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ABSTRACT

The goal of the present PhD work was the development of new biobased unsaturated
polyesters (UPs) to be applied in additive manufacturing technologies, such as microstereo-
thermal-lithography (uSTLG), aiming to produce 3D scaffolds for biomedical applications. UPs
are widely used in industrial fields, however their excellent thermomechanical properties and
tunability make them excellent candidates for tissue engineering applications. UPs were
produced by step-growth polycondensation, using several glycols and diacids of sustainable
resources, such as succinic acid (SuCA) and sebacic acid (SeBA). Fumaric acid (FA) was
used as the source of double bonds to promote posterior crosslinking reactions with vinylic

monomers.

In a first approach, the synthesis of UPs using renewable monomers was performed. The
properties of the polyesters were extensively studied, namely thermal and mechanical
properties, and the final products compared with a commercial resin named Crystic 272, which
has been successfully tested on uSTLG. To understand the polyesters properties, the study
of the ratio between diacids and glycols as well as the type of monomers used was performed.
By carefully selecting the monomers and the ratio between diacids and glycols it is possible
to control the final properties of the polymers. The produced oligomers, characterized by low
molecular weights and obtained from aliphatic monomers and natural based diacids, showed
high thermal stability, with Ton higher than 330 °C. Thermal stability remains constant even
with the replacement of isophthalic acid by aliphatic diacids. To achieve the proper viscosity
to be applied in uSTLG experiments, 2-hydroxyethyl methacrylate (HEMA) and styrene (St)
were used as the crosslinking agents. The results were very promising, with the production of
two layered scaffolds based on bio resins. Preliminary cell viability tests showed that the

synthesized polyesters are biocompatible.

The choice of the crosslinking agent also plays a determinant role in the properties of the final
unsaturated polyester resins (UPRs). Although St is one of the most used unsaturated
monomer (UM) to promote the formation of 3D networks, a more friendly UM is desired.
Therefore, the prepared biobased UPs were crosslinked with different vinylic monomers, such
as HEMA and N-vinyl-2-pyrrolidinone (NVP). Since the final viscosity of the formulations is a
crucial parameter, determining the applicability on the uSTLG, the viscosity of the formulations
was measured and HEMA was selected as the proper monomer due to its low viscosity and
biocompatible character. Photo and thermal polymerization studies were performed to
evaluate the properties of the final biobased UPRs. The thermal crosslinked polyesters

showed low gel content with variable water contact angles (WCA) with hydrophilic character.
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Morphology and roughness of the polymers were also studied since these parameters strongly
influences the cell adhesion. Posteriorly, a full characterization of the UPRs, cytotoxicity and
cell adhesion tests were performed. After 48 h of incubation, for the uSTLG UPRs, 50-60% of

the cells were viable, but both thermal and puSTLG scaffolds presented high levels of acidity.

Alongside with the synthesis and processing of the polyesters, new formulations were tested.
Due to the low incorporation of the diacids observed in the previous formulations, new
synthesis were performed in two distinct steps, which also resulted in a reduction of the time
of the polycondensation reaction. The formulations based on SuCA, diethylene glycol (DEG)
and other renewable sources (UP7 to UP11s formulations) were prepared in a two-step bulk
polycondensation reaction. Glutaric acid (GA) an isosorbide (IS) were some of the chosen
renewable sources for the development of the new UPs formulations. Afterwards, the UPs
were crosslinked with HEMA. Overall, the developed formulation showed better reaction
times, and had the desired properties for the intended final application. GA also proved to be
an interesting diacid to be used in the preparation of new UPs for biomedical areas, with high

water solubility, high thermal stability and low Tg.

Several problems arise concerning the viability of the materials regarding their use in
biomedical field. The UPs showed surface acidity and to overcome this issue, several
strategies were attempted to eliminate the scaffolds acidity. Reflux treatment with ethanol and
oxygen plasma were some of the protocols used to change the polyesters surface. The
simplest technique, reflux with ethanol, demonstrate to be adequate in the elimination of
surface acidity. Results obtained from plasma treatments suggested that they are not effective
to solve the acidity problem and enhance biocompatible character of the polyesters. The
MSTLG scaffolds Scf6é and Scf7, based on formulations UP6 and UP7, respectively, were
subjected to reflux and showed cell viabilities around 100% after 48 h.

The use of renewable sources to obtain fully biobased UPs was accomplished within this PhD
work, and the final materials reveal to be strong candidates to be used in the fabrication of 3D
scaffolds by uSTLG. The materials exhibit low viscosity, good thermo-mechanical properties,
similar to commercial products, high hydrophilicity and cell viability. Ultimately, these polymers
can bring new advances and opportunities for the use of these unsaturated polyesters in the

preparation of tailored scaffolds for specific uses.
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RESUMO

O objetivo do presente trabalho de doutoramento consistiu no desenvolvimento de poliésteres
insaturados para aplicacdo em técnicas de prototipagem rapida, nomeadamente em
microestereo-termo-litografia (USTLG). Os materiais desenvolvidos sdo deste modo

processados tendo em vista o desenvolvimento de scaffolds para aplicacdes biomédicas.

Os poliésteres insaturados, regra geral, sdo extensivamente utilizados em aplicacdes
industriais, contudo as suas propriedades revelam-se de extrema utilidade em areas como a
engenharia de tecidos. A possibilidade de manipular as propriedades destes materiais
consoante a aplicacao final pretendida torna-os bastante atrativos para o desenvolvimento de
scaffolds. Os poliésteres insaturados foram obtidos por policondensagédo de massa, tendo
sido utilizados varios glicois e diacidos de base natural, tais como o &cido succinico (SUCA)
e sebacico (SeBA). O acido fumarico (FA) foi usado em todas as reacdes desenvolvidas como
a fonte de ligagdes duplas, de modo a promover a posterior reticulagdo com monomeros

vinilicos.

Numa primeira abordagem, a sintese de poliésteres insaturados tendo como materiais de
partida mondmeros de base natural foi executada. O estudo das propriedades destes
poliésteres foi realizado, nomeadamente no que diz respeito as suas propriedades térmicas
€ mecanicas, e 0s produtos comparados com uma resina comercial, Crystic 272, previamente
testada, com sucesso, no equipamento de puSTLG. O estudo das propriedades dos
poliésteres, a razao entre diacidos e glicéis bem como o tipo de monémeros usados foi
fundamental para a compreenséo das caracteristicas dos poliésteres. Uma sele¢do cuidada
dos mondmeros e da razdo entre diacidos e didis permite controlar a estrutura final dos
polimeros. Os oligdbmeros obtidos, de baixos pesos moleculares, com base em monémeros
alifaticos e diacidos de base natural, mostraram elevada estabilidade térmica, com Ton
superiores a 330 °C. A substituicdo do acido isoftalico, presente na resina comercial, por
acidos alifaticos, nao resultou na perda de estabilidade térmica. Os materiais obtidos foram
processados por PSTLG, usando 2-hidroxietil metacrilato (HEMA) e estireno (St) como
agentes reticulantes, conferindo assim uma viscosidade adequada ao processamento dos
scaffolds. Os resultados foram bastante promissores, tendo-se fabricado scaffolds
constituidos por duas camadas de resina de carater bio. Resultados preliminares de

viabilidade celular revelaram que os poliésteres sintetizados néo apresentaram citotoxicidade.

A escolha dos agentes de reticulacdo determina em grande parte as propriedades finais dos

poliéstres insaturados reticulados (UPRs). Embora o St seja dos monémeros insaturados
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(UMs) mais utilizados para a formacdo de redes reticuladas 3D, a sua substituicdo por um
composto de carater bio é desejavel. Por conseguinte, os poliésteres insaturados foram
posteriormente reticulados com diferentes monémeros vinilicos, tais como o HEMA e
N-Vinil-2-pirrolidona (NVP). Uma vez que a viscosidade final das formula¢des € um parametro
crucial para a sua aplicagcdo na USTLG, as viscosidades das formulacdes desenvolvidas
foram determinadas, tendo-se selecionado o HEMA devido a baixa viscosidade conferida ao
poliéster, bem como ao seu carater biocompativel. Estudos de foto reticulacéo e reticulacdo
térmica foram desenvolvidos de modo a avaliar as propriedades finais das resinas de carater
bio. Os poliésteres reticulados termicamente revelaram baixo teor gel, com angulos de
contacto variaveis, apresentando na sua maioria um carater hidrofilico. A morfologia das
resinas, bem como a determinacdo da rugosidade, foram analisadas, uma vez que estes
parametros influenciam a adeséo das células na superficie polimérica. Apdés uma completa
caracterizacdo das resinas de poliéster insaturado, testes de citotoxicidade e de adeséo
celular foram realizados. As amostras preparadas por WSTLG demonstraram viabilidades na
ordem dos 50-60% apéds 48 horas, tendo-se, no entanto, comprovado a acidez dos materiais,
tanto dos scaffolds processados por USTLG como dos UPs preparados por reticulacdo

térmica.

Em paralelo a sintese e processamento dos poliésteres, a otimizagdo do processo de
policondensagdo de massa foi efetuada. Tendo-se registado anteriormente a baixa
incorporacédo dos acidos, as sinteses foram realizadas em dois passos distintos, verificando-
se a diminuigdo do tempo de reagdo de policondensacdo. As formulacdes desenvolvidas a
base de SuCA, dietilenoglicol (DEG) e outras fontes de origem renovavel (formulacdes UP7
a UP11s) foram preparadas por policondensacdo em massa. O &cido glutarico (GA) e o
isosorbide (I1S) foram algumas das matérias-primas de fontes renovaveis selecionadas para
a sintese das novas formulagées que, posteriormente, foram reticulados com HEMA. De um
modo geral, verificou-se que as novas formulagdes possuiam as propriedades desejadas
tendo em vista a aplicagéo final pretendida. O GA mostrou ser um diacido interessante para
ser usado na preparacao de novos UPs para aplicagdo biomédica, apresentando elevada

solubilidade, estabilidade térmica e baixo T,.

Varios problemas surgiram no que diz respeito a viabilidade dos materiais para aplicagédo
biomédica. A maioria dos UPs sintetizados apresentava uma acidez elevada, que em Ultima
instancia daria origem a morte celular. De modo a contornar esta limitacdo, uma série de
tratamentos foram efetuados, com o intuito de remover a acidez da superficie dos scaffolds.
Tratamento por refluxo com etanol e tratamento por plasma com oxigénio, foram algumas das
estratégias usadas para modificacdo da superficie dos poliésteres. O tratamento mais

simples, por refluxo, revelou-se extremamente eficaz na eliminacdo da acidez dos UPs. Ao
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passo que o tratamento por plasma néo foi eficiente para resolver o problema da acidez. Os
materiais processados por USTLG, Scf6 e Scf7, tratados com refluxo de etanol por 3 h,

demonstraram viabilidades superiores a 100 % apos 48 h.

O desenvolvimento de UPs e UPRs a base de matérias-primas renovaveis foi realizado com
sucesso, tendo sido demonstrado que sao excelentes candidatos para a fabricacdo de
scaffolds tridimensionais por uSTLG. Propriedades tais como baixa viscosidade, performance
térmica e mecéanica semelhantes as exibidas pelos produtos comerciais, elevada
hidrofilicidade, viabilidade e adeséao celular caracterizam os polimeros obtidos, reforcando a

sua potencialidade em areas como a engenharia de tecidos.
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THESIS LAYOUT

Chapter | — The Potential of Unsaturated Polyesters in Biomedicine and
Tissue Engineering: Synthesis, Structure-Properties Relationships and

Additive Manufacturing

DMD IR

light ul;i; ’ /7" 71 E

This PhD thesis focuses the development of polymeric
materials suitable to be used in microstereo-thermal-
lithography (USTLG). An overview of the potential of
unsaturated polyesters (UPs) and unsaturated polyester
resins (UPRs), their growing development into biomedical

; fields and some highlights about AM technologies and
applications is herein presented.
Chapter 1l — 3D Printing of New Biobased Unsaturated Polyesters by

Microstereo-thermal-lithography

s ey Sn

The synthesis of new biobased UPs aiming to mimic some
of the properties of a commercial product are described in
this chapter. New biobased UPs were prepared by bulk
polycondensation and posteriorly accurate 3D scaffolds
were produced by uSTLG. The new 3D scaffolds proved to
be biocompatible and suitable for AM technologies.

Chapter Illl — Novel Biobased Unsaturated Polyester Resins prepared by
Thermal crosslinking and uSTLG

ophhapand

The crosslinking studies of the new biobased UPs are
discussed in this chapter. The morphology, topography,
swelling behavior and contact angles of the final structures
were analyzed, along with the evaluation of their cell
viabilities. The materials processed by uSTLG presented
higher cellular viability when compared with the thermally
crosslinked UPs. The impact of the crosslinking strategy in

the final properties of the materials is also discussed.
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Chapter IV - Fully Biobased Unsaturated Polyesters from Renewable
Resources: Synthesis, Characterization and HEMA Crosslinking

New synthesis on fully biobased UPs were performed via bulk
polycondensation with the purpose of enhance the properties

of the UPRs. For that purpose, different diacids (glutaric acid)
OH

and diols (isosorbide) were used. The new formulations were
fully characterized and crosslinked with HEMA. The thermal
Ho and mechanical properties of UPs and UPRs were
determined, validating the potential of these renewable

polyester’s resins.

Chapter V — A Preliminary Study: Strategies to Improve the Biological
Performance of pSTLG Scaffolds

Chapter V describes some of important problems faced in the
development of the biocompatible UPRs, e.g., acidity of the
final resins. To overcome such issue, several approaches
were tested, from simple reflux treatments to O, plasma
surface modifications. Concerning the reduction of the acid

character of the polymeric structures, EtOH reflux exhibited

the best results, followed by O, plasma treatment.

Chapter VI - Concluding Remarks

A critical evaluation of the work performed, highlighting the
strengths, weaknesses alongside with some

recommendations for further research lines is herein

presented.
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MOTIVATIONS, RESEARCH SIGNIFICANCE AND IMPACT

Recently, important efforts have been made to develop new and innovative unsaturated
polyesters (UPs) for a wide range of applications - mostly industrial ones. The crosslinking of
UPs with a reactive diluent, usually styrene (St), generates rigid and insoluble resins called
unsaturated polyester resins (UPRs). These are vastly used in glass-fiber-reinforced
composite materials on automotive, construction and marine industries. Nowadays a lot of
attention is being given to the development of sustainable UPs, with the replacement of the
fossil based monomers by more eco-friendly alternatives. This growing source for alternatives
to the conventional UPRs can be directly related with the depletion of fossil fuels but also to
the increase of global pollution and consequently emission of greenhouse gases. Besides
economic and environmental concerns, the use of these biobased sources will provide
important properties to the UPRs, such as biocompatibility and degradability, which, combined
with the UPRs already excellent properties, makes them suitable candidates in tissue
engineering (TE) fields.

In TE field, the production of 3D scaffolds is of huge importance, being stereolithography (SLA)
one of the most used methods to produce high quality models. However, SLA requires fast
curing resins, being most of the available ones toxic, therefore limiting its use in biomedical

areas.

This PhD project focused on the development of new biocompatible UPs suitable to prepare
biocompatible 3D scaffolds for TE applications, using microstereo-thermo-lithography
(USTLG). A UP appropriate for uSTLG, should fulfil several characteristics, such as:
biocompatibility, fast curing process (in few seconds) and low viscosity. These requirements
make the development of full, or even only partial biobased UPRs a very challenging task,
because the bio UPs must also meet the properties of conventional petroleum-based
materials, regarding their mechanical strength, thermal stability, processability and

compatibility.

Driven by the current lack of acceptable materials for SLA on the TE area, the development
of new biobased UPRs that overcome these limitations is of great interest, aiming to produce
biobased 3D scaffolds with high quality and accuracy. Towards this objective, it is necessary
to understand the chemistry behind the polyester preparation as well as its structure versus
property relationship of UPs. In order to develop a new biobased UP that could resemble the
curing behavior of commercial resins, successfully tested on the uSTLG equipment, this
project started by reproducing a commercial UP. This step was then followed by the

introduction of renewable sources to UPs formulations. By varying the type and amount of
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monomers, it was possible to fine tune the UPs properties, allowing to meet the requirements
to produce 3D biobased scaffolds. Posteriorly, the synthesized UPs were crosslinked with
Styrene (St) (for comparison purposes) and 2-hydroxyethyl methacrylate (HEMA). HEMA
ultimately revealed as the preferred UM to develop 3D scaffolds, which have presented high
cell viabilities. These new UPRSs, developed in the context of this PhD work, can establish an
evolution milestone not only in areas such as TE and other similar biomedical fields, but also

in industrial applications.
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The Potential of Unsaturated Polyesters in Biomedicine and Tissue Engineering

1. Polyesters

The history of polyesters dates back to the 1930’s when Carothers reacted aliphatic diols
with aliphatic diacids and established the relationships between the structure and
properties of the obtained polymer. The results were not very promising since the
polyesters obtained had low melting points, were very prone to hydrolysis, and no
practical applications were found for the synthesized polymers. The search for polyesters
with better properties continued and, in 1941, Whinfeld and Dickson, from Calico Printers
Association, reported the synthesis of high melting and fiber forming polyesters from the
reaction of terephthalic acid (TPA) and aliphatic glycols [1, 2]. The polyester that resulted
from this work was poly(ethylene terephthalate) (PET), that is still today one of the most
produced and used polymers worldwide.

Nowadays, polyesters constitute one of the most important and versatile classes of
polymers, being suitable to be used in a variety of applications (e.g., automotive industry,
plastics industry, biomedical field, among others) [2]. Polyesters are prepared through a
polycondensation process, where a dihydroxy compound (or a mixture of dihydroxy
compounds) reacts with anhydrides or dicarboxylic acids [2]. To achieve high reaction
conversions and polyesters with high molecular weight the generated by-product, water,
needs to be continuously removed from the reaction medium. For such purpose, a
stream of nitrogen and vacuum can be used or, alternatively, the removal of water can
be done with the help of solvents that are able to form azeotropes with water (e.g., xylene
or toluene).

The use of catalysts is also common in the field of polyesterification. The most used are
metal based catalysts (e.g., Sn(Oct)., ZnCl.), and organic acids (e.g., p-toluene sulfonic
acid, PTSA). The use of enzymes as catalysts has also been reported [3]. Ring opening
polymerization (ROP) is another method that can be used to prepare polyesters.
Typically, with this synthetic method it is possible to obtain polyesters with high molecular
weight and low polydispersity (D) [4]. Polyesters can be divided into different classes
(e.g., aromatic or aliphatic) depending on the type of monomers used. Two classes that
result from this division are the saturated polyesters and the unsaturated polyesters
(UPs). Examples of saturated polyesters are poly (s-caprolactone) (PCL), poly(L-lactic
acid) (PLLA), poly(glycolic acid) (PGA), as well as their copolymers. These polyesters
found a broad range of applications in the biomedical field due to their biodegradability
and biocompatibility. Some of the applications include scaffolds for tissue engineering
[5], sutures [6] and drug delivery systems [7]. Nevertheless, there is still a need to
develop materials with more specific properties, for example, in terms of solubility,

crystallinity, reactivity, among others [8]. Overall, these materials are hydrophobic and
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with few reactive groups along the backbone, thus limiting their applicability and further
functionalization.

Regarding the UPs, these are characterized by their low-molecular weight and high
polydispersivity values (D). The unsaturations present in the polymer backbone allow the
UPs to be used in cure reactions via radical polymerization reactions, in the presence of
an unsaturated monomer (UM), usually styrene, leading to thermosetting polyesters,
known as unsaturated polyester resins (UPRs). Maleic anhydride (MA) and fumaric acid
(FA) are the most used commercial monomers for introducing unsaturations in the
polyester chain. The UP properties can be easily tuned by using different types of diols
and diacids or even by changing the reactant ratio [9]. The properties of the UPRs
depend not only on their molecular composition but also on the extent of the cure
reaction, which means that it is very important to understand the reactions occurring
during the curing and its implications in the process [10]. Although UPRs were developed
in the 1930’s, they still today widely used in a variety of applications closely related with
the industry (e.g., construction and automotive). Nevertheless, in the last years, efforts
have been made to prepare UPRs more directed to biomedical applications [11-13]. In
this case UPs are very attractive candidates mainly due to their unsaturations, providing
further functionalization sites [14] and enabling the fabrication of complex 3D structures
via Additive Manufacturing (AM) processes [12]. This chapter intends to give a broad
overview about the synthesis and preparation of UPRs, in particular the relationship
between structure and properties as well as the latest developments regarding their
application in the biomedical field. AM processes used to produce scaffolds are reviewed

with special focus on stereolithography (SLA).

2. UPs and UPRs: From synthesis to biomedical applications

2.1 The chemistry of UPRs

The transformation of UPs into a structural material requires the addition of another
component, the UM, commonly named as diluent and generally used in weight
percentages ranging from 30 to 40 % [4]. The generic process to obtain UPRs is divided

in two main steps: the synthesis of the UPs and the curing reaction (Figure 1).
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Figure 1. Path for the development of UPRs: (A) Polycondensation reaction, and (B) cure
reaction.

The UM is added to the UP for two main purposes: (1) to reduce the viscosity of the
system (aiding the resins processing) and (2) to create an efficient crosslink network with
the double bonds available in the UP backbone. Styrene is the most commonly used
UM, but others, like dimethacrylates, alkyl methacrylates vinyl esters, and
divinylbenzene can also be used [4, 15]. Due to the radical nature of the curing process,
the addition of a radical initiator to the formulation is needed. The most employed
initiators are the organic peroxides, namely ketone peroxides, alkyl hydroperoxides,
diacyl or dialkyl peroxides [15]. Another important component of the formulation is the
accelerator or promoter, a compound able to reduce the activation energy involved in
the initiator decomposition, leading to the reduction of the temperature required for

crosslinking. Vanadium or cobalt salts and tertiary amines (e.g., N,N-diethylaniline, N,N-
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dimethylaniline, or N,N-dimethyl-p-toluidine) are the most commonly used accelerators
[15]. Inhibitors, like hydroquinone or t-butyl hydroquinone, can also be used to avoid
unwanted radical polymerization during the polycondensation (due to the high reaction
temperatures), mixture with UM, handling and storage. The amount of inhibitor, however,
should be carefully adjusted to avoid further slowdown of the crosslinking reaction [4].

When the UPR formulation is exposed to heating and/or radiation, the crosslinking
reaction starts by the formation of free radicals from initiators. The first radicals formed
are trapped by any inhibitor in the mixture until its full consumption. At this stage, the
radical crosslinking reactions starts, forming long chain molecules through the
connection of vinyl monomers, by intermolecular and intramolecular reactions (Figure
2A). These long chain molecules are predisposed to form spherical structures called
microgels (Figure 2B). These gels can be defined as crosslinking dense structures,
where several pendant groups (from UM) are confined to the interior of these structures
[16]. This fact can result in the lowering of the final conversion, due to a chain segmental
immobility in the crosslinked network. In the case of the reaction between UP and UM,
previous studies demonstrated that gelation begins at an early stage of nearly 3-5% of
conversion, which means that the reaction might be diffusion-controlled over almost its
entire course [17]. Thus, the formation of microgel particles is a key feature of the UM-
UP copolymerization. Yang and Lee [18] observed similar results in sheet molding

compounds and in polyurethane-polyester interpenetrating polymer networks.

Figure 2. A. Schematic diagram showing the possible reactions in the styrene-unsaturated
polyester copolymerization. B. Formation of microgel particles through the growth of free radicals:
(I) growth of free radicals; (11) formation of microgel particles, adapted from [18].

The curing process and the reaction kinetics are very complex due to the simultaneous
occurrence of different reactions: UM-UP copolymerization, homopolymerization of UM

and UP homopolymerization. The importance of each reaction can be adjusted
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depending on the formulation used and the curing conditions [19]. As shown in
Figure 2A, these three processes can be divided into four possible reactions:

(1) Intermolecular crosslinking with or without linking between the UM (reaction | and II);
(2) Intramolecular crosslinking with or without linking through UM (reactions Il and 1V);
(3) Branching on the polyester molecule by UM (reaction V);

(4) UM homopolymerization (reaction VI).

The reaction (1) results in a macroscopic network formation through the connection of
adjacent polyester molecules; reaction (2) increases the crosslinking density but does
not contribute to the macroscopic network formation; the other side reactions (3) and (4)
may increase the polymer coil size, however their impact on the network formation is
residual [18]. All these reactions affect the curing kinetics, but only the first two contribute
to network formation.

