and standard deviations were calculated. GraphPad Prism8 software was
used for statistical analysis. Either unpaired two-tailed t-test or one-way ANOVA
with Tukey post-hoc test were performed where applicable.
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Effect of the curing temperature on the chemical and surface
properties of PGS films

In other to characterise the presence of PGS onto the circular glass cover slips
and confirm the full evaporation of the solvent, FTIR techniques were carried out.
The FTIR spectra for each of the PGS curing conditions and glass coverslips as
a control are represented in Figure 19. The spectra show a broad band around
3460 cm' from hydroxyl groups (O-H elongation) together with the aliphatic
backbone of C-H absorption, which is located at 2850-2950 cm-! (Figure 19b left).
The characteristic peak of the ester carbonyl (-COO-) resulting from the
polycondensation reaction among hydroxyl groups and free carboxyl groups of
glycerol and sebacic acid, respectively, is located at 1740 cm™' (Figure 19b right).
Figure 19c presents the ratio of free hydroxyl groups and reacted carbonyl ester
groups, showing a downward trend when a higher curing temperature was
applied. None of the previous characteristic peaks are present in the spectrum of
neat glass, as expected.

All this together confirms the presence of PGS cured under the three temperature
curing conditions (130 °C, 150 °C and 170 °C). The higher the curing temperature,
the more the reactivity of PGS monomers and the more crosslinked elastomer
was achieved, as exposed in Figure 19c. These results are in accordance with
literature for PGS non spin-coated films [2,6].
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Figure 19. FTIR general spectra (transmittance) of PGS coatings obtained at different cured
temperatures (130 °C, 150 °C and 170 °C) and glass cover slides. (b) Detailed FTIR spectra at
the PGS characteristic chemical peaks wavelengths: 1600-1800 cm' for COO- peak on the right
and 2500-4000 cm! for free “OH groups and -CH2 bonding on the left. (c)-OH/COO- ratio obtained
from transmittances at 3350 cm™' and 2927 cm™"
There is a generalized trend about how hydrophobic surfaces adsorb a greater
amount of proteins in coating experiments [97]. To confirm this hypothesis, the
characterisation of PGS substrates was necessary. Therefore, Table 5 compiles
the WCA and surface tensions (ota) Of the three sets of substrates, the latter
split into their two components, polar (op) and dispersive (0q) together with their
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surface polarity (0p/0total). WCA values of PGS substrates are higher than the
ones from glass coverslips, as expected from a relatively hydrophobic polymer
[6]. The polar component of the polymeric films is significantly lower than the
polymer-free coverslip. This is indicative of how glass have a more hydrophilic
surface behaviour when compared with PGS substrates. It can also be observed
that the surface tension of PGS 150 °C and 170 °C, are slightly higher than that
of PGS 130 °C, due to an increase in the dispersive component and a slightly
increase in the polar component in the case of PGS 170 °C, while the polar
component of PGS 150 °C decreases (Table 5). In any case, these results from
polymer structures cured under different temperatures present slightly different
WCA and surface energy values. Anyway, differences in WCA values are only
significant, with a p value below 0.0001, when you compare Glass with the rest
of the PGS substrates.

Table 5 Surface energy components and WCAs of glass and PGS samples cured at different
temperatures, calculated from contact angle data and using the OWRKSs equation.

Material 0qd (MN/m)  0p (MN/M)  Ototar (MN/m)  WCA (°) Op/Ototal
Glass 16.43 34.03 50.47  45.30 +4.82 0.67
130 °C 14.48 18.48 3296 71.16 +1.43 0.56
150 °C 17.72 18.08 35.80 68.07 +£3.94 0.51
170 °C 15.50 19.84 35.34  67.46 £ 3.94 0.56

Characterization and quantification of poly (glycerol sebacate)
protein adsorption.

Figure 20a shows the AFM images obtained after protein coating experiments
with sequential coating and monoproteins, in order to determine the effect of PGS
substrates cured at different temperatures. Protein adsorption quantification was
performed thanks to the colorimetry test microBCA (Figure 20b).