Usually, the course of the UPRs cure is followed by differential scanning calorimetry
(DSC) analysis [20-26].

2.2 Strategies to tailor and improve the properties of the UPs and UPRs

Due to their excellent properties, easy synthesis, high versatility and low cost, UPRs
applications continue to expand globally at robust rates. These type of materials had a
leading role in the improvement of fiberglass reinforced products, for example in building
materials for boats and cars [2], as they are a very inexpensive and useful solution [10,
15]. UPRs are widely employed as adhesives and coatings but also in the building and
electrical industries, among others [27]. Apart from the advantages, UPRs also present
some disadvantages, such as their high flammability, low impact strength and poor
toughness, which a priori can be mitigated by changing the UPR formulations. These
changes can be performed in the structure of the UP, in the amounts or types of UM, or
even in the initiator systems used.

Sanchez and co-workers [28] have studied the influence of styrene concentration in the
final properties of the UPs using a commercial UPR, RESAPOL 10-203. The results
provided by the dynamic mechanical thermal analysis (DMTA) showed a broadening of
the tan & peak as the concentration of styrene increased (from 6 %wt to 58 %wt). This
fact was attributed to the existence of microenvironments that differ in their composition
and crosslinking density. Above 18 wt% of styrene, two distinct transitions were observed
and ascribed to the presence of two different and immiscible phases within the

crosslinked network: an UP-rich phase and a polystyrene-rich phase. An increase in the
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T, values was also reported for higher contents of styrene. The sample with 38 %wt of
styrene was found to be the most thermally stable.

It is known that when the UPs are prepared with only one diol, namely ethylene glycol
(EG) or diethylene glycol (DEG), a limited solubility in styrene is observed. Nevertheless,
Matynia and co-workers [29] managed to synthesize styrene soluble UPs making use of
only one diol, EG, and two acid anhydrides, viz. MA and phthalic anhydride (PhA). The
synthesized UPs were end-capped with isopropyl alcohol or monoesters from the used
anhydrides, which enhanced their solubility in styrene. The increase in the amount of
double bonds yields UPRs with high reactivity, high crosslinking density and higher
mechanical stability. The UPRs obtained from the UPs end-capped with the monoesters
showed better thermal stability and higher heat deflection temperatures than those end-
capped with isopropy! alcohol.

The enhancement of toughness and impact resistance is a very important issue in the
UPRs’ field. One possible approach to achieve this goal encompasses the preparation
of block copolymers of UPs incorporating rubber segments that are subsequently used
in the preparation of UPRs. Cherian and Tachil [30] prepared copolymers of UP with
hydroxyl terminated polybutadiene (HTPB), carboxy terminated nitrile rubber (CTBN)
and also hydroxyl terminated natural rubber (HTNR). The polycondensation was carried
out in two stages, leading to UPs containing alternating rigid and soft segments. The UPs
were then crosslinked with styrene, in the presence of methyl ethyl ketone peroxide
(MEKP), as initiator, and cobalt napthenate, as accelerator. The mechanical properties
of the UPRs were evaluated and the results showed that CTBN is the most promising in
improving the mechanical properties of the UPRs because the toughness and the impact
strength were significantly enhanced, without jeopardizing extensively the remaining
properties. Another approach was studied by the same researchers [31], in which
poly(ethylene glycol) (PEG) segments were incorporated in the UP structure. The
mechanical properties of the ensuing UPRs (35 %wt styrene) were evaluated and the
influence of the incorporation of PEG in the UP structure was accessed. The results
showed that the use of UPs with PEG segments of molecular weights ca. 200 g/mol
resulted in UPRs with enhanced flexibility, fracture toughness and impact resistance.
Following the same rationale, Cherian and co-workers [32] reported the use of
polyurethane (PU) prepolymers as a mean to improve the mechanical properties of the
UPRs. The prepolymers were prepared by reacting toluene diisocyanate (TDI) with
different polyols (HTNR, hydroxyl-terminated polybutadiene (HTPB), PEG and castor
oil), and subsequently added in varying amounts (up to 10 %wt) to the UP to be
crosslinked in the presence of styrene. The results showed that the HTNR-PU

prepolymer was the most effective in improving the mechanical properties of the UPRs.
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An increase of 20 % in the tensile strength was observed, while the toughness was
shown to increase 188 %. Very important, the DMTA of the modified UPRs showed only
one tan 6 peak, indicating that the PU prepolymers are miscible with the UPR. In another
approach, Rosa and Felisberti [33] incorporated poly(organosiloxane) segments in the
UP network to increase their flexibility.

The mechanical properties of UPRs have also shown to be improved by the addition of
bismaleimides [34, 35], which are a class of compounds with two maleimide groups that
are connected by a nitrogen atom via a linker and are used as crosslinking agents in the
polymer field. These molecules are known for their high thermal stability, strength, and
fire resistance, among other interesting properties. Gawdzik and co-workers [35]
proposed the modification of a commercial UP (D-1103) with 4,4-
bismaleimidodiphenylmethane (BM). The authors reported that the addition of the BM
accelerated the curing reaction, resulting in UPRs with high T4 values (ca. 180 °C vs 70
°C for the unmodified ones) and high hardness. It was also shown that BM can react with
the UP at high temperatures, without any chemical initiator. When styrene is added to
the system, different reactions can take place, namely UP-BM crosslinking, UP-styrene
crosslinking, or even UP-(BM-styrene sequences) crosslinking. Figure 3 illustrates the
structures of the UP and of the crosslinkers.

X

(A)

0] o]
0O B) 0]

(0] (0]
(0] 0]
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Figure 3. Structures of the crosslinkers: (A) styrene, (B) BM, and (C) BM-styrene, adapted from
[35].

In a very interesting approach, Cherian and Tachil [36] studied how the addition
sequence of the reactants in the UPs preparation influenced the final properties of the
UPRs. The authors used five different sequences of reactants addition and found out

that reacting first PhA with the whole amount of propylene glycol (PG), with the
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subsequent addition of MA was the most promising sequence. This procedure led to
shorter reaction times, and the resulting UPs yield UPRs with enhanced elongation at
break and toughness.

Fluorinated polymers, in turn, have shown to be suitable to improve both the mechanical
properties and surface properties of the UPRs, as demonstrated by Messori and co-
workers [37]. The authors reported the modification of an UPR by blending it with poly(e-
caprolactone)-perfluoropolyether-  poly(e-caprolactone) (PCL-PFPE-PCL) triblock
copolymers. The fluorinated modified UPR (FUPR) showed a surface enrichment in
fluorine segments and, as expected, a decrease in the water diffusion coefficient value.
The morphology of the FUPR has shown to be strongly dependent on the molecular
weight and the PFPE/ PCL ratio. It was also found that a plasticization effect occurred
with an increase in the molecular weight of the triblock copolymer and in the PCL length.
The absorbed energy at break was observed to be enhanced when the PFPE/PCL ratio
was 2/10.

In another work, Nebioglu and co-workers [38] studied the effect of the amount of both
multifunctional UM and internal and terminal unsaturation in the network structure and in
the mechanical properties of the resulting UPRs. Acrylate-terminated UPs were obtained
from the reaction of MA, adipic acid (AA), neopentyl glycol (NPG), and
trimethylolpropane (TMP), and their end-chains were modified with acrylic acid (AcA).
The UPRs were obtained from the photopolymerization of the UPs in the presence of
trimethylolpropane triacrylate (TMPTA) as UM, and Irgacure 184 as photoinitiator. The
DMTA showed that both high concentrations of TMTPA and high internal unsaturation
led to phase separation in the cured UPRs. It was also observed a broadening of the tan
O curve, revealing the heterogeneity of the sample, as the amount of TMTPA increased.
Surprisingly, the increase in the amount of internal and terminal unsaturations was not
translated in an improvement of the crosslinking density. The authors attributed this
result to the fact that a higher unsaturation concentration causes more microgelation,
resulting in a higher amount of trapped free radicals inside the microgels, with
consequent reduction in the crosslinking density. The microgels were also responsible
for a decrease in the fracture toughness properties and on the reverse impact resistance.
In a subsequent work, the authors [39] used the same type of UPs to obtain UV-cured
films and studied how the extent of microgelation affected the viscoelastic, fracture and
tensile properties of the films. The results demonstrated that when the microgelation
occurred in a low extent, the microgels acted as micro-support units enhancing the
mechanical properties. However, for high extent of microgelation, a phase separation

occurred jeopardizing the mechanical properties of the films.
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Another very important aspect in the field of UPRs is related with their thermal stability.
Some strategies regarding the improvement of this property have been presented in
literature. Tawfik [40] developed different UPs based on durene derivatives, viz. 3,6-
bis(methoxymethyl)durene and 3,6-bis(benzyloxymethyl)durene, that were obtained
from the 3,6-bis(chloromethyl)durene (Figure 4A). The other monomers used in the
preparation of the UPs were PhA, MA and succinic acid (SUCA) as well as different
glycols, such as PG, triethylene glycol (TEG), and cyclohexane diol (CHD). The UPs
were able to cure with styrene, at room temperature, in the presence of cobalt
naphthenate and MEKP as accelerator and initiator, respectively. From the
thermogravimetric analysis (TGA) and DSC studies, the authors found that the UPR
prepared from UP V (see Figure 4B) was the resin with the highest thermal stability.
Additionally, both this UPR and that obtained from UP Il (see Figure 4B) showed flame-

retardant properties.

3,6-bis(methoxymethyl)durene 3,6-bis(benzyloxymethyl)durene

(A)

NEVS G N
NTCAS RS
Ay
\o&yok\gj{ﬂpﬁ:

Figure 4. Monomers used for the preparation of durene based polyesters (A), and structure of
the UPs (B), adapted from [40].
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In a different approach, Tibilleti and co-workers [41] improved the thermal stability and
fire behavior of UPRs through the introduction of nanometric alumina oxide and
submicron alumina trihydrate.

Alkskas and co-workers [42] developed thermally stable UPs containing a
cyclopentapyrazoline moiety in the main chain. The cyclopentapyrazoline moiety is
known to enhance the thermal stability of the materials, their solubility and can also
provide the materials with photoconductivity. The method for the preparation of the UPs
was based on an interfacial polymerization between diols bearing the
cyclopentapyrazoline moiety, namely 3-p-hydroxyphenyl-6-p-hydroxybenzylidene
cyclopentapyrazoline and 3-anillyl-7-vanillylidene cyclopentapyrazoline, and different
diacyl chlorides, viz. adipoyl, sebacoyl, isophthaloyl, and terephthaloyl dichlorides
(Figure 5).

l NaOH/CH,Cl,

N=NH
o O)LR1
n
R: H; OCH; Ry: 4©— ;\©/ ;(/\}4 ; Hs

Figure 5. UPs synthesis through interfacial polycondensation technique, adapted from [42].

The UPs presented Tg4 values ranging from 103 °C to 208 °C, being soluble in a variety
of organic solvents. Thermal analysis showed that these aromatic based polyesters were
more thermally stable than the aliphatic counterparts. It should be stressed, that this new
UP also showed electrical conductivity when doped with iodine. Unfortunately, no data
regarding the cure reaction of this UP to yield the UPRs was reported by the authors.

The synthesis of modified UPs to enable the control of product viscosity was performed
by Chiu and co-workers [43]. The authors grafted thermally breakable functional groups
based on diketogluconic acid onto the UPs backbone and the results showed that these

moieties were crucial to control the viscosity during the moulding process.
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In another work related with the viscosity control, Zhang and co-workers [44] developed
new unsaturated hyperbranched polyester resin (UHPR) based on the reaction between
maleic monoisooctyl alcohol ester and a hydroxyl-ended hyperbranched polyester resin
(HPR). The hydroxyl ended HPR was prepared from PhA and TMP. The UHPR showed
a viscosity below 10,000 cP, at room temperature, being suitable to be used in the field
of coatings.

It is known that UPRs can have large volume shrinkage during the polymerization, which
leads to sink mark formation, surface waviness, warpage, poor dimension accuracy, or
internal crack. This particular aspect can pose several issues to the application of these
materials in AM processes. Shenoy and co-workers [45] reported a study on the effect
of the addition of ethylene vinyl acetate (EVA) (partially depolymerized and presenting
different degrees of branching) on the mechanical, thermal, chemical and shrinkage
properties of UPRs. The authors concluded that the addition of 0.5 % wt EVA (with a
high degree of branching) led to an improvement in the flexural and tensile properties,
without deleterious effects in the heat deflection temperature (HDT) and impact
properties. A decrease in the percentage of shrinkage of ca. 2% was observed for the
system containing 0.5 % wt EVA. Further increase in the EVA percentage led to a
decrease in the volume shrinkage, but a notorious worsening of the remaining properties
was observed. It is known that the increase of the crosslinking density results in a
decrease of shrinkage behavior. This phenomenon will not be fully discussed here,
although it assumes a great importance in industrial fields and has been intensively
investigated [46-48].

Another important aspect in the UPRs field is related with the initiator systems that are
used. As mentioned before, tertiary amines are widely used as accelerators, but often
the formulations containing these compounds have a reduced shelf-life. A possible
strategy to overcome this issue is to incorporate the amine in the UP structure [49-52].
For such purpose, Duliban [49] developed novel amine modifiers with hydroxyl terminal
groups to be incorporated in the UPs. The amines were prepared from the reaction of
ethylene oxide (EO) or propylene oxide (PO) with N,N’-diphenylethane-1,2-diamine or
from the reaction of EO with N,N-diphenylhexane-1,6-diamine (Figure 6). The amine
modifiers were used to partially replace PG (up to 2 % mol) in a UP composed by MA,
PhA, PG and DEG. The UPs were cured in the presence of benzoyl peroxide (BPO), the
most used initiator in amine-curing systems, or alternatively in the presence of the
initiator methyl ketone hydroperoxide and the accelerator cobalt(ll) octanoate. The
results obtained from the cure reactions showed a reduction of the gelation time in both
curing systems when 2 %wt of the modifier was used. The best result, in terms of gelation

time and storage stability, was obtained for the UP containing 1 % wt of the maodifier 3,6-
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diaza-3,6-diphenyloctane-1,8-diol. The addition of benzyltriethylammonium chloride to
the cobalt curing system was also performed to improve the storage stability of the

resins. However, the stabilizer reduced the resins reactivity.

257 R

o
QNHZ + Cl-R-C —— QNH—R—CI . QNH—R—NH—@ —— HOY\N,R\N/YOH
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Figure 6. Scheme of preparation in two steps of amine glycol modifiers for UP resin, i.e. 3,6-
diaza-3,6-diphenyloctane-1,8-diol (R=-(CH2)2-; Ri=-H), 4,7-diaza-4,7-diphenyldecane-2,9-diol
(R=-(CHz2)2-; R1=-CHz) and 3,10-diaza-3,10-diphenyldodecane-1,12-diol (R=-(CHz)s-; R1=-H),
adapted from [49].

In the same line of research, Kucharski and co-workers [52] prepared diols bearing
tertiary amine groups, from the reaction of N,N-dimethyl-p-phenylenediamine with EO or
PO. The results showed that when the amine diols are incorporated in the UP structure,
a reduction in the gelation time of the respective UPRs is observed. Nevertheless, the
UPRs stability is also compromised exhibiting a significant reduction. Related works by
Duliban [50, 51] show that amine diols (or triols) bearing s-triazine rings (Figure 7), when
introduced in the structures of the UPs, are also effective in reducing the gelation times

of the respective UPRs.
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Figure 7. Structures of the amine glycols bearing s-triazine rings: (A) 2-[N,N-bis(2-
hydroxyethyl)amine]-4,6-dimethoxy-1,3,5-triazine; (B) 2,4-[N,N-bis(2-hydroxyethyl)amine]-6-
methoxy-1,3,5-triazine; (C) 2,4,6-tris[N,N-bis(2-hydroxyethyl)amine]-1,3,5-triazine; (D) 2-[N-
phenyl-(2-hydroxyethyl)amine-4,6-dimethoxy-1,3,5-triazine; (B) 2,4-bis[N-phenyl-(2-
hydroxyethyl)amine]-6-methoxy-1,3,5-triazine; and (3] 2,4,6-tris[N-phenyl-(2-
hydroxyethyl)amine]-1,3,5-triazine [50, 51].
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The catalyst of polycondensation to prepare the UPs can also be modified as a route to
improve the efficiency of the reaction. In this sense, Alemdar and co-workers [53]
proposed a boric acid-pyridine mixture as a mild catalyst for the preparation of UPs, from
hydroxyethyl esters in-situ generated from cyclic anhydrides (maleic, succinic and
phthalic anhydrides) (Figure 8). The UPs, with molecular weights ranging from 1650 to
1950 g/mol, were obtained after 4h of reaction. This reaction time can be seen as a great
advantage since it opens the possibility of avoiding side-reactions (e.g., branching or
crosslinking from the reaction of hydroxyl groups with the double bonds). It was also
found that the UPs easily bind to sodium bisulfite to give sulfonated derivatives that have

an amphiphilic nature.
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Figure 8. Polyesterification of the monohydroxyethyl esters of maleic acids with boric acid-
pyridine mixture as mild catalyst, adapted from [53].

In another work, Lou and co-workers [54] demonstrated that it is possible to obtain UPs
with a controlled structure and tailorable properties by ROP. The homopolymerization of
6,7-dihydro-2(5H)- oxepinone (DHO) and its copolymerization with &-caprolactone (e-CL)
[40] were initiated by aluminium isopropoxide [AI(O'Pr)s], in toluene, at room temperature
(Figure 9).
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Figure 9. ROP of DHO to give the poly(DHO), adapted from [54].

The poly(DHO) was obtained with the predicted molecular weight, with a narrow
molecular weight distribution, and with T4 and T, of -50°C and 35 °C, respectively. The
copolymers DHO with e-CL were also prepared in a controlled manner. From this
experiment, it was also possible to observe that an increase in the DHO amount in the

random copolymer increases the T4 and decreases the Ty, in comparison with PCL.
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2.3 Alternative crosslinking methods for the UPs

Commonly, the UPRs are obtained from the cure reaction between the UP and the UM.
Due to its low cost and availability, styrene is often used as UM. Additionally, styrene is
known to provide UPRs with excellent mechanical properties. However, this UM has high
volatility, and during the cure process it is released to the atmosphere. Thus, in the recent
years, significant efforts have been devoted to find alternative UMs capable to overcome
this problem. Possible strategies encompass the use of UMs with boiling temperatures
higher than styrene [55, 56], the reduction of styrene content in the formulation and, more
interesting, the introduction of different moieties in the UP structure to allow the further
crosslinking in the absence of UM. It should be noted, that in this subsection the
described strategies are exclusively related with fossil based UPRs. The strategies
focused on the development of self-crosslinkable biobased UPs will be presented in the
following section of this chapter.

In a very interesting contribution, Straub and co-workers [57] developed alternative
crosslinking methods for UPs avoiding the use of styrene. The strategy proposed was
based on the use of maleic or fumaric diesters functionalized with triple bonds, followed
by oxidative metal mediated homo-coupling of the introduced alkyne moieties (Figure
10). The authors discovered that the combination of Pd/Cu and air is a very effective
system for the catalytic oxidative homo-coupling of alkynes, leading to the crosslinking

of UPs chains.
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Figure 10. Metal-mediated reaction of UP via functionalization of maleic or fumaric diesters,

followed by oxidative homo-coupling of the introduced alkyne moieties, adapted from [57].

In turn, Cinar and co-workers [58] proposed the use of bis(nitrone)s as crosslinkers for
UPs bearing maleate and fumarate groups. The nitrones are known to easily undergo
1,3-cycloadditions with double bonds. The crosslinking reaction successfully occurred at
120 °C, for 30 min, in the absence of catalysts (Figure 11). Unfortunately, no data

regarding the properties of the UPRs were presented by the authors.

16



The Potential of Unsaturated Polyesters in Biomedicine and Tissue Engineering

\N/O

0] 3 _
+
e L

Figure 11. Crosslinking reaction between the UP and a polynitrone, leading to a 3D network,
adapted from [58].
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Worzakowska [27] reported the synthesis of UPs through polycondensation of cyclohex-
4-ene-dycarboxylic anhydride (THPA), MA and different diols (1,4-butanediol, 1,6-
hexanediol and EG), as well their selective epoxidation with peracetic acid in mild
conditions (Figure 12) [59], to yield unsaturated epoxyoligoesters. It should be noted
that in this method only the double bonds in the cyclohexenyl ring were converted in
epoxy groups, leaving the remaining C=C bonds (from the maleate units) unmodified.
The ensuing polymers have the ability of being crosslinked in the presence of UMs or by
polyaddition reactions with suitable curing agents. Interestingly, the resins obtained from
the cure of unsaturated epoxyoligoesters in the presence of 20 %wt styrene (usually, the
percentage of styrene is about 37 %wt), and using BPO as initiator, revealed a better
thermal stability and increased viscoelastic properties in comparison to those obtained
from the unmodified UP. The properties were further improved when THPA was added
to the curing system. In this case the crosslinked network resulted from two types of
reaction: (i) copolymerization of the C=C double bonds in the polyester and the UM, and
(i) polyaddition of epoxy groups to anhydride groups, forming additional diester
segments. The length of the diol has demonstrated an important influence in the final
properties of the resins; shorter diols led to resins with better properties than those

obtained with larger diols.
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Figure 12. Structures of: (A) unsaturated oligoester; and (B) unsaturated epoxyoligoester, using
EG as the diol.
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2.4 UPs and UPRs from renewable monomers

A field that is nowadays attracting considerable attention from the scientific community
is the preparation of polymers from renewable resources [60, 61]. In the last years, many
contributions regarding the use of renewable monomers (e.g., FA, ITA, sebacic acid
(SeBA), dianhydrohexitols (DAHS), 1,3-propanediol (1,3PG) [11, 12, 62-64], or vegetable
oils [65-67]) in the preparation of UPs and, ultimately, UPRs have been reported. For a
better understanding, the first part of this subsection will be devoted to the preparation
of biobased UPs, where some approaches regarding the crosslinking reactions of these
polymers in the absence of UM will be presented; the second part will be focused on the
development of biobased UPRs, resulting from the crosslinking reaction of biobased UPs
with UMs.

Takenouchi and co-workers [68] prepared a set of UPs based on different anhydrides
(succinic, methylsuccinic, maleic and citraconic), FA, and EG and studied the effect of
the geometric configuration (E- and Z-) of the double bonds in their biodegradation
properties. Enzymatic degradation tests were carried out at controlled temperature (37
°C) in the presence of Rizopous delemar lipase. Additional degradation tests were
carried out with an activated sludge (25 °C) and the values of the biochemical oxygen
demand (BOD) registered. The overall results showed that the UPs with the double
bonds in the E-configuration are more prone to degradation, when compared to those
that have the double bonds in the Z-configuration. It was also found that the methyl group
as a pendent chain contributes to a decrease in the biodegradability of the samples.
Zheng and co-workers [69] synthesized multiblock copolymers based on poly (butylene
fumarate) (PBF) and poly (1,2-propylene succinate) (PPS), by the chain extension
reaction of PBF diol and PPS diol with 1,6-hexamethylene diisocyanate (HDI) (Figure
13). The main purpose of this work was to increase the biodegradability of PBF by

introduction of PPS moieties.
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Figure 13. Chain extension reaction of PPS-diol and PBF-diol mediated by HDI.
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The results showed that the biodegradability of PBF was enhanced by the
copolymerization of PPS. For contents above 20 %wt, the effect was more notorious.
Also, the introduction of PPS led to materials with higher impact strength and less
crystallinity when compared with PBF.

Najafi and Sarbolouki [70] prepared partially water-soluble UPs through the reaction of
two linear unsaturated aromatic oligoesters, viz. poly(hydroquinone fumarate-co-
sebacate) (PHFS) and poly(resorcinol fumarate-co-sebacate) (PRFS), and PEG. Both
diblock (PHFS-co-PEG and PRFS-co-PEG) and triblock copolymers (PEG-co-PHFS-co-
PEG and PEG-co-PRFS-co-PEG) were prepared and their thermal properties were
assessed. It was found that both the diblock and triblock copolymers were thermally more
stable than the unsaturated oligoesters. The DSC analysis showed that the block
copolymers had one exothermic transition, corresponding to the melt of the PEG
segment. The same authors [71] also reported the preparation of diblock and triblock
copolymers from poly(propylene fumarate-co-sebacate) (PPFS), poly(ethylene
fumarate-co-sebacate) (PEFS), and PEG. Similarly to what was previously reported, the
copolymerization of the unsaturated oligoesters with PEG results in an increase of the
thermal stability. The in vitro hydrolytic degradation (pH=7.4, 37 °C) was evaluated and
the *H NMR analysis revealed that the fumarate ester bond cleaves faster than the ester
sebacate bonds.

Jasinska and Koning [72] also reported the preparation of water-soluble UPs making use
of PEG, isosorbide (IS), and MA. The bulk polycondensation, catalyzed by titanium(lV)
n-butoxide was the chosen synthesis method. The results have demonstrated that these
UPs presented branched structures resulting from the reaction of the double bonds with
the —OH groups of the PEG or IS moieties. The thermal properties of the UPs were
evaluated, and the results showed that the Ty was dependent on the amount of PEG in
the structure; for higher contents of PEG, lower Ty were observed. The UPs were
thermally stable up to temperatures of 255 °C (Tsy). The authors suggested that these
UPs could be suitable for coating applications.

Although the polycondensation reaction catalyzed by metals is the common method used
in the industry and in most academic reports dealing with the preparation of UPs, in the
last years the enzyme-catalyzed polycondensation has gained increasing importance.
Olson and Shears [8] prepared unsaturated aliphatic polyesters by polycondensation of
trans-f-hydromuconic acid (HMA) with several diols (C4 to Ci, and DEG) using enzyme
(Lipase B from Candida Antarctica (CALB)) and metal-based catalysts (Figure 14). The
use of AA as the second diacid was also tested. HMA was the selected unsaturated
diacid because it is not prone to the side reactions commonly associated with FA. The

UPs prepared from this monomer usually present higher molecular weights. The UPs
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resulting from the reaction of HMA with the different diols were obtained in high yields,
with molecular weights between 2500 to 10500 g/mol, and B below 2. The highest
molecular weight was obtained from the enzyme catalyzed reaction of HMA with the Cg
diol. The UP also showed to be thermally stable up to temperatures of approximately
320 °C. When AA was used as comonomer, the enzyme catalyzed reaction has also
shown to be effective in producing UPs with higher molecular weights when compared
with those obtained from the metal-catalyzed reaction, for the same reaction time (13000
g/mol vs 11600 g/mol). The Ty, of all the prepared UPs was found to be dependent on
the length of the diol, being higher when diols with longer aliphatic chains were used.
Another UP, from DEG and HMA, was also prepared, being liquid at ambient
temperature with a T4 of -40 °C.
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Figure 14. Synthesis of HMA homopolymers, HMA-adipic acid copolymers and of HMA and
diethylene glycol poly(ester ether)s adapted from [8].

In another contribution, Naves and co-workers [73] reported the polycondensation of IS
or isomannide (IM) with diethyl adipate and different unsaturated diesters, viz. diethyl
fumarate (FU), diethyl itaconate (IT), diethyl trans-glutaconate (GL) and diethyl trans- 4
hydromuconate (HM) (Figure 15), using CALB as catalyst.
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Figure 15. Structures of the synthesized diesters, diethyl adipate, diethyl fumarate, diethyl
itaconate, diethyl trans-glutaconate and diethyl trans-g-hydromuconate used for further
transesterification reaction with isosorbide or isomannide.
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The UPs based on IM showed higher molecular weights, but lower isolated yields, than
their IS based counterparts. The UP with the highest molecular weight was obtained
when FU was used as the unsaturated diacid; a decrease in the UPs’ molecular weight
was observed for increasing chain lengths of the unsaturated diacid. The same method
of synthesis was used with less sterically hindered diols, namely 1,4-butanediol and 1,6-
hexanediol, and it was found that the molecular weights obtained were very close to that
presented by the UPs prepared from IS and IM. The matrix-assisted laser
desorption/ionization-time of flight (MALDI-TOF) analysis showed unequivocally the
presence of the double bonds, making the materials good candidates to be used in
crosslinking reactions.

Jiang and co-workers [63] synthesized biobased UPs by the polymerization of diethyl
succinate, dimethyl itaconate and 1,4-butanediol in solution, by a two-stage method
(Figure 16), in the presence of CALB.
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Figure 16. Preparation of the UPs by the two-step solution polycondensation, adapted from [63].

The use of diphenyl ether as the solvent allowed the preparation of UPs with higher
molecular weight, when compared to that obtained with the other used solvents (diglyme
and dodecane). The best result in terms of molecular weight (ca. 13000 g/mol) and yield
(90%) was obtained for the UP prepared with a molar feed amount of IT of 15 %. The
NMR analysis showed that the amount of double bonds can be easily changed by using
different amounts of dimethyl itaconate (up to 35 % mol). The results provided by the
thermal analysis showed that the amount of dimethyl itaconate had no significant

influence on the Ty (a variation of 3°C was observed) nor on the thermal stability. In turn,
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the Tm revealed an almost linear decrease, with the increasing amount of dimethyl
itaconate (from ca. 115 °C to 70 °C).

The same research group [64] reported the enzymatic synthesis, using the same
enzyme, of poly(butylene succinate-co-itaconate) (PBSI) making use of three different
methods: two-stage melt polymerization, azeotropic polymerization using
cyclohexane/toluene as solvent, and two-stage solution polymerization in diphenyl ether.
The authors reported that when the dialkyl esters (dimethyl itaconate and diethyl
succinate) were replaced by the respective dicarboxylic acids (ITA and SuCA) only
oligomeric species were obtained. When using dialkyl esters, the best results in terms of
molecular weight and yields were obtained with the azeotropic distillation method. In this
case, it was possible to use molar feed amounts of dimethyl itaconate up to 50 %. As
previously noted [63], a decrease in the crystallinity of the UP was observed with
increasing amounts of the itaconate moieties. The UPs were crosslinked via a hot press
method, in the presence of dicumyl peroxide. The resulting crosslinked materials have
shown to be brittle, presenting high tensile strain and low rupture strain.

Very recently, Jiang and co-workers [62] enlarged the library of biobased UPs, making
use of the two-stage enzymatic polycondensation (catalyzed by CALB) previously
reported [63, 64]. The authors prepared various polyesters using 1,4-butanediol,
dimethyl itaconate and diacid ethyl esters with different chain lengths. The results
showed CALB presents the highest specificity for diethyl adipate, among all the tested
diacid ethyl esters. The thermal properties showed to be dependent on the length of the
diacid ethyl ester used. The UV curing reaction was performed using Irgacure 184 and
the thermomechanical properties (T4, Young modulus’, tensile stress, and rupture strain)
of the cured film could be easily adjusted and tuned by controlling the amount of itaconate
moieties in the UPs structure.

Another work, reported by Tsujimoto and co-workers [74], used enzymatic
polymerization between divinyl esters and glycerol in the presence of unsaturated fatty
acids to develop biodegradable crosslinking polyesters. In this study different lipases
were tested as catalyst, namely, Candida Antarctica (CA), Mucor miehei (MM), and
Pseudomonas cepacia (PC). The comparison between the activity of the three lipases,
revealed that CA lipase was the best in promoting the polycondensation. The UPs were
able to be crosslinked in the absence of UM, using two methods: (i) catalytic oxidation in
air, using cobalt naphthenate, and (ii) thermal treatment (150 °C, 2 h). The film obtained
from the UP made from divinyl sebacate and linoleic acid was subjected to the BOD test
in an activated sludge. The results highlight the gradual degradation of the film, and after
42 days the percentage of biodegradation of the film was 45%. The same enzymatic

polymerization was used to synthesize polyesters based on divinyl sebacate, glycerol
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and unsaturated fatty acids or epoxidized fatty acids [75]. The polyesters bearing the
unsaturated polyesters were further epoxidized in the presence of CA lipase. This work
showed that the enzymatic polymerization can be carried out using both unsaturated of
epoxidized moieties. The crosslinking reaction was carried out as previously presented
[74] and the biodegradability of the films (assessed by the BOD test) showed a
percentage of biodegradation near 50%, after 50 days of test.

Recently, Goerz and Ritter [76] crosslinked biobased UPs made from IA, IS and SA in
the presence of N-alkylated dinitrones based on IS (Figure 17). The results obtained
showed that the new dinitrones were very effective in promoting the crosslinking of the

biobased UPs via a 1,3-dipolar cycloaddition.

Figure 17. Structures of the N-alkylated dinitrones based on IS, adapted from [76].

Another important class of renewable monomers that has been used in the development
of UPs are the cinnamic acid derivatives. These compounds can undergo [2+2]
cycloaddition reactions under UV irradiation (A>260 nm), forming photoreversible
crosslinks. Thus, the polymers comprising these derivatives in their structure are
photoresponsive [77, 78]. Dong and co-workers [79] developed new biodegradable
polyesters by the polycondensation reaction of 3,4-dihydroxycinnamic acid (DHCA),
obtained from lignin, and 10-hydroxycaproic acid (HDA), obtained from the castor oil
(Figure 18). The authors evaluated how the properties of the UPs were affected by the
amount of each monomer in the polymer chain. An increase in the amount of HDA led to
more flexible materials and was also shown to improve the elongation at break of the
UPs. The UPs were further crosslinked by UV irradiation (A>320 nm) and their
mechanical properties were also studied. The crosslinked UPs showed improved tensile
strength, but low elongation at break. The in vitro hydrolytic degradation tests revealed
that the UPs were able to be degraded. Surprisingly, the degradation rate was higher for

the crosslinked UPs.
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Figure 18. Scheme of the synthesis of poly (DHCA-HDA) and photoreaction of the DHCA moiety
promoted by UV irradiation, adapted from [79].

The preparation of copolymers based on cinnamic acid derivatives and PLLA [80-82] has
also been reported, and different approaches have been used. In a very interesting
report, Thi and co-workers [81] used the —OH terminal group of PLLA to attach 3,4-
diacetoxycinnamoy! chloride (DACC), to yield DACC-PLLA. The ensuing polymers
showed excellent thermal stability when compared to neat PLLA (an increase of about
100 °C in the thermal stability was observed). Also, the DACC-PLLAs revealed the ability
to undergo [2+2] cycloaddition reactions when irradiated with UV light with A>280 nm
(Figure 19).
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Figure 19. Photoreaction scheme of DACA-PLLA by UV irradiation at A>280 nm, adapted from
[81].
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With the intention of giving an application to these UPs, the authors used a DACC-PLLA
film to attach a fluorescent dye (Figure 20) by means of [2+2] cycloaddition reaction.
After the photoreaction, the film was extensively washed to remove the unreacted dye
and then analyzed by confocal fluorescence scanning microscopy. The results confirmed
the fluorescent features of these new polymers. Based on the obtained results, the
authors suggested that these polymers could be very useful to conjugate fluorescent

targeting molecules.
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Figure 20. Structure of the fluorescent dye.

In a different, but very interesting approach, Kim and co-workers reported the synthesis
and photocuring study of UPs in the presence of multifunctional thiols [83]. This
experiment was conducted on the grounds that thiols can react with the double bonds
through an anti-Markovnikov mechanism. The UPs were prepared from the
polycondensation of FA with DEG and EG, and their end-groups were induced to react
with trimethylolpropane diallyl ether to obtain an UP with allyl chain ends. For the
photocuring reaction, the UPs were mixed with multifunctional thiols (with the ratio
thiols/double bonds equal to 1), and the photoinitiator Irgacure 184. The reaction was
monitored by FTIR and the results showed that the bands corresponding to the vinyl and
thiol groups disappeared nearly at the same rate, suggesting a negligible
homopolymerization of the UP through its double bonds. Using model compounds the
authors proved that the reaction of the terminal allyl double bonds with thiyl radical was
faster than with the internal double bond. It was also found that the addition of aluminum
tris(N-nitroso-N-phenyl-hydroxylamine) to the formulation contributed to increase its
storage stability. The use of the multifunctional thiol [pentaerythritol tetrakis(3-
mercaptopropionate)] led to the production of films with increased crosslinking density.

This fact was attributed to the high chain transfer ability of the thiyl radical.
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The properties of UPs can also be tailored through the manipulation of their double. One
of the strategies to accomplish such modifications is based on the so called click-
chemistry. In this context, Ates and co-workers [84] proposed the functionalization of
polyesters using thiol-ene click reactions on UPs that were obtained from the ROP of
unsaturated macrolactone globalide (Gl), derived from non-toxic fatty acids. The ROP of
globalide was promoted by the use CALB and then polyglobalide (PGI) was
functionalized with compounds, viz. 6-mercapto-1-hexanol (MH), butyl-3-mercapto

propionate (BMP) and N-acetylcysteamine (nACA) (Figure 21).
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Figure 21. ROP of globalide and thiol-ene reaction of PGI with MH, BMP and nACA, adapted
from [84].

The different moieties used were able to introduce diverse chemical groups in the side
chain of the UP. The use of MH led to the obtainment of an UP with —OH pendent groups.
In the case of BMP and nACA, the authors foresaw the possibility of obtaining UPs with
—COOH or —NHz groups, respectively. Additionally, the authors believe that this
approach could be very useful in preparing a vast range of polymeric materials with
potential application in the biomedical field.

Chanda and Ramakrishnan [14], demonstrated that it is possible to modify the double
bonds of the UPs bearing itaconate moieties using Michael addition reactions. Different
UPs were prepared via bulk transesterification of dibutyl itaconate with different diols,
viz. 1,12- dodecanediol, 1,20-icosanediol, 1,4 -cyclohexane dimethanol (CDM) and PEG,
in the presence of dibutyltin dilaurate. The *H NMR analysis of the obtained UPs showed

that the double bonds remained intact after the reaction, enabling a further
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functionalization, with different thiols and amines (Figure 22). The *H NMR analysis of

the products suggested a quantitative functionalization.
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Figure 22. Structures of the derivatives prepared using Michael addition reactions, adapted from
[14].

Another type of modification that has been used is related with the epoxidation of the
UPs double bonds, as already seen in Section 2.3. Roumanet and co-workers [85]
synthesized oleic acid based UPs via bulk polycondensation of 1,18-(Z)-octadec-9-
enedioic acid (D18:1) with different glycols (1,3PG, 1,8-octanediol, 1,9-nonanediol, 1,10-
decanediol, 1,12-dodecanediol). UPs with molecular weights ranging from 7000 to 20000
g/mol were obtained, with Tr, ranging from 21 °C to 45 °C, being the lowest and highest
value registered for the UPs with 1,6-hexanediol and 1,12-dodecanediol in the structure,
respectively. The double bonds of the UP were then modified with epoxy groups through
the reaction of the UP with m-chloroperbenzoic acid (nCPBA). The crosslinking reaction
was then performed (by the formation of ether bridges), using UV light
(photocrosslinking) and an iodonium salt as the photoinitiator. Transparent and highly
cured films (< 5% of extractables) were obtained. The films were subjected to enzymatic
degradation (pH=7.4, 37 °C) in the presence of Rhizopus Arrhizus lipase. Results
showed no significant degradation after 8 weeks which could be attributed to the highly

hydrophobic nature of the films.
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Kolb and Meier reported some interesting data related to the modification of saturated
fatty acid methyl esters (FAMEs) [86] and proposed new methodologies for the
modification of polyesters bearing pendant double bonds (Figure 23) [87] via cross-
metathesis with acrylates or via thiol-ene coupling modifications. The results proved that
the methods used were efficient to introduce new functional groups on the structure of

the polyester that could be used to tune their thermophysical properties.
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Figure 23. Polymer-functionalization via ruthenium-catalyzed olefin-metathesis (A), and via thiol-
ene addition reaction (B), adapted from [87].

Regarding the development of partially biobased UPRs, Olson and co-workers [88]
prepared unsaturated poly(ester ether)s, using the methodology previously presented by
the same research group [8], and used the ensuing polymers in the preparation of
biodegradable elastomers. The unsaturated polymers were thermally crosslinked in the
presence of BPO and N-vinylpyrrolidone (NVP) as UM, to yield elastomeric films.
Additionally, the materials were also fabricated into more complex forms with
micropatterned surfaces making use of the lithography techniques. Overall, the results
indicated that, depending on their composition, the crosslinked structures can be
obtained with different in vitro degradation profiles (from 30 days to 6 months) and also
with a vast range of mechanical properties (Young modulus’ ranged from 0.2 to 20 MPa).
In another contribution, Tang and Takasu [89] developed UPs bearing itaconate and
maleate moieties through bulk polycondensation of MA and itaconic anhydride with 3-
methyl-1,5-pentanediol, in the presence of bis(nonafluorobutanesulfonyl)imide, under
mild conditions (60 °C, 12 h, vacuum). The preparation of UPRs from the UPs
encompassed two steps. First, a diamine was added to a mixture containing the UP,
methyl methacrylate (MMA) and a UV-initiator. By means of Michael addition reaction, in
particular through the reaction of the maleate units in the UP with the diamine, it was
possible to obtain a single gel network (SN). Interestingly, it was found that the itaconate
moieties did not participate in this reaction. Next, the mixture was subjected to UV

irradiation, and the reaction of the itaconate moieties with MMA led to the formation of
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the UPR (DN gel) (Figure 24). It was found that the ensuing UPR had high mechanical
strength and exhibited shape memory properties. The authors suggested that this

material could be useful in different areas but did not reference any specific application.

UV light

H,NCH,CH,NH, PMMA

@
Crosslinking point of diamine with the maleate bonds
o
Crosslinking point of PMMA with itaconate bonds

Figure 24. Representation of the SN (A), and of the DN (B), adapted from [89].

Jasinska and Koning [90] prepared UPs from IS, SuCA and MA via thermal
polycondensation in the presence of titanium(lV) n-butoxide [72]. The UPs showed a
slightly branched structure that could result from the reaction of IS hydroxyl groups with
the double bonds. The UPs, however, showed good thermal stability (Ts« above 260 °C)
and high Tg4 values (52 to 76 °C). The UPs were further crosslinked in the presence of 2-
butanone peroxide as initiator and cobalt (Il) 2-ethylhexanoate as accelerator; styrene
was replaced for less toxic monomers, viz. 2-hydroxyethyl methacrylate (HEMA), NVP,
methacrylamide and AcA. UPRs with high T4 (60 to 103 °C) were obtained and it was
found that those were thermally stable up to 200 °C.

In another work, UPs with ‘high green content’, making use of different biobased
monomers (e.g., ITA, FA, IS, SeBA) were prepared by Fonseca and co-workers [11] and
crosslinked with HEMA. The UPs were prepared through bulk polycondensation in the
absence of catalysts. The cure reaction was carried out at 80 °C, using BPO as initiator.
It was found that when IA was used as the unsaturated diacid, UPs with branched
structures were obtained, as inferred by the high values of b (>4). The UPRs presented
high gel contents (>70 %), being the highest values obtained for the formulations with
higher amounts of HEMA. The DMTA showed the existence of two transitions, indicating
the presence of different domains within the UPR structure. Swelling tests were also
carried out, and it was found that 20% was the maximum value attained, indicating that
the UPRs have a highly hydrophobic nature. Additionally, the in vitro degradation tests
(pH=7.4, 37 °C) showed that the UPRs are hardly degraded under the tested conditions.

The maximum weight loss was 9%, after 50 days.

29



Chapter |

In the last years, the use of vegetable oils, or their derivatives, in the preparation of new
UPs and UPRs has gained significant interest in the scientific community. The oils were
used both as monomers in the preparation of the UPs [65, 66, 91, 92] or in blends with
commercial UPRs to increase their biobased content [67, 93]. To be used as monomers
in the UPs synthesis, the vegetable oils primarily undergo an alcoholysis reaction
(Figure 25) with glycerol [65, 66, 91, 92], to yield a monoglyceride that is subsequently

used in the polycondensation reactions.

Jiy i
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Figure 25. Alcoholysis reaction to yield a polyol based on vegetable oils.

In a study by Mahmoud and co-workers [66], palm oil (PO) based UPRs were prepared
and characterized. The PO based monoglyceride was made to react with MA, in the
presence of 2-methylimidazole. The ensuing UP was then mixed with styrene (30 %wt)
and UV-crosslinked, using Irgacure 184 as the photoinitiator. The results showed that
the UPRs prepared from the UPs with 3 eq. of MA relatively to the monoglyceride showed
the highest value of gel content and the best mechanical performance (high values of
tensile strength and toughness). In another interesting contribution, UPs made from
glycerol, 1,4-butanediol and IA were prepared and were mixed with acrylated epoxidized
soybean oil and water, in order to obtain stable waterborne dispersions [94]. The
dispersions were then photocrosslinked in the presence of Irgacure 2959 and
triethanolamine, as the initiator and accelerator, respectively. The authors tested the
potential of the material to be used as a coating and the overall results showed that the
crosslinked UPs presented excellent adhesion, high flexibility, and improved solvent

resistance.

2.5 UPs and UPRs directed to biomedical applications

The double bonds in the UPs structure, as previously discussed, can be easily modified
using different approaches. This particularity is very advantageous in the biomedical
context because it enables the attachment of specific moieties that could enhance the

properties of the final material. The fact that some UPs can be crosslinked in the absence
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of UMs is also very promising since the use of hazardous UMs is avoided. Nevertheless,
and as it will be described in this section, efforts have been made to produce UPRs with
less toxic monomers or with macromers based on biocompatible materials. This
subsection aims to present the most relevant works related with the use of UPs and
UPRs in biomedical applications (e.g., tissue engineering or drug delivery systems).
Kharas and co-workers reported the synthesis of fumarate-based UP to be used in
bioresorbable bone cement compaosites, replacing poly(methyl methacrylate) (PMMA),
which is currently used in clinical practice [95]. The UPs were prepared by
polycondensation of diethyl fumarate and different diols, namely 1,2-propanediol (PD),
(S)-(+)-1,2-propanediol (SPD), 2-methyl-1,3-propanediol (MPD) and 2,2-dimethyl-1,3-
propanediol (DMD). Different catalysts, namely PTSA, AICls;, TiCls, Ti(OC4Hg)s, and
ZnCl,, were also tested. The results suggested the possibility of controlling the UP
structure and the extent of the side reactions by choosing the proper catalyst. For
instance, the polycondensation of the monomers in the presence of PTSA led to
branched UPs due to the occurrence of side reactions (between the hydroxyl groups and
the double bonds), whereas in the presence of metallic catalysts an UP with a more
regular structure and with high amounts of double bonds was obtained. After the
polycondensation, the UPs were mixed with NVP, BPO and inorganic filler, CaS0O4.2H0,
and cured to obtain a composite able to be used as a bone replacement material. The
results showed that the composite presenting higher compressive strength and modulus
was the one obtained based on the UP synthesized from PD in the presence of ZnCl..
This fact was ascribed to the higher content of double bonds of this UP, that led to a
more crosslinked composite, and also to the unbranched nature of the glycol used. The
in vitro degradation tests (pH=7.4, 37 °C) revealed that both the UPs obtained from
branched glycols and the unbranched UPs (based on the polycondensation in the
presence of metallic catalysts) are less susceptible to hydrolysis. Regarding the
composites, it was found that those are less susceptible to hydrolysis than the
corresponding uncrosslinked UPs. Nevertheless, the mass loss tendency observed, was
the same both for composites and their uncrosslinked counterparts.

Recently, Smiga-Matuszowicz and co-workers [13] also reported a work in the field of
UPRs as bone substitutes. The authors prepared porous scaffolds from the crosslinking
reaction of poly(3-allyloxy-1,2-propylene succinate) (PSAGE) with oligo(isosorbide
maleate) (OMIS) and a small amount of MMA, in the presence of BPO and N, N*-
dimethyl-p-toluidine, as the initiator and accelerator, respectively. The foaming system
used comprised calcium carbonate and L-LA or pyruvic acid. The results showed that
the maximum temperature observed during the crosslinking reaction was 43 °C, and the

crosslinked porous structure was able to be formed within 15 minutes. It was found that
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the scaffolds exhibited mechanical properties (e.g., compressive modulus and strength)
similar to the trabecular bone. The in vitro cytotoxicity tests carried out with human fetal
osteoblasts (hFOB1.19) cell line revealed that, after 24 h, the percentage of viable cells
was between 77 and 99 %. Upon incubation in a phosphate buffered saline solution
(pH=7.4, 37 °C) it was found that the porous scaffolds lose 40% of their initial weight
after 26 weeks of degradation. Additionally, the scanning electron microscopy (SEM)
analysis revealed that, after 3 hours of incubation, a crystal layer resembling apatite was
formed at the surface of the scaffold. Considering the obtained results, the authors
suggested that these materials can be used as fillers for bone voids.