Results from AFM Col | protein coating (Figure 20a, Col | column) throw a fibre
diameter of 20 + 5 nm for each of the substrates, which act as a building block of
an homogeneous compact network generated from Col | protein-protein
interactions. This behaviour results particularly outstanding with PGS samples
cured at high temperatures (Figure 20b).

There is no significant difference derived from Fn adsorption AFM results, where
protein conformation remains globular throughout all the PGS surfaces tested
(Figure 20a Fn column). Protein quantification does not reveal major differences
in Fn adsorption, where similar Fn protein outputs were obtained for all PGS
samples and glass coverslips.

AFM images from sequential coating highlighted the influence of the order of
protein deposition. On the one hand, when Fn is the first layer of protein coating,
the second layer of Col | is not able to form its typical fibrillar structures that are
formed when Col | is adsorbed in a single step. This may be because the Col |-
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Col I shift to Col I-Fn interactions, with Fn already adsorbed onto the surface [95].
And then there is not enough amount of Col | for the formation of its single protein
network. This behaviour is alike no matter the temperature set to cure the PGS
substrates (Figure 20a column Fn/Col |). In line with the above, Figure 20b shows
that Fn/Col | proteins adsorbed on the material surface is negligible when
compared with the rest of the protein coating scenarios.

On the contrary, when Col | is the first protein layer which is adsorbed by PGS
material substrate, Col | fibrillar network is formed and remains stable after Fn
(Figure 20a Col I/Fn column). The amount of protein adsorbed is similar to the
values obtained when Col | is using as a single protein coating in all substrates.
In the case of higher temperatures (150 °C and 170 °C), PGS substrates appear
to influence the Fn coating which seems to partially desorb the Col | adsorbed in
the first stage. This effect would be because of a partial desorption of Col I, by
forming soluble Fn-Col | structures instead of PGS-Col |I. Fn-Col | protein
interaction effect produces an additive absorption between Col | fibrillar structure
and Fn because of its protein molecular size, which make Fn fits between the Col
| protein interspaces. However, Col | is not able to adsorb in the empty spaces
left between Fn proteins, leading to a mix between single protein adsorption and
layer by layer coating [98,99].
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Figure 20. (a) AFM height images of 2x2 pym? and (b) protein adsorption quantification (mean and
SD) from microBCA colorimetric technique with single protein (Fn 100 ug/ml or Col | 400 ug/ml)
and sequential adsorption assays of Fn and Col | (Fn 100 ug/ml+ Col | 80 ug/ml), and vice versa
(Col 1 400 pg/ml + Fn 20 pg/ml) on PGS cured at different temperatures. The first column in (a)
shows as a reference the PGS substrates before protein adsorption. All images share the 500 nm
scale bar. Glass covers without spin-coated PGS are shown in (b) as control. Sample data
distributions were analysed through two-way ANOVA and a Bonferroni post hoc multiple mean
comparison test, with a p-value of 0.01.
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Different volumetric proportions of Col | and Fn were incubated onto PGS
substrates and glass to study the effect of protein competition. The chosen
concentrations were Col | at 40 ug/ml and Fn at 10 pug/ml at 75:25, 50:50 and
25:75 of Col I:Fn with concentrations of 32.5 pg/ml, 25 ng/ml and 17.5 pg/ml
respectively. These concentrations were selected to have equal concentration of
binding sites and similar surface coverage efficiency according to each protein
supplier recommendations. AFM images after adsorption assays are represented
in Figure 21a together with their corresponding protein quantification in Figure
21b.

Protein quantification results show how PGS substrates present different values
of protein adsorption once 25:75 and 50:50 dilutions were incubated (values
around 50 pg/ml and 30 ug/ml respectively), but no significant differences were
appreciated between substrates (Figure 21b).

If 75:25 protein dilution is incubated onto the substrates, not enough amount of
protein is adsorbed to be measured by the colorimetric technique used. This is
because Col | fibres are no longer formed because of the interaction with Fn
within the dilution and onto the surface of the material. Thus, proteins lead to Fn-
Col | interaction instead of Col I-Col | avoiding its adsorption throughout the
surface of each material [99].
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Figure 21. (a) AFM height images of 2x2 um? and (b) protein adsorption quantification (mean and
SD) from microBCA colorimetric experiments after competition adsorption assays with Fn and Col
| on glass and PGS cured at different temperatures. The indicated percentages of intermediate
protein mixtures are volumetric ratios of Fn 10 ug/ml over Col | 40 ug/ml. All images share the
scale bar of 500 nm. Sample data distributions were analysed through a two-way ANOVA and
Bonferroni post hoc multiple mean comparison test, with a p-value<0.05 (all letters (a, b, c, d, e,
f, g and h mean significant differences: p< 0,0001). Matching letters indicate homogeneous
groups.
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Effect of PGS with HUVECs culture on early cell adhesion

Before investigating the role of PGS-proteins-HUVECs early adhesion and their
different substrate effect on FA formation, viability experiments of free protein
PGS substrates, cured at different temperatures, were performed. For that,
HUVECs were cultured for 7 days onto the polymer substrates and then analysed
by means of AlamarBlue™ colorimetry assays (Figure 22). PGS samples
presented good biocompatibility, as happen with glass coverslips, with no
significant differences between them. This effect could be thanks to PGS
biocompatibility reported by literature [3,32], although in this case spin-coated
samples are being used, which due to their manufacture, may not correspond in
their morphology (crosslinks) or physical state (less crystallinity, for example) with
the equivalent films (cured at the same temperature) [6].
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Figure 22. HUVECs viability results from AlamarBlue™ colorimetric technique. Glass was used
as a control of good cell viability, and a 10% DMSO solution was added acting as cytotoxic control
(C-). Sample data distributions were analysed through a two-way ANOVA and Bonferroni post
hoc multiple mean comparison test, with a p-value<0.05 (all letters (a, b, c, d, e, f, g and h mean
significant differences: p< 0,0001). Matching letters indicate homogeneous groups.

After viability assays, to investigate the role of different PGS temperatures of
curing on HUVECs early adhesion and their effects on FA formation,
immunofluorescence quantification was performed onto the same protein free
PGS substrates. From Figure 23a can be determined how HUVECs FA
expression is mostly exhibited in cytoskeleton periphery and nucleus. The
number of FAs increases with curing temperature (Figure 23b). This
temperature-dependent trend is also observed with FA percentage of cell area
(cytoskeleton surface) (c) and (d) relative area of FA compared to the total cell
area, by actin quantification. While PGS 170 °C does not correlate with the
previously exposed with relative FA area of 4.4 % similar to PGS 130 °C with
4.7%. It also presents a significantly smaller average FA size values of 1.7 pm?
in contrast with the 4.55 um? of PGS 150°C. All this together, highlight 150 °C as
the temperature yielding the most remarkable FA results.
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Figure 23. (a) Immunofluorescence images of HUVEC nuclei (Cyan), actin cytoskeleton (green),
and vinculin (magenta) as a focal adhesion (FA) marker cultured on Glass and different PGS
cured materials. Quantification of the size, (b) amount and (c) areas and (d) size of FA. FA area
was calculated as the percentage of the total cell area. All immunofluorescence images share its
scale bar (20 ym). Sample data distributions were analysed through a one-way ANOVA and
Bonferroni post hoc multiple mean comparison test, with a p-value<0.05. *p<0.05 and **p<0.01.

Effect of Col | and Fn sequential and competitive adsorption on
HUVECSs focal adhesion

To investigate the role of PGS-proteins-HUVECs early adhesion and their
different substrate effect on FA formation immunofluorescence quantification was
done as exposed in Figure 24. All PGS conditions have better FA results if
compared with Glass. Particularly. when Fn and Fn/Col | are incubated onto the
PGS samples, FA parameters increase with PGS curing temperature. Since in
Figure 20, Fn and Fn/Col | present homogeneous single amount of protein and
none significant protein adsorption values respectively, this effect is produced
because of the PGS substrate cured at different temperature conditions (PGS
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condition in Figure 24). Thus, the results obtained with Fn/Col | condition
coincides with the Fn and Col | protein interaction where Fn competes with Col |-
Col | linkage avoiding its fibrillar structure to be formed [99].
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Figure 24. HUVECs fluorescence quantification of (a) number of FA, (b) relative surface of FA
compared to the total cell area and (c) average size of FA, from protein sequencing adsorption
assays on glass and PGS cured at different temperatures. FA area was calculated as a relation
with the total cell area in percentage (%).Sample data distributions were analysed through a two-
way ANOVA and Bonferroni post hoc multiple mean comparison test, with a p-value<0.05.
*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
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In concordance with Col | quantification (Figure 20) where more Col | is adsorbed
if curing temperature increases, the amount of FA and the FA% of cell area
(Figure 24a and b) become higher than glass substrates. This is because of the
synergic effect of PGS substrates and the Col | adsorption onto the surface which
produces better cell-material interactions.