Guo and co-workers [96] developed new UPs viz. poly(fumaric acid-glycol-
dodecanedioic acid) (P(FA-GLY-DDDA)) copolymers, poly(fumaric acid-glycol-brassylic
acid) (P(FA-GLY-BA)) copolymers, poly(fumaric acid-glycol-tetradecanedioic acid)
(P(FA-GLY-TA)) copolymers and poly(fumaric acid-glycol-pentadecanedioic acid)
(P(FA-GLY-PA)) copolymers. These were prepared in high vyields by melt
polycondensation of the corresponding monomers. The UPs were subsequently mixed
with MMA, a dimer acid, and with BPO-triethylamine system, and it was found that the
ensuing formulation was able to gel at temperatures close to human body temperatures.
In terms of application in the biomedical field, the gels obtained from P(FA-GLY-BA) have
shown to be the most promising, considering its degradation profile (pH=7.4, 37 °C), its
lack of toxicity when implanted in mice, and the release profile of hydrophilic drugs.
Additionally, it was also found that the gels obtained from this UP (with a specific molar
composition of 1.75FA/2.20 GLY/0.25BA) when used to encapsulate adriamycin
hydrochloride were able to enhance the anti-tumor efficacy of the drug, as revealed by
the in vivo tests carried out on mice bearing Sarcoma-180 tumor. In a subsequent work,
Guo and co-workers [97] reported the use of poly(fumaric acid-glycol-sebacic acid)
(P(FA-GLY-SA)) copolymers and poly(maleic anhydride-glycol-sebacic acid) (P(MA-
GLY-SA)) for the same purpose. The gels of both UPs have shown to be biocompatible
and suitable for applications related with the drug delivery for cancer therapy.

Doulabi and co-workers [98] developed poly(ethylene glycol-co-fumarate) (PEGF)
macromers to be used in the preparation of hydrogels. The macromers were prepared
from PEG (1000 g/mol and 4000 g/mol) and fumaric acid, at 50 °C, in the presence of
the system dicyclohexylcarbodiimide (DCC)/dimethylaminopyridine (DMAP) as the
condensation promoter (Figure 26). The crystallinity and T, were shown to be higher for

the macromers prepared from PEG with high molecular weight.
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Figure 26. Reaction of PEG with fumaric acid in the presence of DMAP/DCC, adapted from [98].

The hydrogels were prepared in the presence of a crosslinking agent, NVP, using a
water-soluble redox system comprising ammonium persulphate/N, N, N’, N*-
tetramethylethylenediamine as initiator. It was found that the gelation time to produce
the hydrogels decreased with the increase in the PEG molecular weight. The swelling
capacity was also higher for the hydrogels prepared from the macromers with PEG of
high molecular weight.

In a different approach, Wang and co-workers [99] prepared a set of self-crosslinkable
and biodegradable UPs from poly(e-caprolactone-co-fumarate) (PCLF), poly(ethylene
glycol-co-fumarate) (PEGF) and their copolymer PEGF-co-PCLF. The PCLF and PEGF
were prepared from the reaction of the PCL-diol or PEG with fumaryl chloride, in the
presence of K.COs, as the proton scavenger. The copolymer was prepared in the same
way, making use of the PCLF and PEGF macrodiols previously obtained (Figure 27).
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Figure 27. Synthesis of: (A) PCLF, PEGF, and (B) PEGF-co-PCLF, adapted from [99].
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The prepared UPs were able to be thermally or photocrosslinked, without the addition of
a crosslinking agent. The authors suggested that these UP could be useful in the
preparation of diverse materials for biomedical applications.

PCLF was used by Sharifi and co-workers [100] in the development of an in situ forming
drug delivery system for tamoxifen citrate (TC), an anti-cancer drug. The networks were
prepared via photocrossliking using camphorguinone (CQ) and dimethyl-p-toluidine as
the initiator and accelerator, respectively, and NVP as the crosslinking agent. Increasing
the NVP content up to 16 %wt, led to an increase in the gel yield and a decrease in the
swelling capacity. Above this value, the increment of the NVP concentration in the
formulation did not translate in an increase of the gel yield, remaining some of the
monomer unreacted. The in vitro cytotoxicity tests carried out on MCF-7 and L929 cell
lines showed that the PCLF based networks containing 10 %wt NVP had no adverse
effects on the cells. However, when PCLF/10%NVP networks were loaded with TC, it
was observed that 40-60% of the cells were killed after 72 h of incubation.

In another approach, Sharifi and co-workers [101] synthesized novel self-crosslinkable
and biodegradable polymers, namely poly(hexamethylene carbonate-fumarate)
(PHMCF) and poly(hexamethylene carbonate) diacrylate (PHMCA), and their
amphiphilic copolymers with PEG, poly(ethylene glycol fumarate-co-hexamethylene
carbonate-fumarate) (PEGF-co-PHMCF). The synthetic route to obtain polymers was
similar to that proposed by Wang and co-workers [99], but, in this case, instead of K,COs,
propylene oxide was used as the proton scavenger (Figure 28). The developed materials
were able to be photocrosslinked, without the addition of a crosslinker or accelerator,
and in the presence of camphorquinone (CQ). The in vitro cytotoxicity tests showed that
the materials did not evoke any cytotoxic effect. The optimization of the photocuring
parameters of PHMCF were reported by Mohtaram and co-workers [102]. The
photocrosslinking reaction was studied in the presence of CQ (0.5 to 1.5 %wt) and also
in the presence of CQ and an amine accelerator, viz. dimethylamino methyl ethylacrylate
(DMAMEA) (0.5 to 1.5 %wt). The PHMCEF has shown to be able to be photocrosslinked
with a high degree of conversion (ca. 75 %), in the presence of CQ (1 % wt) and without
DMAMEA. The network obtained from this specific photocrosslinking reaction showed

the lowest swelling ratio and a total absence of cytotoxicity.
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Figure 28. Synthesis of. (A) PHMCF macromers, and (B) respective networks, adapted from
[102].

UPs based on itaconic acid (ITA), and the corresponding diester (dimethyl itaconate,
DMI), AA, SuCA, and different diols, viz. sorbitol (Sorb), TMP, 1,4-
cyclohexanedimethanol (CHDM), PEG and 3-methyl-1,5-pentanediol (MPDO) were
prepared by Barret and co-workers [103]. Thermal and enzymatic polycondensation
(mediated CALB) were used as the polymerization methods with 1A and DMI,
respectively. Both branched and linear UPs were prepared (Figure 29); the first ones
were prepared from the copolymerization of ITA with AA and TMP and from the
copolymerization of SuCA Sorb, whereas the second ones resulted from the
copolycondensation of DMI with CHDM, PEG and MPDO. The UPs were then
photocrosslinked using 2,2-diethoxyacetophenone as the photoinitiator, and
poly(ethylene glycol) methyl ether methacrylate (475 g/mol), or 2-(methacryloyloxy)ethyl
acetoacetate as the UM. It was shown that the thermomechanical properties can be
easily tuned by the choice of the monomers, being the best results obtained for the
network based on the UP synthesized from DMI, AA, and MPDO. The materials have
also shown to have low cytotoxicity, making them good candidates to be used in
biomedical applications. Moreover, the suitability of the UPs to be used in imprint

lithographic techniques was also shown.
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Figure 29. Branched polyesters obtained by thermal polyesterification (A) and the photocurable
polymer achieved by enzymatic polymerization (B) using CALB as catalyst.

In another approach, Brown and co-workers [104] reported the synthesis of aliphatic UPs
with potential application in the biomedical field making use of a new dicarboxylic acids
and anhydrides (Figure 30A), obtained from the Diels-Alder reaction of FA and MA with
several dienes. This synthetic route allowed to afford new monomers with diverse
functionalities, viz. ether and amine, that were preserved in the UP structure, after the
polycondensation reaction with 1,8-octanediol, in the presence of Sn(Oct), (Figure 29B).
All the UPs were amorphous, with T4 ranging from -30 to -15 °C. The UPs were liquid at
room temperature, and were able to self-crosslink in the presence of a,a*-
azoisobutyronitrile (AIBN), at 130 °C (Figure 30C), yielding degradable elastomeric
materials. These structures were evaluated in terms of their in vitro cytotoxicity, and the
results showed that only the elastomer prepared from the UP containing the anhydride
Il (Figure 30A) evoked a cytotoxic response. The remaining elastomers have shown to

be non-cytotoxic.
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Figure 30. (A) Unsaturated dicarboxylic monomers synthesized for the preparation of new
unsaturated aliphatic polyesters, (B) overall strategy for the synthesis of polyesters, and (C)
synthesis strategy for polyester thermoset elastomer, adapted from [104].

The previous sections of this manuscript described the different strategies available in
the literature to afford UPs and UPRs with tunable properties (e.g., thermomechanical,
biodegradability, etc.) for biomedical applications. Despite their huge potential, the
design and production of 3D scaffolds using these materials remains very limited due to
the processing techniques employed. The introduction of AM in the field of Tissue
Engineering (TE) opens the possibility to generate 3D matrices with complex shapes,
reproducible internal/external architectures, interconnected network of pores and
multiple materials. In the next sections of this contribution, the rationale behind TE and

AM processes is presented with especial emphasis in stereolithographic systems.

3. Scaffold-based tissue engineering

Tissue engineering (TE) represents an emerging multidisciplinary scientific field where
principles of biology, medicine, materials and engineering are combined with the aim of
developing artificial bio-implants for the regeneration/repair of damaged tissues and
organs. The most common strategy in TE (scaffold based TE strategy) comprises the
combined use of cells and scaffolds to promote and enhance the healing process of the

native tissues (Figure 31).
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Figure 31. lllustration of the four main steps in scaffold based TE strategy. 1) Cell harvesting and
in vitro expansion; 2) cell seeding in porous scaffolds; 3) in vitro dynamic cell culture using
bioreactors; 4) scaffold+cell construct implantation.

Most of cell lines used in TE are anchorage dependent, which means they will need a
support template. For this reason, scaffolds play a major role in TE acting as a temporary
biomechanical support to accommodate cells and promote the guided regeneration of
the neo tissue [105]. The capacity of scaffolds to retain and deliver cells and biological
molecules, promote the adequate diffusion of cell nutrients, oxygen and vascularization
are fundamental aspects inherent to the regeneration process of tissues [106-111]. Due
to the multi-functionality of human tissues, it becomes very complex, if not impossible, to
define which are the parameters of an ideal scaffold, even for a single tissue [112]. These
considerations are complex and include chemical, morphological, mechanical and
biological aspects, as well their time dependence. Despite this complexity, there seems
to be a general agreement on which are the essential requirements for a TE scaffold
[106-108, 110]:
= Biocompatibility: The material, pre- and post-processing, must interact positively
with the biological environment without trigging any adverse host tissue response
[113-115];
= Biodegradability: The degradation rate of the scaffolds must be controlled and
should ideally match the regeneration rate of the native tissue. The degradation
products must not be toxic for cells [116-118];
= Porosity, micro and macro-structure: ldeally, the scaffolds should be highly
porous to enhance cell adhesion and proliferation as well neo vascularisation.
Adequate porosity is also required in order to enhance the biomechanical
coupling between the native tissue and implant [119, 120];
= Pore size and geometry: Pore size and geometry are strongly related with the

adhesion, proliferation and differentiation of cells. According to the literature it is
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possible to find different pore sizes and geometries according to different cell
lines [121-123];

= Mechanical Resistance: Scaffolds must be able to withstand mechanical stresses
both in vitro as in vivo. During the regeneration process of the neo tissue the
scaffolds should gradually transfer the loads to the neo tissue hence promoting
the correct healing mechanism;

= External macro geometry: The adequate biomechanical coupling between the
scaffold and the tissue can only be achieved if the scaffold possesses an
appropriate external dimension and geometry that lead to the correct distribution
of stresses and the scaffold/tissue interface [106, 107, 110, 115, 116];

= Easily manufactured and sterilized: the scaffolds should be manufactured rapidly
with high precision and reproducibility. Chemical or physical sterilization
processes should be employed to easily sterilize the structures.

= Adequate surface topography: Surface topography is of outmost importance
during the adhesion, proliferation and differentiation of cells. The scale, shape
and orientation of the topography may have an effective control on the viability
and phenotype expression of cells [124-126].

The mechanical, chemical and biological behavior of scaffolds are determined both by
the intrinsic properties of the biomaterials as well the manufacturing processes used for
their fabrication. In this sense, different technologies have been developed with the aim
of producing scaffolds with optimized properties for TE applications.

3.1 Manufacturing Technologies

Currently, it is possible to identify and classify the existing technologies into two major

groups: conventional and non-conventional technologies.

3.1.1 Conventional technologies

Since the early days of TE, conventional technologies have been extensively used and
with relative success in the fabrication of scaffolds. These methodologies include [106,
127-130]:

= Salt leaching;

= Lyophilisation;

= Supercritical fluids;
= Moulding;

= Electrospinning;
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These processes are generally quite simple from an implementation point of view
enabling the production of highly porous structures. Despite this simplicity, they do not
allow for a perfect control over the pore size, geometry and spatial distribution, leading
to the generation of 3D structures with limited or inexistent pore channel
interconnectivity. Besides the abovementioned limitations of these so-called
conventional techniques, the use of toxic organic solvents and long fabrication times are
other drawbacks that must be considered. Therefore, additive fabrication techniques are
gaining increasing importance in the fabrication of 3D structures with customised
external shape and predefined internal morphology, allowing good control of pore size

and distribution.

3.1.2 Non-conventional technologies (Additive Manufacturing)

Non-conventional or Additive Manufacturing (AM) technologies represent a group of
techniques recently introduced in the medical field. Besides the high reproducibility and
elevated capacity to quickly produce very complex 3D shapes, these techniques enable
the fabrication of scaffolds with good control over pore size and distribution increasing
the vascularisation and mass transport of oxygen and nutrients throughout the scaffold
[131-133]. The rationale behind AM technologies is based on the use of two-dimensional
data (2D) obtained from the slicing process of 3D models created via CAD (Computer
Aided Manufacturing) systems to physically reproduce 3D objects in a layer-by-layer
fashion [134]. Figure 32 illustrates the main steps required to produce TE scaffolds using

AM techniques.
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Figure 32. Schematic representation of the main steps required to produce TE scaffolds using
AM techniques, adapted from [135-140].
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The first stage requires the generation of the 3D solid model to be produced. This model
can either be obtained directly from 3D CAD software, imported from 3D scanners or
from medical imaging data (computed tomography, magnetic resonance, ultra sounds,
etc.) [135].

The CAD model is then tessellated into an STL model. This operation consists on the
approximation of the model surfaces through a mesh of triangular elements. Finally, the
STL model is mathematically sliced into layers of homogeneous thickness (SLI file) and
sent for production in one of the available AM techniques. The main advantages of AM
techniques rely on the capacity of the systems to physically reproduce very complex 3D
objects with relatively high speed and employing a wide range of materials. Through the
combination of AM techniques with imaging data it is possible to produce personalized
structures with optimal internal/external geometries, which will enhance the
biomechanical coupling between the implant and the native tissue at the site of the
defect. Figure 33 illustrates some customized implants produced via AM techniques.

(A) (B) ©)

(E) (F)

Figure 33. 3D CAD and physical models produced via melt extrusion. (A) 3D CAD model of breast
implant; (B) 3D CAD model of humerus bone; (C) 3D CAD model of human ear; (D) 3D physical
model of breast implant; (E) 3D physical model of humerus bone; (F) 3D physical model of human
ear [141].

Some of these processes can operate at room temperature, with relatively low
mechanical work hence enabling the production of 3D hydrogel-based constructs with
embedded cells (Figure 34).
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Figure 34. Constructs with embedded cells. (A) PEG-co-PDP copolymer hydrogels with HUVECs
encapsulated cells prepared via stereolithography (SLA).
containing adipose-derived stem cells (in pink) and hepatocytes in gelatin/alginate/chitosan
(white) [142, 143].

Depending on the application, AM techniques allow for the direct or indirect production
of 3D scaffolds. The last, requires the generation of a lost mould where the biomaterial

can be deposited and give shape to the scaffold (Figure 35). The existing or under
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Figure 35. Methodology for indirect fabrication of TE scaffolds, adapted from [144].
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The next section revises the main stereolithographic processes, principles and
applications, as well recent advances in micro and multi material systems to produce TE

scaffolds.

3.1.3 Stereolithographic processes

The AM stereolithographic processes, initially proposed by Hull and Pomerantz, involve
the selective solidification of photosensitive resins [145, 146]. Currently,
stereolithographic processes comprise two distinct irradiation methods (Figure 36):

> Mask irradiation;

> Direct irradiation;

(A) (B) System used to focus the beam

Mask

Resin layer

Figure 36. Conventional stereolithography: Mask-based method (A); Direct or laser writing
method (B), adapted from [147].

In the first method, each layer of the polymer is solidified via exposure to UV radiation,
generated by a lamp and transmitted through a mask with transparent areas
corresponding to the section of the model to be fabricated. This strategy can also be
designated as integrative fabrication method as each layer is produced in full at once
[147]. In the second method, also called vector photo-fabrication, a laser is employed to
polymerize, point by point each layer of the polymer hence defining the cross section of
the 3D object. The direct irradiation system is composed of a vat containing a
photosensitive polymer, a movable platform where the model is built, a laser irradiating
UV light and a dynamic optical system to direct the laser along the polymeric layer
(Figure 37). After the construction of each layer, the platform lowers inside the vat
containing the polymer promoting the deposition of a hon-crosslinked polymeric film upon

which the next layer will be generated.
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Figure 37. Schematic representation of SLA system [141].

The methods described above comprise polymerization mechanisms (solidification or
cure of liquid resins) through the absorption of a single radiation photon. However, there
are processes based on the use of femtosecond laser emitting IR, where the polymeric
system is solidified through a reaction ignited by the absorption of two radiation photons.
This process is designated two-photon polymerization and enables the curing process
to occur inside the polymeric system with nanometric resolution.

Independently from the adopted stereolithographic strategy, two main events occur
during the curing reaction, namely gelation and vitrification.

During the curing process, an increase in the Ty of the material may be observed, as a
consequence of the increase in the molecular weight and cross-linking density.
Generally, it is expected that by increasing the extent of cure, molecular weight and
cross-linking will increase, thus removing free chain ends and reducing polymer chain
motions [148]. Consequently, the specific volume should decrease with increasing the
extent of cure [148], and it might be expected an increase in density and modulus of the
material as the conversion increases [147, 149]. The kinetics of the curing process is
strongly affected by temperature, light intensity, and resin composition. As reported in
the literature [147, 150-152], photoinitiated curing processes are characterized by high
initiation rates. Accordingly, volume shrinkage is much slower than the rate of chemical
reaction and the system cannot be in volume equilibrium. For this reason, a temporary
excess of free volume is generated, thus increasing the mobility of the reactive species
in the system. This effect induces higher reaction rates and conversions. Hence, the
higher the temperature, light intensity, or initiator concentration, the higher the rate of gel
formation which leads to higher conversion [147].

A wide range of materials can be used to produce 3D structures via conventional SLA
such as agarose, dextran, PEG, polyvinyl acetate (PVA), poly(2-hydroxyethyl
methacrylate) (PHEMA), etc. In this case the photo initiators must possess low
cytotoxicity, enabling the polymerization of polymeric suspensions containing cells.
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Liu and Bhatia [153] have developed a mask irradiation process to produce cell laden
constructs with micrometric resolution. In this process, the polymeric solution containing

the cells is deposited in the working platform using a syringe (Figure 38).
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Figure 38. Schematic illustration of the SLA process to produce micrometric resolution constructs
containing cells [153].

Chan and co-workers [154] have developed a method to promote cell alignment on three-
dimensional hydrogel-based constructs through the combination of micro-contact
printing and stereolithography (Figure 39). Fibronectin was initially modified with acrylate
groups and then used to pattern glass coverslips with acryl-fibronectin via micro
patterning technique. Generated patterns were transferred to hydrogels produced via

SLA and cell alignment investigated using NIH/3T3 mouse embryonic fibroblasts.
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Figure 39. Schematic illustration of the fabrication method used to create patterns of acryl-
fibronectin on PEGDA hydrogels produced by SLA [154].

Microstereolithography
Microstereolithography has evolved from conventional stereolithography process and

possesses the same operating principles. High resolution 3D objects are built by
superimposition of layers, each being produced by a light-induced photopolymerization
of a liquid resin [132, 145, 155].

Since 1993 different strategies have been adopted to improve both the vertical (along
the building axis) and lateral (in-plane) resolution of the stereolithography process, thus
resulting in the development of several machines that can be classified into three
categories:

1) Scanning microstereolithography systems, which are based on a vector-by-
vector tracing of every layer of the object with a light beam;

2) Integral microstereolithography processes, which are based on the projection
of the image of the layer to be built on the surface of the resin with a high resolution;

3) Sub-micron microstereolithography systems, allowing the polymerization of
the layers which compose the structure directly inside the reactive medium. The
improvement of the resolution is basically related to the reduction of the light-material
interaction [156].

All microstereolithography machines are based on the use of a liquid resin that should
possess specific characteristics, since it is directly related to the resolution of the object
that will be manufactured. One important development in this area was the development
of a novel integral SLA system by researchers from the Centre for Rapid and Sustainable

Product Development (CDRSP), Portugal. This system comprises a light source
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consisting on a 200 Watts mercury lamp with 3 fundamental peaks of irradiation (320-
390 nm with radiation intensity of 17 Watts/cm?, 390-450 nm with radiation intensity of
20 Watts/cm? and 280-320 nm with radiation intensity of 7 Watts/cm?), a shutter for the
radiation on/off, a set of filters and collimating lenses which guarantee the adequate
selection of the wave length, a UV radiation DMD (Digital Micro-Mirror Device DMD 0.7
XGA 12° DDR, 1024x768 pixel of 14 um dimension) which enables the micro definition
of each cross section to be built, a reduction Zeiss lens (10X maximum reduction) and

building moveable platform with a resin vat (Figure 40).

Figure 40. Integral micro-SLA system developed by CDRSP researchers.

This system allows to produce hydrogel-based constructs for TE applications
(Figure 41). The structures are formed by physical or covalent reticulation of a liquid
polymeric solution transforming it into a solid hydrogel.

Figure 41. PHEMA 3D scaffold produced via SLA.

In the TE field, micro-stereolithography has been used, for example, to produce
customized PPF/diethyl fumarate photopolymer 3D scaffolds incorporating BMP-2
loaded poly(lactic-co-glycolic acid) (PLGA) microspheres [157]. In this case, PLGA
microspheres were incorporated into a 3D scaffold which was fabricated through a
microstereolithography system with a suspension of microspheres and a PPF/DEF
photopolymer. The in vitro release profiles were assessed, and it was demonstrated that
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the produced microsphere-containing 3D scaffold was able to gradually release the
growth factor. The biological performance of such multifunctional structures was
analysed, confirming that scaffolds produced by micro-stereolithography were superior
to traditional structures obtained using particulate leaching/gas foaming method.

Knowing the potential of UPs and UPRs as materials for AM due to the possibility of fine
tuning their properties as described in previous sections, our research group developed
new bio UPs to be applied in SLA [12]. In this work, the different biobased UPs
(Figure 42) were used to prepare scaffolds by micro-SLA, using HEMA as UM and

Irgacure 651 as photoinitiator.
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Figure 42. Structures of the UPs developed by Gongalves and co-workers [12] that were used

in the development of scaffolds by micro-SLA.

The obtained structures presented very accurate external geometries (Figure 43), well
defined internal pores and nano scale surface roughness, which is very important to

promote cell adhesion and proliferation.
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Figure 43. SEM pictures of the scaffolds obtained by micro-SLA a) scaffolds based on UP5/St,
with different curing times and b) scaffold based on UP4/HEMA formulation [12].
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Stereo-Thermal-Lithography

To manufacture multi-material functionally graded components, researchers from the
CDRSP, Portugal have developed a new stereolithographic fabrication process, which
is known as stereo-thermal-lithography [147, 158]. This fabrication process uses UV
radiation and thermal energy produced by IR radiation to initiate the polymerization
reaction in a medium which contains both photo- and thermal-initiators (Figure 44) [147,
158].
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Figure 44. Irradiation process in stereo-thermal-lithography, adapted from [147].

The concentrations of these initiators must be properly selected and the curing process
starts when there is a specific combination of thermal and UV radiation energy [147,
158]. The amount of each initiator must be low for inhibiting that the polymerization starts
by only one of these two effects.