Furthermore, Col I/Fn produces a join effect, particularly with 130 °C condition,
where cell response increases its FA. When Col | is incubated before Fn, Fn is
able to fit the free spaces between Col I-Col | fibres by bonding the PGS substrate
and generating Col I-Fn interactions, which may increase the amount of binding
sites for cell adhesion.

The influence of PGS substrates cured under different temperatures onto
competitive incubation of Fn and Col | proteins (Fn 10 ug/ml and Col | 40 ug/ml)
can be determined from immunofluorescence FA quantification (Figure 25). Each
of the PGS substrates coated with Fn:Col | mixtures dilutions present significant
and better FA outcomes if compared with Glass. All PGS substrates incubated
with protein mixture dilutions, present an increasing trend with the amount of FA
and its relative cell surface. Particularly 150 °C material condition has significantly
more amount of FA on 75:25 dilution, although no protein was able to be detected
by the colorimetric techniques used (Figure 21). Thanks to AFM images,75:25
dilution proteins are clearly present onto the polymer surfaces. In this case, the
increase on the amount of FA is produced because of the low-density protein
coating, which allows cells to interact with the PGS substrate which promotes cell
adhesion as well. Furthermore, 25:75 dilution, with more content of Col |, present
an increasing significant trend of FA number, directly related to the increase of
PGS curing temperature. The protein quantification values together with AFM
images from Figure 21 show the same amount of protein adsorbed. All this
together indicates that significant FA increment effect is produced since HUVECs
interact, not only with the proteins adsorbed, but with PGS substrate material by
producing a rising synergic effect with curing temperature.
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Figure 25. HUVECs fluorescence quantification of (a) number of FA, (b) relative surface of FA
compared to the total cell area and (c) average size of FA, from competition adsorption assays of
Fn and Col | from low concentrated solutions on glass and PGS cured at different temperatures.
FA area was calculated as a relation with the total cell area in percentage (%).Sample data
distributions were analysed through a two-way ANOVA and Bonferroni post hoc multiple mean
comparison test, with a p-value<0.05. *p<0,05, **p<0.01, ***p<0.001 and ****p<0.0001.
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CONCLUSIONS

A novel PGS synthesis technique was developed and optimized by performing
polymer coatings at a nanometric scale to reveal the different PGS properties.
PGS coatings were cured under different temperature conditions (130 °C, 150 °C
and 170 °C) and next were chemically and biologically characterized. The FTIR
spectra present a direct correlation between PGS curing temperature and its
reaction kinetics. When higher temperatures were applied during PGS second
synthesis step, more polycondensation is produced. WCA present a non-
significant common behaviour on its values, while curing temperature raises, its
value becomes slightly smaller. As happened with WCA values, Gttar Of 150 °C
and 170 °C have similar values while PGS 130 °C o1.tas decreases because of its
lesser og component.

AFM together with microBCA results, reveal protein material interactions and the
amount of protein adsorbed by each surface. PGS substrates single protein
adsorption present no major differences on the amount of Fn adsorbed, which
displays cluster protein distribution. In the case of Col |, higher curing
temperatures of PGS substrates, increase its protein adsorption. This favoured
Col I-Col | interactions generating a homogeneous fibrillar Col | network. On the
contrary, sequential adsorption of proteins reveal that Col | is not able to be
absorbed if Fn the first layer applied due to its Fn-Col | interactions that form
soluble complexes. If Col | is the main coating layer, particularly with 130 °C
condition, Fn interact with Col | thanks to Fn smaller size, which fit through the
empty spaces within the network of Col | already formed. This scenario shows
heterogeneous values distribution of protein adsorption among different PGS
samples. Different PGS samples incubated with competition of proteins mixed in
different volumetric proportions present no significant differences. When Col |
dilution content increases, the total protein adsorption value becomes higher
because of the inhibitory effect of Fn when incubated together with Col | and the
major PGS substrates Col | affinity.

As regards PGS substrates-HUVECs biological characterisation, non-cytotoxicity
results during 1, 3, 5 and 7 days by using the colorimetric AlamarBlue™ were
observed. Immunofluorescence results reveal differences among PGS material
regarding the presence of the total amount of FA, quantified by vinculin
fluorescence expression. When PGS synthesis temperature increases, the
number of HUVECs FA improves too. Once the protein coatings were applied,
every PGS condition present better cell response when compared with glass. Col
I/Fn present a synergic effect which increased cell FA values, particularly with
130 °C. When dilutions of mixture protein were incubated, specifically, 25:75
dilution with more content of Col I, present an increasing significant trend of FA
number, directly related to the increase of PGS curing temperature.
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GENERAL DISCUSSION

The scope of this thesis was the determination of PGS material morphology and
properties: on the hand the determination of PGS synthesis mechanism, and on
the other hand the characterization of PGS final network properties after
modifying its synthesis parameters (temperature and atmospheric conditions).
Other groups had studied PGS synthesis and its different biomedical applications
based on its properties [4—6,9]. Though none of them had stablished yet the exact
impact of some of the early stages of PGS synthesis and the effect of parameters
such as different atmospheric conditions as we propose in this thesis work.

The study of different PGS synthesis scenarios for the understanding of mPGS
hydroxyl reactivity through prepolymerization time were performed, as exposed
in Chapter 1. From other groups studies and after performing TGA mass loss
analysis, it was clarified how the loss of water and the effect of Gly loss alters, in
an uncontrolled manner the pPGS synthesis. To help prevent the loss of water
subproduct and Gly in order to control and monitor the mPGS prepolymerization
and obtain reproducible and scalable results, the reactor system was adapted
(Scheme 1). After that, mixtures of three alcohols (PPD, PPG and Gly) were
prepolymerized together with SA during 24h under N2 atmosphere at 130 °C.
Subsequent to its sample characterization from Oh to 24h, the polycondensation
mechanism by hydroxyl reaction were reveal. The chemical hydroxyl distribution,
and final prepolymer bonding structure (from FTIR and 'H-NMR results), define
how the reaction tends the polycondensation of pOH rather than sOH, leading to
a linear and less crosslinked polyester during its early stages (first 4h). DSC
characterization illustrated a melting window from Oh to 24h with its Tm values at
118 °C to 10 °C. The evolution to sharper and more defined melting peaks defined
how the branching degree of the prepolymer structure raised, which is directly
related to its amorphous state increment for the shake of crystalline distribution
[6,59]. The DE determined by FTIR, titration and 'H-NMR presented a similar
trend with values around 40% for both, titration and 'H-NMR quantification after
4h reaction when most of the polycondensation reaction took place establishing
the polyester backbone structure. GPC results indicated how the prepolymer is
prone to growth as an HBP once its linear reactivity through primary hydroxyl
groups is reduced (after 4h). After this time, the prepolymerization tends to create
more branching chemical structures which may lead to a more crosslinked
polymer.

Once the chemical characterization of the early stages of the prepolymerization
was conducted, the study of different atmospheric conditions applied during
pPGS and PGS synthesis were performed (chapter 2). Oxidative atmospheres
(DA, O2 and HA) induced to the simultaneous formation of oxidised species that
boosted the reactivity of secondary hydroxyls from Gly. Water vapour contributes
to this effect, likely by hindering glycerol evaporation from the reacting mixture.
Inert atmospheres, on the other hand (Ar even more than N2), promoted a rather
linear growth of macromers, with scarce branching.