In this fabrication process, temperature is used to produce both radicals through the
thermal decomposition of the initiators, simultaneously increasing the initiation and
reaction rate of the photoinitiated curing reaction. Consequently, the extent of cure
increases and no post-cure should be needed, thus producing high quality models [147].
If compared to conventional stereolithography, stereo-thermal-lithography presents
several advantages such as a more efficient generation of radicals, the use of small
concentrations of two different types of initiator which enables the radiation to penetrate
deeper into the material, an increase in the reaction rate and fractional conversion values
due to the specific combination of UV radiation and temperature, an improvement of the
accuracy of the produced models as a consequence of a more localized curing reaction,
and a more tunable system [147].

In particular, the overall system may be divided into four subsystems:
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= Subsystem A employs UV radiation to solidify a liquid resin containing a specific
amount of photoinitiator. It corresponds to an approach which is similar to
conventional stereolithography.

» Subsystem B uses thermal energy produced by infrared radiation for solidifying
a liquid resin which contains a specific amount of thermal initiator.

» Subsystem C employs both heat produced by infrared radiation and ultraviolet
radiation in order to solidify a liquid resin which contains a certain amount of
photoinitiator.

» Subsystem D uses both heat produced using infrared radiation and ultraviolet
radiation to solidify a liquid resin containing a certain amount of thermal initiator
and photoinitiator [147].

Furthermore, the system also contains a rotating multi vat allowing the production of
multi-material structures (Figure 45).
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Figure 45. Schematic representation of the stereo-thermal-lithographic process with rotating
multi-vat system which allows the production of multi-material constructs (Adapted from [141,
147]).

This should represent an important advancement in developing multi-material functional
graded scaffolds for tissue engineering, multi-material microscopic engineering
prototypes through nanostructures for different applications in several fields, biomedical

components, as well as functional metallic or ceramic parts [147].

Two-Photon-Initiated Polymerization
Two-photon-initiated polymerization may be considered as a useful stereolithographic
strategy to fabricate micro/nanoscale structures. Basically, femtosecond laser pulses are
focused into the volume of a liquid resin transparent to the infrared radiation without using
photomasks (Figure 46) [147, 159-167].
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Figure 46. A typical setup for multi-photon polymerization [168].

In this fabrication process, the reactive molecule should be able to simultaneously absorb
two photons instead of one as it is excited to a higher singlet state. The process allows
a submicron 3D resolution, also allowing 3D fabrication at greater depth and ultra-high
speed [147]. Regarding the fabrication of 2D and 3D microstructures with two-photon
polymerization, a hano-stereolithography system was also developed (Figure 47) [147,
164].
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Figure 47. Typical set-up for nano-stereolithographic process, adapted from [147, 164].

It involves the use of a mode-locked Ti:sapphire laser as the light source, providing a
wavelength of 780 nm and a pulse width of less than 100 fs at a repetition rate of 80 MHz
[102, 169]. The beam is scanned across the focal plane by employing a set of two
Galvano-mirrors characterized by a resolution of approximately 2.5 nm per step, and

along the vertical axis using a piezoelectric stage. The laser is closely focused into a
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volume of photocurable resin with an objective lens. In order to obtain exposure times
less than 1 ms, a Galvano-shutter combined with a pin-holed plate is applied [164]. A
control program is used to control the shutter, scanner, and piezoelectric stage. A high
magnification CCD camera is also employed to monitor the fabrication process [164].
The contour scanning method and the raster scanning method have been considered to
produce micro-objects with two-photon polymerization. In the contour scanning method,
the contour profile of the microstructure is traced by the laser beam, whilst in the raster
scanning method all of the cubic volume containing the microstructure is scanned. The
contour scanning method improves the fabrication efficiency, requiring less processing
time [164]. In the nanostereolithography process, according to the scanning paths one
sliced layer of the 3D microstructure is solidified. After translating the position of the
beam spot along the z-axis, another layer is produced. The 3D structure is sequentially
produced with this method [164]. Two-photon polymerization using resins which contain
conventional initiators have been reported in the literature, even if such polymeric
systems exhibit low photosensitivity [147, 166, 170]. Commonly used materials are
inorganic—organic hybrid materials whose properties can be suitably tailored benefiting
from a combination of the characteristics of their constituents, polymers and inorganic
glasses [171, 172].

To sum up, stereolithographic processes present significant advantages to produce TE
scaffolds, namely high dimensional accuracy, capability to generate very complex
geometries, possibility to use multiple materials and ability to operate at room
temperature (or above) for the encapsulation of cells and biological molecules.
Significant advances are expected in the next few years with the integration of different
technologies into a single hybrid system capable of replicating the nano, micro and
macro features of the tissues, introducing biomimetic functional gradients and improving

the overall regeneration process.

4. Conclusions and Outlook

Recently, the development of new UP based materials have received enormous interest
for biomedical applications, particularly in the development of tailor made 3D structures.
These polymers can be successfully used in additive manufacturing due to several
important features: biocompatibility, easy synthesis, functional side groups, large
availability and fast UV/Vis curing. Although, important developments have been made
over the last years regarding the synthesis of UP, their full use in AM requires important
research efforts to overcome some existing issues. On this matter, the full absence of

toxicity compounds used during the synthesis, the exclusive use of compounds that are
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authorized by regulatory agencies, the stringent control over the characteristics of the
UP for effective AM (e.g., viscosity), the fine adjustment of the mechanical properties of
the final 3D scaffolds for specific applications, the optimization of cell attachment, growth
and proliferation are of the upmost importance.

More than ever, the technologies involving the synthesis of these new polymers and the
design/conception of the AM equipment require a combined knowledge and articulated
efforts to generate complex well defined scaffolds. These synergic research efforts are
expected to allow the preparation of advanced scaffolds materials over the coming years
with increasing levels of complexity. These materials will also be essential to better
understand the mechanism of interaction between the body and the implants, opening

avenues for effective solutions that can be translated to clinical practice.
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3D Printing of New Biobased Unsaturated Polyesters by Microstereo-thermal-lithography

1. Abstract

New micro 3D scaffolds using biobased unsaturated polyesters (UPs) were prepared by
microstereo-thermal-lithography (USTLG). This advanced processing technique offers
indubitable advantages over traditional printing methods. UPs were synthesized by bulk
polycondensation between biobased aliphatic diacids (succinic, adipic and sebacic acid)
and two different glycols, propylene glycol (PG) and diethylene glycol, (DEG) using fumaric
acid (FA) as the source of double bonds. The chemical structures of the new oligomers
were confirmed by *H NMR, ATR-FTIR and MALDI-TOF. The thermal and mechanical
properties of the UPs were evaluated to determine the influence of the diacid/glycol ratio
and the type of diacid in polyesters properties. In addition, an extensive thermal
characterization of the polyesters is reported. The accuracy and roughness of the 3D
structures were evaluated by scanning electron microscopy (SEM) and Infinite Focus
Microscope (IFM), revealing a suitable roughness for cell attachment. The data presented
in this work opens the possibility for the use of bio UPs in additive manufacturing (AM)
technologies as a route to prepare biodegradable tailor-made scaffolds that have potential
applications in tissue engineering area.

2. Introduction

Stereolithography (SL) is an additive manufacturing (AM) technique [1], which allows the
fabrication of three-dimensional models from a computer-aided design (CAD) [2]. This
technology produces multi-layered materials through a selective photo-initiated cure
reaction of specific polymers, providing very accurate and precise scaffold architectures
[3]. Microstereo-thermal-lithography (USTLG) is an improved SL technology that was
developed by Paulo Bartolo and co-workers [4], where thermal and optical parameters are
simultaneously used to produce 3D structures. The uSTLG presents several advantages
when compared with the conventional stereolithography: i) the generation of radicals in
polymer matrix is more efficient; ii) small concentrations of the two types of initiator
(thermal and photo) can be used,; iii) the combination of UV radiation and heat increases
the reaction rate and the fractional conversion values; iv) the curing reaction is more
localized, resulting in more accurate models and v) the system has more tunability [5]. One
big issue associated with this advanced technique is related with the lack of proper
biocompatible and photocurable polymers [6]. To overcome such problem, this work was
focused on the development of suitable unsaturated polyester resins (UPRs) to be used
in USTLG. The materials need to fulfil some critical requirements: i) fast curing process; ii)

low viscosity; iii) and biocompatibility if the final scaffolds are intended to be used in
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biomedical applications. The UPs are versatile materials with wide industrial use, such as:
glass-fiber-reinforcement composite materials or paint constituent for different applications
as the automotive, construction and marine industries [7, 8]. These oligomeric structures
are easily prepared and involve the use of non-expensive monomers. Therefore, these
materials could be an effective and convenient technical solution [9]. UPs are
characterized by having low molecular weights, and are generally obtained by
polycondensation of 1,2-diols with saturated and unsaturated anhydrides or diacids [10].
Using UPs, it is possible to obtain a three-dimensional network structure by crosslinking
the unsaturated bonds of the polyester structure with a vinyl monomer, typically styrene
(St), originating crosslinked polyester resins (UPRs) with important industrial applications
[8]. Other chemical modifications (e.g. oxidation of UPs, leading to unsaturated epoxy

polyesters) are also possible to improve their mechanical properties [11-13].

Nowadays, a growing attention is being paid to environmental and sustainability issues
involving the preferential use of biobased monomers to reduce the CO- footprint. This
concern is particularly relevant in polymeric materials that primarily use monomers derived
from fossil resources. In addition, UPs based materials are receiving particular attention in
the biomedical areas considering their potential biodegradability [14]. On this matter, the
selection of monomers is crucial since UP properties can be fine-tuned by changing the
structure of the diacid or the dihydroxy compounds. For instance, it is known that an
increase in the propylene glycol (PG) content in the UP formulation increases the UP
hardness [15]. Also, the presence of aromatic rings in the polyester structure enhances
the rigidity of the resin. The opposite effect occurs by increasing the content of aliphatic
acids, leading to more flexible polyesters. Other studies related to the UPs synthesis are
focused on the influence of the glycols nature or the St concentration in the final properties
of the crosslinked polyesters [11, 16, 17]. In industrial applications isophthalic acid (1A)
and PG are the most common used reagents [10]. Several authors have already reported
the synthesis of UPs using the succinic acid (SuCA) [18, 19], adipic acid (AA) [20, 21]
sebacic acid (SeBA) [14, 22] and other biobased materials [23]. In our work, to the best of
our knowledge, the formulations here described have never been reported and
characterized. The biobased UPRs were synthesized via bulk polycondensation using the
previously described diacids (SUCA, AA and SeBA) with the purpose of replacing IA, while
fumaric acid (FA) was used as the source of double bonds for further crosslinking
reactions, instead of maleic anhydride (MA), which is widely reported in the literature due
to its low cost and high reactivity [19, 24, 25]. However, the use of MA is responsible for

the occurrence of cis-trans isomerism in the final materials [26, 27]. PG and diethylene
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glycol (DEG) were the selected glycols. The biobased UPs were used to prepared 3D
scaffolds by uSTLG, using at this stage only the UV irradiation (Scheme 1).
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Scheme 1. Schematic illustration of the relationship between the polycondensation of bio products
and the AM technologies in Tissue Engineering.

3. Materials and Methods

3.1 Materials

Fumaric acid (FA, 99%), isophthalic acid (IA, 99%), succinic acid (SUCA, 99%), adipic acid
(AA, 99.6%), sebacic acid (SeBA, 94.5%), diethylene glycol (DEG, 99%), propylene glycol
(PG, 99%,) and potassium hydroxide (90%) were purchased from Sigma-Aldrich Chemical
Company and used as received. Hydroquinone (99%) was purchased from Analar, ethanol
(96%) from Panreac, Deuterated tetrahydrofuran-D (THF-ds, 99.5%) from Eurisotop and
phenolphthalein (99%) from Niedel-de-Haén. Styrene (St, >99%) and 2-hydroxyethyl
methacrylate (HEMA, 97%) were also purchased from Sigma-Aldrich. All chemicals were

used as received.

3.2 Synthesis of Unsaturated Polyesters by Bulk Polycondensation

The UPs were prepared by bulk polycondensation. The diacid, the source of double bonds,
glycols and hydroquinone (0.02 % of the total weight) were charged into a four-necked

glass reactor, equipped with a mechanical stirrer, a nitrogen inlet and a condenser
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connected to a receiver flask. The reactor was first heated at 190 °C-200 °C, and then the
temperature during reaction was raised to 220 °C. The polycondensation was carried out
at least for 14 h. The end of the reaction was determined by monitoring the acid value
(AV), (according to ASTM 109-01).

3.3 Spectroscopic analysis

Attenuated total reflection-FTIR (ATR-FTIR) spectroscopic analysis was carried out with a
JASCO FT-IR 4100. 'H NMR spectra were obtained at room temperature on a Varian Unity
600 MHz Spectrometer using a 3 mm broadband NMR probe, in deuterated
tetrahydrofuran (THF-ds). Tetramethylsilane (TMS) was used as internal reference.

3.4 Thermal analysis of UPs

The thermal stability of UPs was evaluated in the range of ca. 25 — 600 °C, in a TA
Instruments Q500 thermogravimetric analyzer (thermobalance sensitivity: 0.1 pg) at a
heating rate of 10 °C-min* and under a dry nitrogen purge flow of 100 mL-min. The
Modulated Differential Scanning Calorimetry) (MDSC) studies, were performed within a
temperature interval ranging from -90 to 50 °C, in a TA Q100 instrument at a heating rate
of 2 °C-mintin the temperature modulated mode, and under a nitrogen flow of 50 mL-min-
1, Dynamic mechanical thermal analysis (DMTA) were performed in Tritec 2000 DMA
equipment at a heating rate of 5 °C-min, in the temperature range from -150 °C to 300 °C,
with a multifrequency mode (1 and 10 Hz). The polyesters were placed into stainless steel
pockets. The pocket was clamped directly into the DMTA using a single cantilever

configuration.

3.5 Size exclusion chromatography analysis

The chromatographic parameters of the samples were determined using high-
performance gel permeation chromatography (HPSEC; Viscotek TDAmax) with a
differential viscometer (DV), right-angle laser-light scattering (RALLS, Viscotek), low-angle
laser-light scattering (LALLS, Viscotek), and refractive-index (RI) detectors. The column
set consisted of a PL 10 mm guard column (50 x 7.5 mm?) followed by one Viscotek T200
column (6 pm), one MIXED-E PLgel column (3 pm), and one MIXED-C PLgel column (5
um). HPLC dual piston pump was set with a flow rate of 1 mL-min~ 1. The eluent (THF)
was previously filtered through a 0.2 um filter. The system was also equipped with an on-
line degasser. The tests were done at 30 °C using an Elder CH-150 heater. Before the
injection (100 uL), the samples were filtered through a polytetrafluoroethylene (PTFE)

membrane with 0.2 um pore. The system was calibrated with narrow PS standards.
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Number average (M,), weight average (My) and dispersity (D) of the synthesized polymers

were determined by conventional calibration (OmniSEC software version 4.6.1.354).

3.6 MALDI-TOF Mass Spectrometry

The biobased UPs were analyzed by matrix-assisted laser desorption/ionization-time of
flight mass spectrometry (MALDI-TOF MS). The dried-droplet sample preparation
technique was used, applying 2 pL of 2,5-dihydroxybenzoic acid (DHB) matrix solution (20
mg-mL? in THF) directly on a MTP AnchorChip™ 800/384 TF MALDI target (Bruker
Daltonik, Bremen Germany), and, before drying the matrix solution, 2uL of sample (20
mg-mL?t in THF) were added and allowed to dry at room temperature. External mass
calibration was performed with a calibration standard (Bruker Daltonik, Bremen Germany)
for the range m/z 700-3000 (9 mass calibrant points): 0.5 mL of calibrant solution and
DHB matrix previously mixed in an eppendorf tube (1:2, v/v) were applied directly on the
target and allowed to dry at room temperature. Mass spectra were recorded using an
Autoflex Il smart beam MALDI-TOF mass spectrometer Bruker Daltonik (Bremen,
Germany), operating in linear positive ion mode. lons formed upon irradiation by a smart
beam nitrogen laser (337nm) using an accelerating potential of 20kV and a frequency of
200 Hz. Each mass spectrum was produced by averaging 2000 laser shots collected
across the whole sample spot surface by rastering in the range m/z 400—3000. The laser
irradiance was set to 45-50% arbitrary units according to the corresponding threshold
required for the applied matrix system. Low molecular ion gating was set to 400 Da to
remove the ions below this value arising from the matrix and their clusters or other
unknown contaminants. All spectra were acquired and treated using the flexControl 3.0

and flexAnalysis 3.0 softwares (Bruker Daltonik), respectively.

3.7 Viscosity measurements

A controlled stress rheometer, Haake, model RS1, was used to measure the viscosity. The
geometry used was a plate/plate system PP20 (titanium for the rotating part and stainless
steel for the stationary part). The UPs were dissolved in 37 % (w/w) of St and measured
under certain conditions. The biobased polyesters were also studied at 25°C. All

measurements were made in triplicate.

3.8 Cell viability assays

For cell viability tests the UPs were crosslinked with St: once the UP synthesis was finished

the temperature was decreased to 80°C-100 °C and the reaction mixture was discharged
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to a vessel containing the right amount of St (37 % (w/w)). The mixture was continuously
stirred and warmed until the total dissolution of the UP. After, the UPs were photo
polymerized in a UV chamber, in the presence of 2 to 5% (w/w) of the photo initiator
Irgacure 651 and using a UV light (253.7 nm) for a period time not exceeding 15 minutes,
at room temperature.

The cytotoxicity of the different photo polymerized products were evaluated in the 3T3-L1
cell line by an extraction test according to ISO 10993-5 Standard [28]. 3T3-L1 cells, seeded
in 48-well culture plates, were incubated with extraction fluid for 24 h, and the cell viability
was assessed by a modified Alamar Blue assay [29]. This assay measures the redox
capacity of the cells due to the production of metabolites as a result of cell growth. Briefly,
following cells incubation during 24 h with the extraction medium, the medium of each well
was replaced with 0.3 ml of DMEM-HG containing 10 % (v/v) of Alamar Blue (0.1 mg/mL
in PBS) and, after 1 h of incubation at 37 °C, 170 uL of the supernatant was collected from
each well and transferred to 96-well plates. Then, absorbance at 570 and 600 nm was
immediately measured in a SPECTRAmax PLUS 384 spectrophotometer (Molecular
Devices, Union City, CA).

3.9 Scaffolds Fabrication

3-D scaffolds were prepared by means of uSTLG. The uSTLG can create scaffolds with
specific geometries, varying in shape and thickness. The UPs and the corresponding UM
were loaded into the reservoir and were exposed to the UV light, in a period between 25
and 60 seconds. USTLG system uses a mercury lamp of 350 W as a light source. Optical
fibers, projection and focal lenses irradiate a UV-DMD and an IR-DMD [4, 30]. A dichroic
mirror captures the images projected on DMD (1024 x 768 pixels, 14 mm in size),
combining them into a single image that is transferred to the reactive resin (monomer or
oligomers). The equipment also includes a multi-vat system. The vertical displacement of
the platform is secured by a uniaxial MYCOSIS Translation Stage VT-80. This positioning
system allows vertical increments of 1 um, at a speed ranging between 0.001 and 20

mm/s.

3.10 Scaffolds Morphology

The morphologies of the processed scaffolds were observed by means of scanning
electron microscopy (SEM) (MEV)/EDS, JEOL, model JSM-5310, at an accelerating
voltage of 10 kV. The topography of the scaffolds surface was observed by an Optical
Microscopy 3d micro, Alicona, IFM G4 3.5 EN.
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4. Results and Discussion

4.1 Unsaturated Polyesters by Polycondensation of Biobased Dicarboxylic Acids

UPs were prepared through a bulk polycondensation reaction between biobased
dicarboxylic acids, two glycols and an unsaturated acid monomer in different relative
ratios. The selection of the diacid monomers was based on their linear chain structure.
SuCA plays an important role in Krebs cycle, occurring naturally in plant and animal
tissues, while SeBA is a derivative of vegetable oils (e.g. castor oil) [31]. AA is one of the
most used acids at industrial scale in different applications, such as medicine and food
industries. These three monomers are among the most common diacids used in polyester
synthesis [32] and can be considered interesting candidates to substitute phthalic acids
[33]. The formulations were developed to fulfil two important requirements: the
incorporation of biobased monomers and the preparation of low molecular weight

structures with internal double bonds for further crosslinking (Figure 1).
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Figure 1. Monomers structure used in the synthesis of the unsaturated polyesters.

The results of polycondensation reactions formulations are presented in Table 1. For
comparison purpose, UPs based on |IA were prepared with different ratios between the 1A
and the glycols, to evaluate the results of increasing the number of aromatic rings, as well
as the influence of decreasing the percentage of glycols in the final properties of the UPs
(UP1, UP2 and UP3). For formulations UP4 to UP6 the main objective was to determine
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the effect of the replacement of the IA by aliphatic biobased diacids with different chain
lengths. In this case, it is expected a polymer structure with higher flexibility compared to
the counterpart using IA [34]. As expected, the molecular weight of the obtained oligomers
is small (between 604 and 1221) with B higher than 2 [10].

Table 1. Synthesis conditions and properties of the UPs synthesized from dicarboxylic acids (IA,
SuCA, AA and SeBA) and diethylene glycol (DEG), propylene glycol (PG) and fumaric acid (FA) as
double bond provider.

- . . Acids/Alcohols
UPs Initial Molar ratio AV M M Db Final Molar

(%) (mg KOHI/g)* ratio (%)° Final Molar
UP1 'QQF/';/ZP/C;;D/ES 29.0 2768 951 291  33/19/20/28 52/48
UP2 'Al\éF/'ggpfz;éD/Eg 40.0 1988 604  3.29  28/24/20/28 52/48
UP3 lgéF/%P/?éD/Eg 28.0 - - - 35/26/18/21 71/29
uP4 SUZC 4A ,/ZFzA //;G //EQEG 41.0 3639 1138 3.20  34/11/40/15 45/55
UPS AﬁizAle/)zG;?;;G 21.4 3081 1221 252  13/13/57/17 26/74
UP6 SezBf//g ;;;S;EgEG 43.3 4700 928 510  18/16/46/20 34/66

3AV, acid value; ® B, polydispersity, was determined by SEC, using conventional calibration with polystyrene standards and
THF as eluent; *Monomers molar percentages from *H NMR spectra.

According to Table 1, there are significant differences between the initial and the final
molar ratio of the UPs. For UP1, UP2 and UP3 a high amount of acids in the final polymer
was detected, which could be explained by some losses of the glycols during the
polycondensation reaction. By the contrary, for the biobased UPs, a high percentage of
glycols is observed, mainly of PG.

The viscosities of the polyesters after dissolution in styrene (UP/St) were determined and
are presented in Table 2 and Figure 2A. The viscosity values of UPs based on alkylic
carboxylic acids were substantially low (between 0.24 and 0.58 Pa-s), when compared
with those based in IA. This can be ascribed to the higher mobility of the polymeric chains
which incorporate long chain alkylic backbone. The determination of the viscosity for UP3
was prevented by the extremely high hardness of the polyester, which may be related to
the high concentration of carbon-carbon bonds in the polymer backbone and the possibility

of the occurrence of some crosslinking reactions during polymerization reaction (Table 1).
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Table 2. Viscosity data of UPs and UPs in 37% (w/w) of styrene at 100 sec! and 25°C.

Polyesters n (UP/St) (Pa-s), 37 sec n (UPs) (Pa:s), 100sec™
UP1 2.09 -
upP2 2.08 -
UP3 - -
UP4 0.38 125.00
UP5 0.24 6.16
UP6 0.58 29.90

Regarding only the UPs stability, UP viscosities were determined after a period of 6
months. The biobased UPs showed an increase of the viscosity over time. This
characteristic suggested that UPs present some rheological instability, probably due to the
occurrence of some gelation processes. Such behaviour has been already reported by
other authors, [24] being characterized by a change of the state of the material, i.e. a liquid-

to-rubber transition and is associated to non-reversible events [5].
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Figure 2. Rheological behavior of the UPs in St (37%) (A) and the biobased UPs after 6 months
(B).

The rheological curves of the polyesters determined six months after the synthesis are
presented in Figure 2B. It was possible to observe that UPs showed a constant value of
viscosity, except for UP4 — in this case the observed viscosity was unexpectedly high.
Additionally, the viscosity of UP4 decreased sharply with the increase of shear rate.
Although this result can be expected for polymers due to a pseudo plastic behaviour [35],
the abrupt decrease in UP4 was not expected. There is not enough information on the
literature regarding the rheological behaviour of unsaturated polyesters or an extensive
study of its stability. However, studies concerning the rheology of cured resins are widely
reported [36-38].
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4.2 Chemical Characterization of Unsaturated Polyesters

The structure of the UPs was analysed by ATR- FTIR and *H NMR. Figure 3 shows strong
bands ascribed to the carbonyl stretching group characteristic of the polyesters, at ca.
1750-1725 cm™ [39].