The pre-polymers obtained under inert atmospheres were less viscous.
Nonetheless, DSC results highlighted how the presence of glycerol and by-
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products decreased the melting point of pPGS mixtures obtained under oxidative
and humid environments. The increase in viscosity was more gradual in pPGS
obtained under inert atmospheres, thus gelation took longer. The resulting
networks were loose elastomers with long chains, overall, effectively crosslinked.
Conversely, the branched, less-crosslinked networks obtained after curing pre-
polymers obtained in the presence of oxygen were less elastic and softer, and
their main mechanical relaxation split, as branching prevents the free rotation of
the main chain.

Each of these pre-polymers, having singular properties and yielding different
polymer morphologies, could find applications as biomaterials.

To conclude, PGS coatings at a nanometric scale, to reveal the different polymer
properties when cured under different temperature conditions (130 °C, 150 °C
and 170 °C) were synthetized as exposed in chapter 3. Its chemical
characterization revealed how when higher temperatures were applied during
PGS second synthesis step, more polycondensation is produced, as expected
[5,6]. WCA presented a non-significant common behaviour on its values.
Meanwhile, AFM images illustrated how when Fn is adsorbed onto the different
PGS and glass surfaces, cluster protein distribution is displayed. If Col | is the
protein of interest, the observed structure displays a homogeneous Col I-Col |
fibrillar network which amount of protein adsorption increased with PGS curing
temperature by increasing its protein affinity. On the other hand, with Fn as first
protein incubated when sequential protein adsorption had been carried out, Col |
is not able to be adsorbed. Protein-protein interactions produced soluble Fn-Col
| complexes which cannot be adsorbed by PGS substrates. Besides, Col | cannot
fit within the empty spaces between Fn clusters because of its size differences.
When Col | was the main coating layer, the interaction among proteins and the
material surfaces improved. In this case, thanks to Fn smaller size, its protein
clusters can fit through Col | fibrillar network already formed. Different PGS
samples incubated under competition of proteins, mixed in different volumetric
proportions, presented no significant differences. While, when Col | dilution
content increased, the join effect of Col | substrate affinity, together with the
reduction of the Fn adsorption inhibitory effect, lead to higher values of protein
adsorbed. The determination of PGS substrates viability confirmed its expected
good biocompatibility by colorimetric AlamarBlue™ HUVECs biological
characterisation after 1, 3, 5 and 7 days of cell culture. Lastly, determination of
HUVECs FA by immunofluorescence techniques by vinculin fluorescence
quantification, exhibited how the increment of curing temperature on protein free
PGS substrates, improves the amount of HUVECs FA. Following PGS protein
adsorption, every PGS condition present better cell response when compared
with glass. Particularly, 130 °C present a synergic effect which increased cell FA
values when incubated with sequencing Col I/Fn proteins. When dilutions of
mixture protein were incubated, specifically, 25:75 dilution with more content of
Col |, present an increasing significant trend of FA number, directly related to the
increase of PGS curing temperature.

Thus, the determination and characterization of the synthesis mechanism of PGS
at the early stages of its synthesis and by modifying its parameters had been fully
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achieved. Together with PGS biological characterisation and demonstration of its
different polymeric networks once modifying its curing temperature. All of this
probes how such a versatile polymer PGS is and how, by modifying its synthesis
parameters, in a controlled manner, a broad band of polymeric networks with
different properties can be obtained based on its future biomedical applications.
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GLOBAL CONCLUSIONS

Based on the work done about the characteristics of the PGS synthesis based on
its parameters along with its final properties, exposed throughout the previous
chapters, especially in the section of conclusions of each one of them, the
following general conclusions have been reached:

Chapter 1:

During prepolymerization between glycerol and sebacic acid, the reaction
tends to the polycondensation of primary hydroxyl groups rather than
secondary hydroxyl groups.

A linear and less crosslinked polyester is produced during pPGS at early
stages (4h)

Water act as an inhibitor of the polycondensation reaction but reduces
glycerol loss.

A successful confinement of the prepolymerization reaction was achieved
avoiding glycerol loss.

The prepolymer is prone to growth as an hyperbranched polyester with
high degree of esterification.

Chapter 2:

The atmosphere applied during PGS synthesis reaction plays a key role
on poly(glycerol) sebacate morphology.