The OH band at 3600-3200 cm™ is absent for the different UPs. The characteristic
adsorption bands of double bonds are assigned to the C=C stretching vibration present at
1680—-1600 cm™ [40]. These double bonds are associated to FA, present in the different
formulations. Also, the group frequency 3095-3075 cm from the pendant =C-H stretch
was detected (see Figure S1 to S3 in Sl). UP1 and UP3 show additional bands in the
1615-1580 cm™ and 1510-1450 cm™ regions, characteristic of the aromatic ring from the
IA [39]. A distinct peak at 725 cm™ was observed for UPs containing IA and it is assigned
to the aromatic C-H out-of-plane bending vibrations. The peaks in the characteristic region
1150-1050 cm™ observed in all cases can be ascribed to the C-O group.

A P UP1 B 1715cm? UP4
——— UP2 -COO- ——— UP5

-COO-
Vo UPS L - uPé

000 1800 1600 1400 1200 1000 800 600 2000 1800 1600 1400 1200 1000 800 600

Wavenumber (cm™) Wavenumber (cm™)

Figure 3. ATR-FTIR spectra for UP1 to UP3 (A) and UP4 to UP6 (B).

Figure 4 shows the *H NMR spectra of the UPs based on IA. The spectrum of UP1 exhibits
three distinct peaks (a) at 8.63, 8.19 and 7.57 ppm, which are assigned to the aromatic
ring protons. The protons characteristics of the double bonds of fumaric acid (b) are
located between 6.50 and 7.0 ppm. The CHs signals (c) of PG are located between 1.03
and 1.47 ppm, while the CH signal (d) of PG was found at around 5.25 and 5.54 ppm. The
CHj; signals (e) of both glycols are located between 3.71 and 4.45 ppm. The proximity of
the (e) peaks due to glycols, which appear almost overlapped, avoids a straightforward
analysis. The glycol content was determined from the signal of the methyl proton of PG (c)
and the CH; signals of DEG and PG (e).
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Figure 4. 'H NMR spectra of unsaturated polyesters based on isophthalic acid, UP1 to UP3, where
(s) correspond to the solvent peaks of THF- ds.

Figure 5 shows the *H NMR spectra of UP4 to UP6. Besides the signals corresponding to
FA, PG and DEG parts in UP4 to UP6, which are easily identified, on the UP4 spectrum
the signal at 2.58 ppm (f) corresponds to the CH> of SUCA. On the other hand, UP5 shows
two peaks, 6= 2.30 ppm (g) and 5=1.68 ppm (h) assigned to the CH, bonds of the AA. In
UP6 spectra three peaks at 6= 2.27 (i) ppm, 6= 1.58ppm (j) and 6= 1.31ppm (k) correspond
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to the CH2 of SeBA [40]. Relative integration of (K) protons and (i) + (j) protons confirm
this assumption.
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Figure 5. IH NMR spectra of UP4 to UP6, where (s) correspond to the solvent peaks of THF- ds.

From the integration of the 'H NMR signals it was possible to determine the relative molar

amount of the monomers that are incorporated in the polymer structure (see Table 1).
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Regarding the glycol’s quantification, a higher amount of PG is observed in the final UP
for the formulations having biobased acids rather than for the formulation using IA. This
result suggests that alkylic diacids reacts preferentially with this glycol rather than IA.

The structures of UPs were also confirmed by MALDI-TOF-MS. As an example, the mass
spectrum obtained for UP5 from 400 to 2000 m/z is showed in Figure 6. The spectrum
presents five different polymer populations indicated in letter from A to E. For some MALDI
signals, it is possible to assign the monomer composition of the different oligomers as
showed in Table 3 with two degrees of polymerization (DP=2 and DP=3). Some of the
observed polyesters m/z values were associated with the Na* or K* cations. Likewise, UP4
and UP6 revealed m/z values in the range of 500 to 1500 and 500 to 2000, respectively.

2000
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Intens. [a.u.]
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Ll L VI
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———
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Figure 6. MALDI-TOF-MS in the linear mode (using DHB as matrix) of UP5 from m/z 400 to
1600 and the different observed populations from A to E.

The qualitative information collected suggest that the observed mass of UP5 (Table 3) was
identified on the B and D groups, where the B population showed the peaks with the
highest intensities. Also, in the MALDI-TOF spectrum of UP5 a repeating unit was
identified, differing from 30 Da. This value can correspond to the difference between FA
(116.07 g-mol?) and AA (146.14 g-mol?) units or between DEG (106.12 g-mol?) and PG
(76.09 g-mol™?) units. Based on the MALDI-TOF data, it can be suggested that other

combinations of monomers were obtained besides the structure presented in Table 3.
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Table 3. Relationship between m/z and the chemical structure of UP5.

9 0
OMO\)\OMO\/\O ~
0 o

UP5 structure

o]

Observed mass Calculated mass n=
805.54 803.830 2 + [Na']
1193.65 1194.251 3 + [Na']
820.80 819.941 2 + [K*]
1208.31 1210.362 3+ [KY]

It was also possible to confirm the existence of several combinations of monomers present
in the other polyester structures (see Table S1). Between the five populations observed
(A-E) almost all the peaks were ascribed to a specific formulation, e.g. (AA)n+(FA)m+(PG)p-
(H20)y or (AA)+(FA)mt(DEG)q-(H20)y. The differences between near peaks are usually
due to the number of the monomer in the formulation — n, m, p and q. The formation of

other oligomers is expected due to the nature of the step growth polymerization.

4.3 Thermal and Mechanical Analysis of Unsaturated Polyesters

Figure 7 and Table 4 present the data obtained from the thermogravimetric analysis.
Comparing UP1 to UP2 and UP3 profiles, it is possible to observe that changing the
percentages of the components in the formulation led to minor differences in the thermal
decomposition. The differences between UP1 and UP2 thermal profiles were not relevant
— only a slight decrease on the thermal stability was observed, probably due to a decrease
in the aromatic content. UP3, however, presents two significant mass losses at 256 °C
and 337 °C. This profile can indicate that the polyester has a heterogeneous compaosition.
The onset temperature (Ton) of the fumaric acid is of 248 °C, which is fairly close to the
value obtained for the UP3 first step, 255 °C. Despite not being possible to support this
hypothesis, it is our belief that the first step corresponds to a possible sub product of the
polycondensation reaction between FA and the other monomers. This assumption is in
agreement with the *H NMR final molar %, being UP3 the polyesters with the higher
percentage of FA (Table 1).
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Table 4. TGA of UPs (Txw: temperature at x% mass loss; Ton: extrapolated onset
temperature).

Polyesters Tse / °C T1o0w / °C Ton/ °C
UP1 320.63 344.80 355.70
UP2 289.41 326.73 339.21
UP3 228.28 249.64 255.96; 336.85
UP4 199.45 262.92 342.06
UP5 240.42 295.57 328.49
UP6 308.86 339.67 350.04

Figure 7B comprises a low temperature region, making clear that UP4, UP5 and UP6
formulations have similar mass loss profiles, which is explained by their comparable
structures. These results also suggest that the stability of the UPs increases with the
number of carbons in the main chain. For UP6, which contains SeBA in its structure, the
stability is similar to the more stable UP1. However, this is not valid for temperatures below
330 °C. At lower temperatures (see Figure 7B) UP1 shows a less stable behaviour when
compared with UP6. Nevertheless, in general, UP1 appears to be the most stable

formulation, with the main mass loss stage starting at 320 °C.
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Figure 7. A. TG curves of the synthesized UPs obtained at a heating rate of 10°C-min~! and B.

detailed view within the mass loss range up to 10%.

The thermal characterization of the UPs was extended by using the MDSC (see SI, Figure
S4). The identified thermal events correspond to the glass transition temperature, Tg, of
the UPs. According to Table 2.5, the UPs revealed similar MDSC profiles, having Tq4 values
between 8.9 and -39.94 °C. Except for UP1, the other UPs showed only one transition.
The dynamic mechanical results expressed as loss tangent (tand) as a function of
temperature are shown in Figure 8. The UPs were submitted to two frequencies of 1 and

10 Hz (Figure 8 includes the values at 1 Hz as a representative result). DMTA, in
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multifrequency analysis, allows distinguishing between frequency dependent and
nondependent thermal events. Molecular relaxations such as a (or glass transitions), are

always frequency dependent.

0,25
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---------- uP3
0,20 . mmmm up4

\ - — - — - UP5
I ——————— uP6

0,15 A

Tan s
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0,05 A
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Temperature (°C)

Figure 8. Loss function (tand) versus temperature for the synthesized UPs.

Table 5. Glass transition temperatures obtained from DMTA and MDSC techniques.

Ty (°C) .
Polyesters DMTA MDSC Tand (max)
UP1 -7.30 -28.11; 8.9 0.07
up2 18.00 -2.48 0.12
UP3 21.10 -2.9 0.20
UP4 -21.13 -22.22 0.20
UP5 -34.38 -37.49 0.10
UP6 -35.05 -39.94 0.07

Figure 8 shows the tand traces for all synthesized UPs. The peak observed in the curves
corresponds to the glass transition temperature (T,), whose values are summarized in
Table 5. As indicated above, UP1, UP2 and UP3 differ only in the percentages of
monomers. The Tg4 values of UP2 and UP3 are similar (18 and 21 °C) and higher than the
obtained values for the biobased UPs. This fact is explained by the high amount of
unsaturated monomer incorporated into UP1 and UP2 formulations (see Table 1) and also
because the polymer chains of these formulations are much more rigid. Therefore, a higher

energy is necessary to allow the mobility of the UP2 and UP3 chains. Although UP2 and
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UP3 have similar T4, the UP3 shows a higher ratio of loss and storage energies (Table 5).
The study of the mechanical properties by DMTA of UPs is scarcely reported in the
literature with the exception of the UPRs, which were extensively studied [11, 21, 41-43].
Therefore, it is not possible to establish a comparison of our UP results with other reported
values.

According to Table 5, the T, values obtained by MDSC were in agreement with the values
obtained in DMTA for the polymers UP4 to UP6. The obtained Ty values for the aromatic
based formulations were quite different for both the techniques. The differences observed
between Tq values determined by MDSC and DMTA can be ascribed to differences in the
principles used to determine the T4 [44]. The aliphatic polyesters showed negative Ty
values in opposition to the positive values obtained for the IA based formulations. Despite
the differences in the biobased formulations, the T, for UP4 to UP6 was very similar, with
values ranging between -21 and -35 °C. UP4, UP5 and UP6 showed lower Tg values. This
fact can be explained by the absence of rigid aromatic ring in their structure, which results
in much easier movements of the polymer backbone. Table 5 also reveals that for UP4,
UP5 and UP6, an increase of the carbons in the main chain (from de diacid) results in a
decrease of the T4 value, which was excepted, since for longer chains, higher mobility is
achieved. In Table 5, it is also presented the maximum of tand curve. Thus, the values of
maximum of this curve reveal that UP3 and UP4 are the polyesters with the highest
capacity to dissipate energy. In sum, all the UPs reveal similar profiles, except for UP1,

that showed two distinct transitions (MDSC technique).

4.4 Cell viability

The application of UPRs for the biomedical field requires the preparation of crosslinked
material from synthesized UPs (UPRs). The crosslinking process consists in the use of St
and a photo initiator. The biological tests were carried out for three UPs (UP4 to UP6). For
the tests, 37% (w/w) of St and 2 to 5% (w/w) of the photo initiator, Irgacure 651 [44], were
used. After photo polymerization (UV light of 253.7 nm, for a period time not exceeding 15
minutes), the obtained films were translucent and with clean, soft and flexible surfaces.
Before viability tests and to eliminate films acidity they were washed with EtOH for 3-4 h,
dried in vacuum at room temperature and finally placed in an oven at 50 °C for a few hours.
Figure 9 show that there are no considerable differences on the cell viability of the tested
biobased UPRs, being UPRS5 the less biocompatible, nevertheless with a value near 80%
of cell viability. The Alamar Blue assay suggested that the cell viability was in the range of

77-98% for all the tested UPRs, showing no statistically significant differences. Therefore,
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the biobased polyesters synthesized in this work proved to be suitable for application in
biomedical fields.

140

120 A

100 A T “V
80 A T

60 -

40 A

Cell viability (% of control)

20 A

UP4 uP5 uP6
Figure 9. Effect of different UPR on cell viability. The statistical analysis (one-way ANOVA)
indicates that there is not a significant difference between the different conditions.

4.5 Scaffolds Fabrication and Characterization

At this stage, only the UV light was used to promote the scaffolds fabrication. Several
biobased scaffolds (Scf4-Scf6) with different specifications were fabricated. The times of
curing varied between 25 and 60 seconds using St as crosslinking agent [8]. However,
HEMA was also used as (UM) unsaturated monomer in this work considering its intrinsic
biocompatibility [45]. Figure 10 shows the 3D scaffolds prepared by uSTLG using HEMA
as crosslinking agent. The resulting 3D structures presented distinct geometries and very
homogeneous surfaces. Also, the obtained results suggest the possibility of producing
biobased 3D scaffolds by just applying to the UP/HEMA mixture an UV irradiation for 45
seconds (2 layers and a total thickness of 0.2 mm), in the presence of the biocompatible
photo initiator Irgacure 651, 5% (w/w). It was found that depending on the ratio UP/HEMA
the time of cure can range from 25 to 60 seconds to afford a complete crosslinking network
without the need of further post-cure.

These 3D structures are the first reported structures obtained with this new apparatus
using new photo-sensitive materials. These new UPs showed very promising results for
TE applications. Further studies are being performed in order to combine UV and IR
radiations as well as in the development of a multi-vat system [2, 5], so the fabrication of

multi-materials may be a possibility in stereolithography (SLA).
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Figure 10. SEM pictures of the scaffolds obtained by uSTLG. A. Scf5 based on UP5/St, with
different curing times and B. Scf4, based on UP4/HEMA formulation.

The roughness is known to have a critical role for cell adhesion and proliferation on the
surface of the 3D scaffolds [46, 47], determining the cell-matrix interactions [3]. Previous
analysis done by SEM (Figure 10) revealed several difficulties to draw any conclusion
regarding this matter. Even for higher magnification, it was impossible to detect
irregularities on the surfaces.

To overcome this issue, IFM analysis was performed (Figure 11) and the average
roughness values (Sa) are summarized in Table 6. Aiming to compare the different
scaffolds using the same conditions, a similar area of the scaffold was selected to be
analysed. According to IFM results, all the scaffolds exhibited micro-roughness [48]

showing values between 284 nm and 1.65 pum: micro-roughness is widely reported in the

literature for allowing cell growth and differentiation [48].

Figure 11. IFM images of 3D scaffolds: A. Scf4/[HEMA (60 seconds, 1 layer), B. Scf5/HEMA (28.5
seconds, 2 layers) and C. Scf6/HEMA (28.5 sec, 1 layer).

85



Chapter Il

Table 6. Surface roughness of some of the developed 3D scaffolds.

Scaffolds UM Number of layers  Time of cure (sec) Sa
Scf4 HEMA 1 60 518.43 nm
Scf5 HEMA 2 28 283.69 nm
Scf6 HEMA 1 28 1.649 pm

5. Conclusions

New biobased unsaturated polyesters were successfully synthesized via bulk
polycondensation. The success of the polymerization was confirmed through *H NMR,
ATR-FTIR and MALDI-TOF analysis. An extensive study of the structure properties of the
obtained polymers was performed. According to the thermal and mechanical results, the
UPs showed a good thermal stability, being UP1, UP5 and UP6 the most stable. Their
thermal stability was quite similar, with onset temperature values ranging from 328.49 to
355.70 °C. The thermal properties of the UPs were analysed by DSC, MDSC and DMTA
techniques, allowing the determination of the glass transition temperature. This
temperature of the biobased UPs were relatively low (-21 to -35 °C). It was found a slight
decrease of Ty with the increasing of the number of carbons in the main chain, which is
explained by the enhancement of the chain mobility. The results confirm that the
replacement of IA with SUCA, AA or SeBA in the formulation did not reduce the thermal
stability of the UPs. Also, the rheological behaviour of the biobased materials plays an
important role. The biobased polyesters showed proper viscosities to be applied in the
USTLG equipment. The cell viability data also suggested that synthesized UPR are good
candidates to the development of new biocompatible and biobased polyesters structures.
The extensive characterization points out that the UPs properties match the uSTLG
requirements. These data were confirmed by the SEM and IFM results, showing very
promising 3D structures, with very accurate geometries and presenting some nano-
roughness, which is a very important parameter to promote cell adhesion and proliferation.
The successful fabrication of the scaffolds confirms that the system can be used to

fabricate 3D structures with complex micro-architectures.
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Table S1. MALDI-TOF possible combinations, from A to E, for UP5.

Possible Combinations ©

A(OzH)-b(93a)+d(Dd)+w(vH)+u(vv)

A(0zH)-b(93a)+d(Dd)+w(v4)

A(0zH)-b(93a)+d(Dd)+u(vv)

KozH)-(93a)+%(v4) +4(vV)

AOzZH)-YDd)+4(vd) +4(vV)

AozH)-(93a)+¥(v4)

KozH)-4(Dd)+“(v4)

AozH)-P(93a)+4(vv)

AozH)-4(Dd)+(vV)

(3 01 v¥) suoire|ndod

) DP between 1 and 3 were considered for the possible combinations.
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Novel Biobased Unsaturated Polyester Resins prepared by Thermal crosslinking and uSTLG

1. Abstract

Additive Manufacturing (AM) technologies are an effective route to fabricate tailor made
scaffolds for tissue engineering and regenerative medicine, being microstereo-thermal-
lithography (USTLG) one of the most promising techniques to produce high quality 3D
structures. Here, we report the crosslinking studies of biobased unsaturated polyesters
(UPs), using thermal and uSTLG crosslinking processes. The resulting resins were fully
characterized in terms of chemical, thermal and mechanical properties. Gel content
determination, water contact angles (WCA), topography and morphology analysis by
atomic force microscopy (AFM) and scanning electron microscopy (SEM) were also
performed. The results suggest that the synthesized resins have promising characteristics
for USTLG. The in vitro cytotoxicity tests carried out with 3T3-L1 cell lines showed that the
materials prepared by uSTLG presented higher cellular viability when compared with the
thermally crosslinked materials. The cellular viability was 60% and this can be tentatively
attributed to the acidic character presented by the materials.

2. Introduction

The stereolithography (SLA) technology allows the production of highly complex and
accurate 3D scaffolds, due to a precise control over micro and macro-scale characteristics.
Indeed, this technology is one of the few available with ability to produce scaffolds with
accuracies in the range of the cell size [1, 2]. Several authors have reported the fabrication
of scaffolds by SLA, using polypropylene fumarate (PPF) [3], poly(D,L-lactide)-
methacrylate [4], hydroxyapatite [5, 6], coumarin copolymers [7], among others. However,
the range of materials available nowadays for SLA is very scarce due to several material
requirements related with the operation of the technique. SLA methods require the use of
photo curing polymers, with low viscosity and high curing rates.

An improved SLA technique called microstereo-thermal-lithography (USTLG), was used in
this work to develop 3D scaffolds based on biobased UP recently reported by our research
group [8]. There are several advantages on fabricating micro-scaffolds such as the
improvement of the mechanical properties which ultimately leads to a better cell adhesion
[9]. The formulations revealed to have two of the most important characteristics for being
used in uSTLG: suitable viscosity and fast curing rates [10].

These UPs were synthesized by bulk polycondensation using biobased monomers such
as: succinic, adipic and sebacic acids. Fumaric acid (FA) was used as the source of double
bonds to promote further crosslinking reactions with selected unsaturated monomers
(UMs). The optimized conditions for processing involved a curing time between 25-60

seconds to afford 3D structures with controlled geometry and surfaces with micro-
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roughness [8]. Styrene (St) is the most used UM for UP crosslinking due to the interesting
mechanical and thermal properties of the resulting UPR. However, the toxicity of St turns
its substitution by another UM highly desirable. In this line, its replacement by 2-
hydroxyethyl methacrylate (HEMA), N-vinyl-2-pyrrolidone (NVP) or acrylic acid (AcA) is a
suitable approach, as these monomers have been widely used in the preparation of
polymeric structures directed to biomedical fields [11]. Crosslinking studies of new UPRs
using HEMA were also tested in the USTLG. In this context, the biobased UPs were
crosslinked with St (for comparison purposes) and HEMA by thermal crosslinking or
uSTLG. The UPRs were characterised in terms of chemical composition, topography and
thermal/mechanical behaviour. The gel content, water contact angles (WCA) and cell

viability were also assessed.

3. Materials and Methods

3.1 Materials

Succinic acid (SUCA, 99%), adipic acid (AA, 99.6%), sebacic acid (SeBA, 94.5%),
diethylene glycol (DEG, 99%), propylene glycol (PG, 99%), potassium hydroxide (90%),
N-vinyl-2-pyrrolidinone (NVP), acrylic acid (AcA), tetrahydrofuran (THF, >95%) and photo
initiator 2,2-dimethoxy-1,2-diphenylethan-1-one (Irgacure 651®, 99%) were purchased
from Sigma-Aldrich and used as received. Benzoyl peroxide (BPO, 97%) was ordered from
TCI Europe. Styrene (>99%) and 2-hydroxyethyl methacrylate (HEMA, 97%) were
purchased from Acros Organics. Hydroquinone (99%) was purchased from Analar.
Ethanol (96%) and sodium azide (99%) were purchased from Panreac and
phenolphthalein (99%) from Riedel-de Haén.

3.2 Synthesis and Crosslinking of Unsaturated Polyesters Resins (UPRS)

The UPs were prepared by bulk polycondensation following a procedure reported
elsewhere [8]. Briefly, diacids, glycols and hydroquinone (0.02 % of the monomers total
weight) were charged into a four-necked glass reactor, equipped with a mechanical stirrer,
a nitrogen inlet and a condenser connected to a receiver flask. The reactor was heated at
190-200 °C, and further raised to 220 °C. The end of the reaction was determined when
the acid value (AV), determined according to standard ASTM 109-01, reached a constant
value. In a second step, the UPRs were prepared through both thermal and uSTLG
processes. For thermal crosslinking, benzoyl peroxide (BPO) was used as the radical
initiator at a concentration of 1% (w/w). The UM was used in a percentage of 37% (w/w)

which is a standard value used in the UPRs engineering area. The mixtures were
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transferred to Teflon moulds (4 cm x 2.5 cm x 0.2 cm). The moulds were placed in an oven
at 80 °C for 24 h. No post-cure was performed. After crosslinking, the films were removed

from the moulds and stored at room temperature.

3.3 Microstereo-thermal-lithography of the Biobased UPRs

3-D scaffolds were prepared by means of uSTLG. The UP and the UMs were loaded into
the reservoir and were then exposed to the UV light, for 60 seconds. The different scaffolds
were constructed with the same shape. The dimensions were 0.125 mm of thickness and
a diameter of 0.6 cm. The USTLG system is equipped with a mercury lamp of 350 W as a
light source (Mercury arc lamp sources, Oriel 66942). Optical fibers, projection and focal
lenses irradiate a UV-DMD and an IR-DMD. A dichroic mirror captures the images
projected on DMD (1024 x 768 pixels, 14mm in size), combining them into a single image
that is transferred to the liquid polymer. The equipment also includes a multi-vat system.
The vertical displacement of the platform is held by a positioned uniaxial MYCOSIS
Translation Stage VT-80 which allows vertical increments of 1 um, at a speed ranging
between 0.001 and 20 mm/s. After fabrication, the scaffolds were removed with a razor
blade and washed several times with EtOH, to remove possible unreacted precursors.

3.4 Viscosity measurements

The viscosity was measured using a controlled stress rheometer Haake, model RS1. The
geometry used was a plate/plate system PP20 (titanium for the rotating part and stainless
steel for the stationary part). The UPs were dissolved in the selected monomers and the
measurements were taken at 25 °C. The samples were analysed according to the following
parameters: shear rate of 100 sec™; temperature of 25°C; and UM at 37% (w/w). All

measurements were made in triplicate

3.5 Thermal and Mechanical analysis of UPRs

The thermal stability of UPRs was evaluated in the range of ca. 25-600 °C, in a TA
Instruments Q500 thermogravimetric analyzer (thermobalance sensitivity: 0.1 pg) at a
heating rate of 10 °C-min't and under a dry nitrogen purge flow of 100 mL-min. Universal
Analysis 2000 software was used to determine onset temperature (Ton) and temperatures
of specific weight loss, 5% and 10% (Ts% and T1o%).

DMTA analyses were performed in a Tritec 2000 DMA equipment and the UPRs were
analysed in the dual cantilever bending geometry. The tests were carried out from -150
°C to 200 °C, in a multifrequency mode (1 Hz and 10 Hz), with a standard heating rate of

5°C min™.
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3.6 Scaffolds morphology and topography

The morphology of the processed scaffolds was observed by means of scanning electron
microscopy (SEM) (MEV)/EDS, JEOL, model JSM-5310, at an accelerating voltage of 10
kV. The topography of the polymers was evaluated by atomic force microscopy (AFM)
using a NanoScopelll a model from Digital Instruments operating in tapping mode. AFM

images were taken over scanning areas of 10 x 10 ym?.

3.7 Tensile tests

The different samples were immersed in physiological solution, at 37 °C. Tensile tests
were carried out on wet specimens with a width (w) of 12.5 mm and a thickness (t) in the
range of 2.0 - 2.4 mm. The grip-to-grip distance (lp) (i.e. gauge length) was 10 mm. All the
tests were performed at a rate of 1 mm/min using an INSTRON 5566 testing machine.

Tensile modulus, maximum stress and maximum strain were evaluated.

3.8 Wettability of UPRs

Water contact angle (WCA) tests were performed on air-facing surfaces of UPRs using
the sessile drop method at room temperature in an OCA 20 contact angle measurement
unit from Dataphysics, equipped with a Hamilton syringe (500 xL). Deionized distilled
water was dropped onto the surface of the selected UPRs and the measurements were
performed at room temperature. The data obtained represents the mean values of at least

five independent measurements.

3.9 Gel content determination

The gel content of the crosslinked UPs was determined by Soxhlet extraction, using
tetrahydrofuran (THF) as solvent. The samples were first weighted and then extracted with

THF for 8 h. The films were dried under vacuum until constant weight:

Gel content (%) = va—g X 100 3)

where Wy is the initial weight and Wt is the weight of the UPRs after extraction.

3.10 Cell viabilities tests

For cell viability tests the UPs were crosslinked with the UM (37% (w/w)). The cell viabilities
of the photo (fabricated in uSTLG, with 5% (w/w) of Irgacure 651® and irradiated for 60
seconds) and thermally (BPO 1% (w/w), at 80 °C for 24 h) crosslinked polyesters were
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evaluated. Before any cell assays, the UPRs were treated, e.g., refluxed in ethanol, for a
period not exceeding 2 h, to eliminate the terminal acidic groups. 3T3-L1 cell line (Mouse
embryonic fibroblast cell line) were maintained in culture at 37 °C, under 5% COy, in
Dulbecco’s modified Eagle’s medium-high glucose (DMEM-HG) (Sigma, MO, USA)
supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) (Sigma, MO,
USA), penicillin (100U/mL) and streptomycin (100 ug-mL?). 3T3-L1 cells grow in
monolayer and were detached by treatment with a trypsin solution (0.25%) (Sigma, St.
Louis, MO) 30 x 10° 3T3-L1 cells were seeded in 1 mL of medium in 48-well culture plates
24 h before incubation, to obtain 70 % confluence. The cytotoxicity of the different UPRs
was evaluated in 3T3-L1 cell lines by an extraction test according to ISO 10993-5 Standard
[12]. Before starting the extraction protocol, UPRs were washed once with an ethanol/PBS
(1/1) solution for 5 minutes, and then with PBS for 1 minute. Afterwards, the UPRs were
immersed in culture medium (DMEM-HG) at an extraction ratio of 1 ml of DMEM-HG per
1.25 cm? of UPRs surface area and incubated in a humidified atmosphere with 5% carbon
dioxide, for 24 h, at 37 °C. The pH of the extraction fluid was corrected to 7.4 and then this
medium was sterilized using UV radiation for 30 minutes. 3T3-L1 cells, seeded in 48-well
culture plates, were incubated with the extraction fluid for 24 h, and the cell viability was
assessed by a modified Alamar Blue assay [13]. This assay measures the redox capacity
of the cells due to the production of metabolites as a result of cell growth. Briefly, following
cells incubation during 24 h with the extraction medium, the medium of each well was
replaced with 0.3 ml of DMEM-HG containing 10 % (v/v) of Alamar Blue (0.1 mg/mL in
PBS) and, after 1 h of incubation at 37 °C, 170 uL of the supernatant were collected from
each well and transferred to 96-well plates. Then, absorbance at 570 and 600 nm was
immediately measured in a SPECTRAmax PLUS 384 spectrophotometer (Molecular
Devices, Union City, CA). Cell viability was calculated as a percentage of the control cells
(cells not treated with the extraction medium) according to the formula (Aszo-Asoo) of treated
cells x 100 / (As7o-Asoo) Of control cells. The data are expressed as the percentage of the
untreated control cells (mean * standard deviation obtained from n = 4) and are

representative of two independent experiments.

4. Results and Discussion

In this chapter, the main purpose was the development of novel UPRs, making use of UPs
and replacing St by a less toxic monomer. Therefore, the biobased UPs previously
developed [8] were here subject of an extensive crosslinking study. Thermal crosslinking
and uSTLG technigue were employed to develop the bio resins for biomedical

applications. Alongside with the UPRs prepared by uSTLG, thermal crosslinking was made

101



Chapter llI

to evaluate several properties that otherwise will be difficult, such as WCA and AFM, due
to the small dimensions of the 3D scaffolds.

4.1. Rheology of UPs

The viscosity is a critical parameter for resins used in SLA processes, which turns the
selection of appropriate UMs crucial to obtain UPRs with suitable characteristics. Some
authors suggested 0.20 Pa-s as the viscosity limit value of the formulation to be used in
USTLG [14]. A commercial formulation, Crystic® 272, containing St exhibited suitable
viscosity to be used in SLA process [15]. However, St is highly toxic and is also a potential
carcinogenic. In this sense, HEMA, NVP and AcA were selected for rheological studies.
The same conditions of analysis (temperature, shear rate and UM concentration) were
used for all formulations. Considering the extensive use of St in UPRs formulations,
combined with the satisfactory viscosities obtained for SLA process, this UM was used for
comparison purposes. Figure 1 and Table 1 summarize the viscosity results obtained for
the bio UPs.
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Figure 1. Viscosity versus shear rate for the UP4, UP5 and UP6 formulations using A. AcA, B. NVP
and C. HEMA as the UMs.
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Table 1. Viscosity values for the different formulations with 37% (w/w) of UMs, at 25 °C and at a
shear rate of 100 sec.

Formulations UM Viscosity (Pa-s)
UP4 0.41
UP5 HEMA 0.24
UP6 0.44
UP4 0.93
UP5 NVP 0.75
UP6 1.43
UP4 1.58
UP5 AcA 0.39
UP6 1.01
UP4 0.38
UP5 St 0.24
UP6 0.58

Above a shear rate of 20 sec, the viscosity remains constant for all the samples. The UPs
dissolved in HEMA showed the viscosity values closer to the formulations of St (1100sec-1
UP4=0.41 Pa-s; Nioosec-1 UP5= 0.24 Pa-s; Nioosec-1 UP6= 0.44 Pa-s). Thus, considering the
suitable viscosity observed for the UPs formulations with HEMA and the fact that it is widely
used in the preparation of different devices for biomedical applications [16], this monomer
was selected for further studies. Although HEMA structure is very different to St structure,
both are good solvents for the developed polyesters.

4.2 Thermal Crosslinking of UPs

The thermal crosslinking of UPs was performed via a free radical process, involving the
reaction between the UM and the internal double bonds of the UP backbone. BPO was
chosen as the thermal initiator, since it has been successfully used in the preparation of
UPRs directed to biomedical applications [17, 18]. The amount of UM in the formulation
was kept in 37 % (w/w). The amount of BPO was set in 1% (w/w) [19, 20].

The gel content obtained for the different samples is summarized in Table 2. It is possible
to see that in all the formulations tested the soluble fraction is below 15%. According to
Table 2 there are no significant differences on gel content of UPs crosslinked with HEMA

and UPs crosslinked with St, which suggest the feasibility of using HEMA as UM.
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Table 2. Gel content for the bio UPRs prepared with 37% (w/w) of HEMA and St at a final curing
temperature of 80 °C.

UPR Formulation Gel content %

UPs Thermally crosslinked with HEMA

UPR4 SuCA (34%)/FA (11%)/PG (40%)/DG (15%) 95.9

UPR5 AA (13%)/FA (13%)/PG (57%)/ DG (17%) 99.8

UPR6 SeBA (18%)/FA (16%)/PG (56%)/DG (20%) 88.8
UPs Thermally crosslinked with Styrene

UPR4 SuCA (34%)/FA (11%)/PG (40%)/DG (15%) 89.9

UPR5 AA (13%)/FA (13%)/PG (57%)/DG (17%) 97.2

UPR6 SeBA (18%)/FA (16%)/PG (56%)/DG (20%) 98.6

4.3 Contact angle measurements

Contact angle analysis is a common technique to study the wettability of the surfaces. The
water contact angles (WCA) were measured for each UPR as an indicator of the
hydrophilicity of samples surface. At least five measurements were made for each UPR,
in different places of the surfaces. The UPRs analysed were obtained by thermal
crosslinking of the UPs with HEMA, in the following conditions: 37% (w/w) of HEMA, 1%
(w/w) of BPO, curing temperature of 80 °C, for 24 h. Figure 2 shows the WCA of the

different UPRs crosslinked with HEMA expressed in function of time.
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Figure 2. Dynamic water contact angles of UPRs crosslinked with HEMA determined by the sessile
drop method and respective standard deviations.
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The initial contact angles were in the same range of values considering the error bars
(~100°) however, the water droplet spread over the surface, reaching values below 80 °
(Figure 2). Several tests were carried out and the results were consistent. Also, the results
showed the following order: 6 UPR5 (AA) < 6 UPR6 (SeBA) < 6 UPR4 (SuCA). It was
expected to have an increase of the contact angle with the increase of carbons in the main
chain of the UPs, however, in this case, this is not verified. This is indicative that other
factors might affect the hydrophobicity/hydrophilicity of the UPRs. Among such
parameters, it is possible to mention the porosity and roughness of the surface [21].

4.4 Thermal and mechanical analysis of UPRs

The thermal behaviour of the studied UPs thermally crosslinked with HEMA are presented
in Figure 3. It is possible to observe that the materials degraded in a single stage,
corresponding to the degradation of the ester linkages [22, 23]. In Table 3 the onset
temperature, Ton, (temperature corresponding to the maximum degradation), Tsy and T1gw
are presented. All the UPRs are thermally stable up to approximately 250 °C. The Ton
determined for the UPRs are very similar with the values obtained for the respective UPs
(Ton upa = 342.06 °C; Tonups = 328.49 °C; and Ton urs = 350.04 °C). These results are

consistent with previous reports on similar materials [24].
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Figure 3. TG curves obtained at a heating rate of 10°C-min~* of the UPRs thermal crosslinked with
BPO 1% (w/w), using 37% (w/w) of HEMA.
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Table 3. Degradation temperature (Tx%) and onset temperature (Ton) for the biobased UPRs.

UPRs/HEMA Tsw / °C T10% / °C Ton/ °C
UPR4 253.74 321.02 344.92
UPR5 244.04 308.72 344.73
UPR6 282.54 331.16 364.45

The E’ and tan & curves at 1 Hz, for the biobased UPRs are presented in Figure 4. A

summary of the data (Tg and E’) obtained from the DMTA is summarized in Table 4.
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Figure 4. E’ and tan 3 traces for biobased UPRs at 1 Hz.

Table 4. Data obtained from DMTA analysis for UPRs. Tg: glass transition temperature; E’s7c:
modulus at 37 °C.

UPRS/HEMA T4 (°C) E's7c (MPa)
UPR4 25.6; 68.4 114.61
UPR5 11.0; 92.5 190.50
UPR6 -9.3;101.2 23.68

According to Figure 4 and Table 4, the UPRs presented tan & curves with three distinct
peaks, being two of them sensitive to frequency of analysis. The transition detected around
-80 °C seems to be independent from the composition of the UPRs and can be assigned
to the local motions of the hydroxyl groups in oligo(HEMA) or PHEMA moieties [17].

The other two peaks can be attributed to a transitions, also known as glass transition
temperature (Tg). The presence of these two transitions suggests the existence of two
immiscible fractions that start the long molecular motions with different energy. The
transition appearing at lower temperatures (-9.3 — 25.6 °C) can be tentatively assigned to

domains in which the UPs crosslink with themselves or with a small amount of the UM. A
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close observation to the values at which such transition occurs shows an increase in the
Tg value as the length of the aliphatic chain of the dicarboxylic acid in the UP decreases.
The transition appearing at higher temperatures (68.4 — 101.2 °C) can be ascribed to the
domains in which the UP is crosslinked with HEMA (see Table 3). For this transition, a
relation between the number of carbons in the UPs dicarboxylic acid cannot be drawn.
Possibly, these UP-HEMA microdomains have different amounts of HEMA, leading to the
differences in the Ty values. Regarding the E’ values at 37 °C, it was not possible to
stablish a direct relation between the composition of the three formulations and the
obtained values. Nevertheless, it is possible to observe that the difference in the two Ty
values is more accentuated for the UPRG6, suggesting a higher degree of heterogeneity in
the crosslinked network. This fact might be responsible for the lower E’ value of this UPR
in comparison with UPR4 and UPRS.

Values of Young’s modulus (E), maximum stress (Omax) and maximum strain (emax) were
evaluated for the different materials (Table 5) to assess the effect of the composition on
the mechanical properties. According to Table 5, the maximum strain obtained, ¢, was in
the range of 0.35 — 0.37 mm.

Table 5. Results from tensile tests for the bio UPRs crosslinked with HEMA for 24 h: Young’s
modulus (E), maximum stress (Omax) and maximum strain (emax), reported as mean value * standard
deviation.

UP/UM E (MPa) Omax (MPa) Emax (MmM/mm)
UPR4/HEMA 20.1+£3.3 2.30+0.37 0.35+0.05
UPR5/HEMA 32.0+4.8 4.32+0.76 0.37+£0.04
UPR6/HEMA 6.1+0.7 1.01+0.16 0.37+0.05

Regarding the Young’s modulus, UPR5 showed a higher rigidity (32.0 MPa) in contrast
with UPRG6, with 6.1 MPa which is in accordance with the DMTA results (Table 4).

Other authors reported low values of E, in the range of 0.2 and 14 MPa for one-step photo-
cured UPs, based on AA and itaconic acid [25]. These low Young’s modulus values are
related with the amount of diacid in the polyester formulation — high amounts of diacids
resulted in more flexible materials and therefore low E. There are several ranges of E
values of UPRs described in the literature, since the mechanical properties are strongly
dependent on the selected monomers (and respective amounts), and the type of synthesis
procedure. Some authors reported high values of E (15.3 x 10> MPa) using the same one-
step synthesis procedure with UPs cured with St at room temperature [26], while others
reported values of E ranging from 0.02 to 20 MPa [27]. Tang et al. also reported values

lower than 1 MPa for Young’s modulus and tensile strength [28] for aliphatic polyesters
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based on SeBA, glycol and glycerol. Concerning biomedical applications, it is possible to
relate the obtained E values of the UPRs with the literature data of human tissues [29].
For instance, for knee articular cartilage E ranges between 2.1 and 11.8 MPa, making
feasible the use of these materials in TE. Concerning the final properties of scaffolds
(based on UPs crosslinked with HEMA), values between 6 and 32 MPa have been
reported, making them suitable for fibrous tissue and cartilage [30], when considering the

mechanical properties.

4.5 3D Scaffolds by uSTLG and Characterization

Several formulations were fabricated by uSTLG, based on the bio polyesters UP4, UP5
and UP6 and HEMA. Irgacure 651° (5% (w/w)) was used as photo initiator [31] and was
selected, due to its known biocompatibility and successful use in SLA techniques [32-34].
With the purpose of evaluating the cell viabilities and adhesion, the shape of the 3D
structure by uSTLG was simplified. A 3D image of a round disc was created by CAD and
used for uSTLG to create the final product. The curing time was set in 60 seconds for all
the formulations. As previously reported, the 3D structures showed very homogenous
surfaces. SEM images of the HEMA based scaffolds, fabricated by uSTLG are displayed
in Figure 5.

A

o ==

Figure 5. Scanning electron micrographs using microscopy (MEV)/EDS, JEOL, model JSM-
5310, at an accelerating voltage of 10 kV of UPR4 (A), UPR5 (B) and UPRG6 (C) photo-crosslinked
with HEMA (37 % (w/w)) in the uSTLG. The magnifications used were 2000x for A, 200x for B and
200x for C.

As already pointed out, the scaffold shape was a circle with a maximum thickness of 0.125
mm and a diameter of 0.5 mm. The SEM of the 3D structures was carried out for all the
samples to evaluate the applicability of this processing technology to the different
formulations. According to Figure 5, the 3D structures showed very homogeneous
surfaces, suggesting that the materials obtained by stereolithography are characterized by

a smooth surface, where no indicators of high levels of surface heterogeneity are detected.
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4.6 Topographic analysis

Surface roughness of the UPRs was assessed using AFM in tapping mode, to determine
roughness parameters, such as mean surface roughness (Ra). Figure 6 presents the AFM
images of the UPR4, UPR5 and UPR6 thermally crosslinked with HEMA. It was not
possible to analyse the uSTLG scaffolds since they presented a convex surface, making
difficult the acquisition of Ra.

The roughness of the materials plays an important role since it affects the interaction
between the surface materials and the cells. Moreover, different type of cells have different
interactions with the type of biomaterials surface [35]. On this matter, it is known that
osteoblast cells type adhere strongly to more rough surfaces unlike the fibroblast cells,
which prefer smoother surfaces [36]. It has also been reported that for fibroblast cells,
surface roughness in the order of 10-13 nm showed the best cell adhesion results while
increasing nano-roughness to 50 nm or 95 nm significantly decreased fibroblast cell
adhesion [37]. For similar Ra, different cell responses can be obtained, as surface patterns
and other nanoscopic topologies (grooves, pits) affect cell adhesion and proliferation [38].
Also, smooth surface can have surface irregularities (sharp peaks, for instance) resulting
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Figure 6. AFM images of UPRs thermally crosslinked with HEMA (37 % w/w). The images at the
left correspond to the phase image while the images at our right are topographic images.

in cell damages [39, 40].
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According to the topographic and phase images, it is possible to validate the existence of
a single phase in the UPRs. The UPRs surface roughness calculated from the plane

topography images by using AFM software is shown in Table 6.

Table 6. AFM results for the UPRs thermally crosslinked with HEMA.

UPRs Ra (nm) Average (hm) Skew  Kurtosis 3D view

UPR4 115.7 609.8 -1.25 1.13 £ 0:8%:

UPR5 317 327.9 -
-0.(

Thermal crosslinking, UM 37% w/w

UPR6 6.25 34.93 1.67 10.8

Kurtosis and skewness are statistical properties which provide information about the peaks
distribution (measuring in fact the sharpness of the surface profile) and the asymmetric
roughness of the surfaces. In general terms, if a skewness moment is negative, the surface
is more planar, and valleys are predominant. If the Kurtosis is higher than 3, the surface
has more peaks than valleys [41]. Since UPR4(HEMA) skewness have a negative value
and the kurtosis is less than 3 for UPR4 (HEMA) and UPR5(HEMA), we can assume that
their surface has more valleys than peaks. For UPR6(HEMA), its surface, based on Skew
(1.67) and Kurtosis (10.8) values is assumed to have more peaks [42]. According to
Table 6, the differences in the scaffolds’ morphology are clear. Indeed, the thermally
crosslinked polymers showed a large range of Ra, going from 115 nm for UPR4 to 6 nm,
for UPR6. Ra affects the wettability behaviour, increasing the wettability of the polymeric
surface [43, 44]. The obtained Ra values are in good agreement with the WCA of the
UPRs, being UPR4 the polyester with higher WCA and higher Ra. The correlation between
surface roughness and wettability can be understood using Wenzel model [45], where an

increase of the roughness led to an increase of wettability.
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4.7 Cell culturing

Regarding the importance of the interaction between cell-scaffolds interface in tissue
engineering, 3T3-L1 cell were seeded in 48-well culture plates containing the thermally
crosslinked UPs and the photo crosslinked UPs produced by uSTLG. Both cell assays of
thermal and photo crosslinked UPs by uSTLG were performed under the same conditions

and the results are presented in Figure 7.
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Figure 7. Effect of thermal and photo crosslinked materials on 3T3-L1 cell viability. The data are
expressed as percentage of cell viability with respect to the control corresponding to untreated cells
(mean + SD, obtained from triplicates). The results are representative of at least three independent
experiments. The statistical analysis (one-way ANOVA) indicates that there is not a significant
difference between the different conditions.

After 48 h of incubation, for the uSTLG UPRs, 50-60% of the cells were viable. In
comparison, cell viability significantly decreased for thermally crosslinked UPRs, with the
high cell viability (48%), being obtained for UPR4.

Overall, UP4 demonstrated the best results, followed by UP5 formulation. The results
observed for UPR6 and Scf6 can be correlated with the gel content — this formulation
presented the lowest gel content. This fact is related with the presence of unreacted
polyesters, resulting in higher amounts of COOH groups, that ultimately could enhance
the acidic character. This is a plausible explanation for its lowest cell viability.

Concerning the two different curing methods, the scaffolds prepared by uSTLG proved to
have higher cell viabilities than those observed for the thermal crosslinked UPs, however
this gap is attenuated for the UP4 formulation. The differences observed between these
curing methods can be ascribed to the topography of the samples, where UPR4 showed

to have a surface with no peaks and with some roughness. Also, fibroblasts, as previously

111



Chapter llI

noted, are very sensitive cells, being this a major reason for the different detected

behaviours.

5. Conclusions

An extensive characterization showed that the UPRs obtained by thermal crosslinking
showed high gel content values, with the lowest value of 89% for UPR5/HEMA, indicating
the success of replacing St by HEMA as the crosslinking agent. The contact angles
measurements revealed that the UPRs crosslinked with HEMA have water contact angles
between 87 and 69°, which is indicative of their hydrophilic character. Moreover, TGA
measurements confirms the UPRs high thermal stability, with an initial decomposition
temperature above 244 °C. The DMTA analysis revealed that the UPRs have distinct
microdomains (UP-UP and UP-HEMA) within the crosslinked network. The transition at
lower temperatures can be ascribed to the motion of the UP-UP microdomain, whereas
the transition at higher temperatures can be attributed to the domains composed by UP-
HEMA. Topographic analysis also confirms the feasibility of these polyesters for cell
support. Finally, UPRs were successfully applied in the uSTLG equipment.

Concerning the UPs processed by uSTLG, cell viabilities of 50-60% were obtained, fact
that can be attributed to the acidic character of the samples. However, this disadvantage

can be overcome with post treatments that could diminish the acidic character.
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Supplementary information

Table S1. Results of TGA and DMTA for the biobased UPRs/St.

UPRs/Styrene Tsw / °C Taow / °C Ton/ °C Tg/°C E’37.c (MPa)
UPR4 216.62 273.00 333.10 60.0 8.80*10"7
UPR5 259.33 320.18 359.77 55.8 1.57*10"8
UPR6 284.85 334.20 364.33 39.7 3.73*10"7

Table S2. Results from tensile tests for the bio UPs crosslinked with styrene: modulus (E),
maximum stress (Omax) and maximum strain (emax), reported as mean value + standard deviation.