Inert atmospheres promote linear growing of macromers from triol and
diacid and gelation takes longer, but resulting elastomers are more
effectively cross-linked

Oxidative atmospheres boost reactivity of secondary hydroxyls and foster
branching.

Water vapour supports this effect arguably by hindering glycerol
evaporation.

Chapter 3:

PGS polymer coatings at a nanometric scale can be obtained by spin
coating techniques.

Fn is adsorbed onto each of the substrates exhibiting cluster protein
distribution with no major differences among PGS substrates.

The interaction between Col | proteins leads to a homogeneous fibrillar
network which increases with PGS curing temperature.

Viability studies present good biocompatibility with no significant
differences between PGS substrates.

HUVECs early adhesions increase with PGS substrates cured at higher
temperatures.
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WORK IN PROGRESS AND FUTURE OUTLOOK

WORK IN PROGRESS AND FUTURE OUTLOOK

Nowadays, several mechanical and biological characterization experiments are
being carry out to complement the present work to be published.

Furthermore, this thesis is part of a collaborative project which challenge to
advance towards the development of artificial lymph nodes for in vitro
applications. PGS together with other biopolymers such as PLA and PCL will be
used to develop a preliminary version of this node. This node should act as a
functional segment of the lymph node, based on a semipermeable containment
structure (with pores of subcellular size to allow the diffusion of gases and
nutrients into static and dynamic cell cultures). For that purpose, an organized
stratified cell microenvironment structure, in whose interior the coexistence of the
variety of cell types involved is viable, is been synthetize.
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The work carried out for the realization of this doctoral thesis has also given rise
to the following technical and scientific publications:

International conferences:

Poster presentation: Development of a three-dimensional scaffold (3D scaffold)
based on Poly(glycerol sebacate) (PGS) for in vitro model of renal pathologies

Authors: R. Martin-Cabezuelo, J. Tomas Chenoll, G. Vilariho Feltrer, J.A. Gémez
Tejedor, and A. Vallés Lluch.

Name of the conference: Ill Congreso Nacional Jévenes Investigadores en
Biomedicina (CONBIOPREVAL 2017)

Poster presentation: Monitoring of polyglycerol sebacate synthesis and
correlation with the resultant network parameters.

Authors: Rubén Martin-Cabezuelo, Raquel Sancho-Sanmartin, Guillermo
Vilarifio-Feltrer, Jose A. Gobmez-Tejedor and Ana Vallés-Lluch.

Name of the conference: 29" European Conference on Biomaterials (ESB 2018)

Poster presentation: Development of a three-dimensional Poly(glycerol
sebacate) scaffold (3D-scaffold) for an in vitro model of lymph node

Authors: Rubén Martin-Cabezuelo, Sancho-Sanmartin Raquel, Tomas-Chenoll
Julia, Vilarino-Feltrer G, Gomez-Tejedor JA and Vallés-Lluch A.

Name of the conference: 45" European Society for Artificial Organs (ESAQO 2018)

Oral presentation: Key effect of the Poly(glycerol sebacate) synthesis during early
stages and its monitoring.

Authors: R. Martin-Cabezuelo, A. Naderpour-Pefalver, G. Vilarifio-Feltrer, A.
Vallés-Lluch.

Name of the conference: 30" European Conference on Biomaterials (ESB 2019)

Articles under revision:

Influence of pre-polymerisation atmosphere on the properties of pre- and
poly(glycerol sebacate)

Authors: Rubén Martin-Cabezuelo, Guillermo Vilarino-Feltrer, Ana Vallés-Lluch
Scientific Journal: Materials Science & Engineering C (Submitted)
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Articles under preparation:

Title: Role of Curing Temperature of Poly(Glycerol Sebacate) Substrates on Early
Cell Adhesion

Authors: Rubén Martin-Cabezuelo, José Carlos Rodriguez Hernandez,
Guillermo Vilarifio-Feltrer and Ana Vallés-Lluch

Under preparation

Title: Unveiling the key synthesis mechanism for optimal poly(glycerol sebacate)
hyperbranched polymer synthesis

Authors: Rubén Martin-Cabezuelo, Guillermo Vilarifio-Feltrer, Sigen A, Wenxin
Wang and Ana Vallés-Lluch

Under preparation
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