UP/UM Curing time (h) E (MPa) Omax (MPa) €max (MM/mm)
UPRA4(St) 24 54.1+7.5 3.00+0.42 0.22+0.02
UPR5(St) 24 15.3x2.1 1.21+0.22 0.27+0.03
UPRG6(St) 24 5.9+0.8 1.10+0.19 0.33+0.05
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Fully Biobased Unsaturated Polyesters from Renewable Resources: Synthesis, Characterization and
HEMA Crosslinking

1. Abstract

The unsaturated polyesters (UPs) have proved to be suitable for AM technologies,
producing scaffolds with interesting properties. Herein, we report the development of novel
UPs, based in renewable sources — glutaric acid (GA), succinic acid (SUCA), and a variety
of glycols, such as isosorbide (IS), through bulk polycondensation, in a two-step synthesis
process. By performing the reaction only with three monomers in a two-pot reaction, the
synthesis of UP7 and UP8 was accomplish in 8 h. The biobased UPs were thoroughly
characterized by ATR-FTIR, *H NMR, and MALDI-TOF, confirming the success of the UP
synthesis. The UPs exhibited high thermal stability, with an onset temperature (Ton) above
350 °C, and glass transition temperatures (Tg) values between -44 and 4 °C. Selected UPs
were crosslinked with HEMA, a reactive solvent approved by FDA with attractive merits
and extensive uses on biomedical fields, and the results confirmed their good thermal and
mechanical performance. The UPRs crosslinked with HEMA showed to be thermally more
stable than the UPs, with values of Ton higher than 400 °C. DMTA also showed high values
of Tq, between 17 and 86 °C. The high thermal stability, the proper mechanical properties,
the surface hydrophilicity and low reaction times demonstrate the potential of these
renewable polyester’s resins in a wide range of applications, with a promising applicability
in TE.

2. Introduction

A great effort is being placed on the development of polymers based on sustainable
resources, with and increase use in biomedical fields. Herein, glutaric acid (GA) and
1,4;3,6-dianhydro-D-glucitol, also called isosorbide (IS), were some of the selected
monomers to develop the new bio UPs (Figure 1A) and improve the performance of the
final materials. Succinic acid (SuUCA) was still employed to develop new formulations of
UPs since it is a key intermediate in the Krebs cycle and is amply used in polyester
synthesis. It is produced via anaerobic fermentation but it can also be obtained from
n-butane via oxidation to maleic anhydride and hydrogenation into the final product [1].
This linear aliphatic diacid in combination with other renewable monomers ultimately leads
to new biopolymers [2]. Although SuCA is highly reported for the synthesis of polyesters
[3-5], the use of GA is yet starting to gain some attention [6-11], with application in
biomedical fields and present in patents [12, 13]. This diacid occurs in plant and animal
tissues, is non-toxic and can be also used as crosslinking agent [14], and as building block
in the production of polyesters and polyamides [9] where several derivatives of GA are

used as green solvents, antimicrobial agents, among other applications [9]. The use of

121



Chapter IV

1,4:3,6-dianhydrohexitols (DAH), such as IS, in the preparation of polycondensation
products is very well described in the literature [2, 5, 15, 16] being the main reasons its
biobased origin, chirality and rigidity [17], leading to products with high thermomechanical
resistance. IS has been used as co-monomer in the synthesis of polyesters, namely
poly(ethylene terephthalate) (PET) and poly(butylene terephthalate) (PBT), in order to
enhance their thermal properties [18]. Produced on a large industrial scale, it can be
obtained from starch through hydrolysis to glucose, hydrogenation to sorbitol, and

dehydration to the final building block, as schematized in Figure 1B.

\

;

Glutaric acid Isosorbide

ﬂ CHO CH,OH \

H—————OH H——F—OH
H,0, H, HO————H H, HOF——H 2H,0
Starch ————» —_— 2
Catalyst H OH Catalyst H— OH
H————OH H——F—OH

CH,OH CH,0H

\ D-Glucose D-Sorbitol Isosorbide /

Figure 1.A. Chemical structure of the new diacid and glycol used in bulk polycondensation
reactions and B. Synthesis of isosorbide from starch, adapted from [1].

It is worth to mention that, besides DEG, all the other monomers described in this chapter
and used to prepare the biobased UPs can be obtained from renewable sources [9, 19-
23]. Usually, step growth polymerization is performed at very high temperatures (190 —
290 °C) and, without the addition of a catalyst and it could take several hours [24]. Since
the previous formulations, described in chapter Il and chapter Il showed promising results
concerning their cell viability, this chapter focuses the synthesis of hew UPs using other
renewable resources, which can be easily cured with non-toxic monomers. By using a two-
step reaction protocol, we aimed to promote a higher incorporation of FA monomer in the
formulation and possibly reduce reaction time. The synthesized UPs were fully
characterized in terms of chemical (ATR-FTIR, *H NMR and MALDI-TOF) and
thermomechanical properties (DMTA, DSC). Some of the developed UPs were later cured
by radical copolymerization with 2-hydroxyethyl methacrylate (HEMA) and their

mechanical and thermal performance evaluated.
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3. Materials and Methods

3.1 Materials

Fumaric acid (FA, 99%), isosorbide (IS, 98%), succinic acid ((SUCA, 99%), diethylene
glycol (DEG, 99%), 1,2 propylene glycol (PG, 99%), 1,3-propanediol (1,3PG, 98%) and
potassium hydroxide (90%) were purchased from Sigma-Aldrich Chemical Company and
used as received. Hydroquinone (99%) was purchased from Analar, ethanol (96%) from
Panreac, tetrahydrofuran-D (99.5%) from Euriso-top and phenolphthalein from Riedel-de-
Haén Allied Signal. 2-Hydroxyethyl methacrylate (HEMA, 98%) and styrene (St, 99%)
were purchased from Acros Organics. Glutaric acid (GA, 99%) and benzoyl peroxide
(BPO, 97%) were purchased from TCI Europe.

3.2. Synthesis of Unsaturated Polyesters by Bulk Polycondensation

The UPs were prepared by bulk polycondensation. The diacids, the source of double
bonds, glycols and hydroquinone (0.02 % of the total weight of fumaric acid) were charged
into a four-necked glass reactor, equipped with a mechanical stirrer, a nitrogen inlet and a
condenser connected to a receiver flask. The polycondensation synthesis was performed
in two steps. First, FA and the diols were charged into the reactor, and the reaction was
heated until 160 °C for 1 h. After that, the selected diacid was added to the reactor. The
reactor was then heated at 190 °C, and the temperature during reaction was raised no
further than 210 °C. When necessary, to drop the acid value (AV), vacuum was applied.
The end of the reaction was determined by the attainment of a constant AV value
(according to ASTM 109-01).

3.3 Preparation of Unsaturated Polyesters Resins

The UPs were prepared by bulk polycondensation as described in previous work [25]. A
second step was performed to obtain a UPR. The polymer networks were prepared
through thermal crosslinking, in the presence of BPO as initiator in a concentration of 1 %
(w/w). The selected UM was HEMA. The prepared mixture was transferred to Teflon
moulds with the following dimensions of 4 x 2.5 x 0.2 cm, which were placed in an oven at
80 °C for 24 h. No post-cure was performed. After the crosslinking, the films were removed

from the respective moulds and stored at room temperature.

123



Chapter IV

3.4 Size exclusion chromatography analysis

The chromatographic parameters of the samples were determined using high-
performance gel permeation chromatography (HPSEC; Viscotek TDAmax) with a
differential viscometer (DV), right-angle laser-light scattering (RALLS, Viscotek), low-angle
laser-light scattering (LALLS, Viscotek), and refractive-index (RI) detectors. The column
set consisted of a PL 10 mm guard column (50 x 7.5 mm?) followed by one Viscotek T200
column (6 um), one MIXED-E PLgel column (3 um), and one MIXED-C PLgel column (5
um). HPLC dual piston pump was set with a flow rate of 1 mL-min~ . The eluent (THF)
was previously filtered through a 0.2 ym filter. The system was also equipped with an on-
line degasser. The tests were carried out at 30 °C using an Elder CH-150 heater. Before
the injection (100 uL), the samples were filtered through a polytetrafluoroethylene (PTFE)
membrane with 0.2 um pore. The system was calibrated with narrow PS standards.
Number average (Mn), weight average (Mw) and polydispersity (PDI) of the synthesized
polymers were determined by conventional calibration (OmniSEC software version
4.6.1.354).

3.5 Spectroscopic analysis

Attenuated total reflection-FTIR (ATR-FTIR) spectroscopic analysis was carried out with a
JASCO FT-IR 4100, equipped with a Golden Gate Single Reflection Diamond ATR. FTIR
spectra of the modified scaffolds were obtained in the range 4000-500 cm™ at room
temperature. Data collection was performed with 4 cm™ spectral resolution and 128
accumulations. The resultant spectra were collected using Spectra Manager FT/IR —4000-
6000 software. *H NMR spectra were obtained at room temperature on a Varian Unity 600
MHz Spectrometer using a 3 mm broadband NMR probe, in deuterated tetrahydrofuran
(THF-ds). Tetramethylsilane (TMS) was used as internal reference.

The new biobased UPs were analysed by matrix-assisted laser desorption/ionization-time
of flight mass spectrometry (MALDI-TOF MS). The dried-droplet sample preparation
technique was used, applying 2 pL of 2,5-dihydroxybenzoic acid (DHB) matrix solution (20
mg-mL? in THF) directly on a MTP AnchorChip™ 800/384 TF MALDI target (Bruker
Daltonik, Bremen Germany), and, before drying the matrix solution, 2 pL of sample (20
mg-mL? in THF) were added and allowed to dry at room temperature. External mass
calibration was performed with a calibration standard (Bruker Daltonik, Bremen Germany)
for the range m/z 700-3000 (9 mass calibrant points): 0.5 mL of calibrant solution and
DHB matrix previously mixed in an Eppendorf tube (1:2, v/v) were applied directly on the
target and allowed to dry at room temperature. Mass spectra were recorded using an

Autoflex 1l smart beam MALDI-TOF mass spectrometer Bruker Daltonik (Bremen,
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Germany), operating in linear positive ion mode. lons formed upon irradiation by a smart
beam nitrogen laser (337nm) using an accelerating potential of 20 kV and a frequency of
200 Hz. Each mass spectrum was produced by averaging 2000 laser shots collected
across the whole sample spot surface by rastering in the range m/z 400-3000. The laser
irradiance was set to 45-50 % arbitrary units according to the corresponding threshold
required for the applied matrix system. Low molecular ion gating was set to 400 Da to
remove the ions below this value arising from the matrix and their clusters or other
unknown contaminants. All spectra were acquired and treated using the flexControl 3.0
and flexAnalysis 3.0 softwares (Bruker Daltonik), respectively.

3.6 Thermal analysis of UPs

The thermal stability of UPs was evaluated in the range of ca. 25 — 600 °C, in a TA
Instruments Q500 thermogravimetric analyzer (thermobalance sensitivity: 0.1 pg) at a
heating rate of 10 °C-min** and under a dry nitrogen purge flow of 100 mL-min™.

Modulated Differential Scanning Calorimetry (MDSC) studies were performed within a
temperature interval ranging from -80 to 200 °C, in a TA Q100 instrument at a heating rate
of 2 °C-min in the temperature modulated mode, and under a nitrogen flow of 50 mL-min-
!, Dynamic mechanical thermal analysis (DMTA) were performed in Tritec 2000 DMA
equipment at a heating rate of 5 °C-min, in the temperature range from -150 °C to 300 °C,
with a multi-frequency mode (1 and 10 Hz). The UPs were placed into stainless steel
pockets and analysed using a single cantilever bending geometry. The pocket was
clamped directly into the DMTA. The UPRs were studied in the dual cantilever bending

geometry.

3.7. Wettability of UPRs

Water contact angle tests were performed on air-facing surfaces of UPRs using the sessile
drop method at room temperature in an OCA 20 contact angle measurement unit from
Dataphysics, equipped with a Hamilton syringe (500 xL). Deionized distilled water was
dropped onto the surface of the selected UPRs and the measurements were performed at
room temperature. The data obtained represents the mean values of at least three

independent measurements.
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3.8 UPRs tensile tests

The synthesized biobased UPRs were tested at room temperature, in dry state. Tensile
tests were carried out on specimens with a width (w) of 12.5 mm and a thickness (t) in the
range of 1.90 - 2.0 mm. The grip-to-grip distance (lo) (i.e. gauge length) was 10 mm. All
the tests were performed at a rate of 1 mm/min using an INSTRON 5566 testing machine.

Tensile modulus, maximum stress and maximum strain were evaluated.

4. Results and Discussion

4.1 Polycondensation of UPs and chemical structure identification

The biobased UPs were prepared via bulk polycondensation between bio aliphatic acids
and the selected glycols. As described previously, FA was used as the source of the
double bonds, to promote the subsequent crosslinking reactions. The selected carboxylic
acids were succinic acid (SUCA) and glutaric acid (GA), and the used glycols were
diethylene glycol (DEG), propylene glycol (PG) and isosorbide (IS). Since in previously
synthesized UPs (see Chapter Il) the incorporation of the diacids in the biobased UPs was
lower than expected, the polycondensation was made in two steps. First, to assure the
presence of the double bonds in the final UP, FA along with the glycol were charged into
the reactor. After, the GA/SUCA were added to the reaction mixture. Overall, the
polycondensation reaction was faster than the previous synthesized UPs, partially due to
the number of monomers added to the formulation, combined with the two-step synthesis.
Also, the final temperature never exceeded the 210 °C. The formulations developed, along
with the reaction conditions, AV value, molecular weight, and polydispersity (D) are
summarized in Table 1 and the structures of the developed materials are presented in
Figure 2.

The AV values of commercial UPRs are described to be in the range of
25-50 mg KOH.g*[26], and for most cases, that was obtained. Though, it is interesting to
notice that some UPs (UP9.2 and UP10) have a very low AV value, even though the time
of reaction was not very high. But there are reports of low AV for synthesized UPs in the
literature [5]. According to Table 1, the final temperature of the polycondensation reaction
was decreased (the previous synthesized UPs showed final temperatures of 220 °C). Also,
the synthesis was less time consuming, and for UP7 and UP8, at the end of 8 h of reaction
a constant AV was obtained. The resulting viscous polyesters presented a strong orange
coloration. For UP9 formulations, the reaction took no more than 14 h, with very low AV
for UP9.2. After storage, at room temperature, these formulations became more rigid and

with a white coloration. Concerning the formulations UP9.1 and UP10 reaction, both
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having the same molar ratio but different diols, a lower AV was expected for UP9.1, since

1,3 PG is more reactive than PG.

Table 1. Synthesis conditions and properties of the UPs prepared from dicarboxylic acids (succinic
acid (SA), glutaric acid (GA)) and diethylene glycol (DEG), propylene glycol (PG), 1,3-propanediol
(1,3 PG) and fumaric acid (FA) as double bond provider.

UPs Molar ratio My M, pb Reaction Time Fi_lr_1.al (mg ﬁ\(gH/g)
(%) (h) (°C) a

uP7 S;‘Z//Fg?gf 7205 12746 1.7 8 190 34

uPs8 %Aoﬁ'czpé/ Dy 3800 5543 14 8 190 26
UP9.1 GAZ/O/FQ‘Q/"?SSP G * 12 210 27
UP9.2 G%fg’g'fegG * 12 210 4
UP10 %y 2F5A// F;g 1910 4882 25 14 210 12
UP11.1 GZAO//FZAS/ [/)4'?1/53 914 1272 14 14 190 28
UP11.2 GZAO//FZAS/ [/)zEs?slloS 691 1272 17 15 190 39

3AV, acid value; ® B, polydispersity, was determined by SEC, using conventional calibration with polystyrene standards and
THF as eluent. * No data since the UPs were not soluble in the eluent.

The formulations containing IS (UP11.1 and UP11.2) showed a more yellowish and amber
coloration, being more viscous than the polyesters UP7 and UP8. For the UPs containing
IS and presenting a total of four monomers in their composition, the reaction showed to be
slower, reaching in some cases a total of 15 h of reaction, which is expected, since this
diol is characterized by their low reactivity [17]. IS presents its exo and endo-oriented
hydroxyl groups, where the endo position favours the formation of intramolecular hydrogen
bonds and consequently, the outcome is a low reactivity during the polycondensation
reaction [5]. This explains the low molecular weight observed in Table 1. The structures

of the developed materials are presented in Figure 2.
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Figure 2. Chemical structure of the synthesized bio unsaturated polyesters UP7 to UP11s.

FTIR spectrum of UPs, presented in Figure 3, showed the bands characteristic of the
polyesters, with strong bands ascribed to the carbonyl stretching group characteristic at
ca. 1750-1725 cm? [27] and also a band in the region 1280-1240 cm™ related to the
stretching vibration of the C-O-C and C-O groups of the same linkage [28].
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Figure 3. ATR-FTIR spectra of the synthesized UPs.

At 1680-1600 cm?, the presence of the -C=C- stretching vibration was detected for all the
synthesized UPs, indicating the incorporation of FA and the success of the UP synthesis.
The bands at ca. 2970-2950/2880-2860 cm™ are due to the vibrational modes of the CH
stretching. The peaks in the characteristic region 1150-1050 cm™ can be ascribed to the
C-O group, from ether bond. It is also worth to mention the existence of hydroxyl groups,

at 3570-3200 cm?, in the UP11.2 formulation, the one presenting higher amount of IS.
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Further insights onto the chemical structure of UPs were obtained by 'H NMR

spectroscopy. Figure 4 to Figure 6 presents the 'H NMR spectra of the synthesized UPs.
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Figure 4. 'H NMR spectra of the biobased UP7 and UP8, where (s) correspond to the solvent peaks
of THF- ds.

Figure 4 shows the 'H NMR spectra of the UPs formulations based on three monomers,
UP7 and UP8 with the main difference on the type of diacid used, SA or GA. Considering
the two spectra it is possible to identify the protons characteristics of the double bonds of
FA moieties (a), located between 6.9 and 6.7 ppm [25, 29, 30]. It also indicates the
presence of maleate and fumarate vinyl protons for UP8 formulation. The signals located
between 3.71 (b) and 4.45 ppm (b’) for UP7 spectrum corresponds to the -CH, of the glycol
DEG while at 2.58 ppm (c) it is possible to assign to the -CH> signals of SUCA. Considering
UP8 H NMR spectrum, besides the peaks characteristics of the protons of the glycol and
the unsaturated diacid, the protons of -CH; of the GA were identified at 2.37-2.34 ppm (d)
and 1.88 ppm (e). A peak around 2.5-2 ppm was detected and can be ascribed to

unreacted diacid.
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For the polyesters UP9 (UP9.1) and UP10, GA and FA were the used dicarboxylic acids,
and changes were made concerning the incorporation of different glycols, 1,3-propanediol
(UP9) or 1,2-propanediol (UP10), being the respective spectra displayed in Figure 5. The
UP9.2 spectrum is presented in Sl (see Figure S1), keeping the same designation.
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Figure 5. 'H NMR spectra of UP9.1 and UP10, where (s) correspond to the solvent peaks of THF-
ds.

In both spectra, the signals at 6.81 and 6.75 ppm correspond to the double bonds of FA
moieties (a). The protons of diacid GA are identified at 2.34-2.35 ppm (d) and 1.90-2.00
ppm (e) for both formulations. In UP9 spectrum, the identification of the protons of 1,3 PG
was made, at 4.31-4.24 ppm, 4.16-4.09 ppm (b, b’) and at 1.86 ppm (c), corresponding to
the -OCH,- and -CH,CH,CHa-, respectively. Considering UP10 spectrum, the peaks of the
-CH; protons of PG are seen at 5.26-5.09 ppm (g) and at 4.37-4.02 ppm (f), while the -
CHjs protons of PG generated a peak at 1.33 ppm (h). *H NMR of these formulations
indicate the presence of H20 in the UP, detected around 2.5 ppm.

The formulations UP11s, containing different proportions of IS, were also studied by *H

NMR and the corresponding spectrum of UP11.1 is displayed in Figure 6. This spectrum
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concerns to the polyester UP11.1, the one with lowest incorporation of IS. The remaining
UP11.2 spectrum are in Sl (Figure S2). As previously reported, the characteristic
resonances attributed to the GA were identified at 2.36 ppm (a) and 1.87 ppm (b), while at
6.83 ppm (e) are found the peaks corresponding to the -CH=CH- of the FA. The glycol
DEG was also identified at 4.30-4.15 ppm (c) and 3.72-3.64 ppm (d). The incorporation of
the glycol IS was also confirmed by *H NMR and the peaks ascribed to the IS are easily
discerned. The peaks characteristic of IS, from (f) to (k) are signalized in the UP11.1
spectrum ( (f, i) 5.24-5.04 ppm, (g) 4.88-4.72 ppm, (j) 4.50-4.39 ppm, (h, k) 3.99-3.86 ppm)
[31]. The final molar ratio of the UPs are summarized in Table 2.
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Figure 6. H NMR spectra of UP11.1 where (s) correspond to the solvent peaks of THF- ds.

Table 2. Initial and final molar ratio of the biobased UPs.

UPs Formulation Initial Molar ratio (%) Final Molar ratio (%)

UP7 SA/FA/IDEG 22/24/54 42/18/40

UP8 GA/FA/DEG 20/25/55 29/25/46
UP9.1  GA/FA/1,3PG 20/25/55 27127146
UP9.2  GA/FA/1,3PG 20/20/60 28/24/48

UP10 GA/FAIPG 20/25/55 12/13/75
UP11.1 GA/FA/DEGI/IS 20/25/45/10 18/21/48/13
UP11.2 GA/FA/DEGI/IS 20/25/25/30 16/18/35/31
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Further information concerning the biobased UPs was obtained from MALDI-TOF-MS
analysis. MALDI spectra for the selected polyesters UP7 and UP8, both presenting three
monomers on their structure and having the lowest reaction times, were analysed and the

results are displayed in Figure 7 and Table 3.
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Figure 7. MALDI-TOF-MS in the linear mode (using DHB as matrix) of A. UP7 and B. UP8, from
m/z 400 to 1600. For UP7, the black values identify the (SA+DEG+FA-2*H20) n» formulation,

the red values correspond to formulation (SA) n + (DEG) p+ (FA) m — (H20) y, the blue values for
(SA) n+ (DEG) p — (H20) y and green values for (FA) m + (DEG) p — (H20) y. For UP8, the black
values identify the (GA+DEG+FA-2*H20) » formulation, the red values correspond to formulation
(GA) n+ (DEG) pt+ (FA) m — (H20) y, the blue values for (GA + DEG - H20) n, green values for (GA)
n+ (DEG) p — (H20) y and orange values for (FA) m+ (DEG) p — (H20) y.
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According to Figure 7A, the spectrum presents different polymer compositions. It was
possible to identify some of the MALDI signals, assigned to the monomer composition of
the different oligomers, with different degrees of polymerization (DP 1 to 5). The m/z values
were, in most cases, associated with the Na* or K* cations. Based on the MALDI-TOF
spectrum, we can easily confirm the existence of several other combinations of monomers,
which is expected based on the nature of the step growth polymerization. The same was
observed for UP8 (Figure 7B). In Table 3 several other monomer combinations for UP7
and UPS8 are listed, were it was possible to assign the peaks to a specific formulation.
Formulations such as (SA)n+(FA)m+(DEG)p-(H20)y, (GA)n+(FA)mt(DEG)e-(H20)y, (GA +
DEG - H20) hor (SA + DEG - H20) » , among others, are presented in Table 3, where the
differences between near peaks are usually due to the number of the monomer in the

formulation — n, m and p.

Table 3. Relationship between m/z and the chemical structure of UP7 and UP8.

UP7 structure
(SA+DEG+FA-2*H20) n

o 0
{/ONO/\/O\/\OW
) o

Observed mass Calculated mass n=
608.560 608.838 1
1220.808 1217.12 4
1546.576 1544.39 5+ [Na']

Other monomers combination
(SA) n + (DEG) p+ (FA) m— (H20) y

984.980 984.289 2

1359.224 1357.36 2

697.887 699.647 1+[Na]

906.568 903.9683 1+[KY]

(SA + DEG - H20)

824.365 824.84

640.320 641.62

859.975 863.938 4+ [K']
(SA) n+ (DEG) p — (H20) y

518.882 517.498 1+[Na]

940.477 941.887 3 +[Na']

1171.785 1170.337 3 +[Na']

1506.556 1506.517 3 +[Na']
(FA) m + (DEG) p — (H20)

796.744 799.958 2+ [K']

1457.78 1458.487 3+[Na']

133



Chapter IV

UP8 structure
(GA+DEG+FA-2*H20) ,,

(0] (6] (0]
+OMONOV\OWH

o]

Observed mass Calculated mass n=
636.687 636.62 2
980.072 977.917 3+ [Na']
1293.155 1296.226 4 +[Na*]
994.781 994.028 3+ [KY]

Other monomers combination
(GA) n+ (DEG) p+ (FA) m — (H20) y

1009.581 1009.00 2
1041.296 1041.10 2
1382.979 1381.38 2
1413.69 1413.48 2
1584.662 1584.63 3+ [Na']
(GA + DEG - H20) »

905.019 903.947 4+[Na']

920.325 920.058 4+[K*]
(GA) n+ (DEG) p — (H20)

667.451 668.72 2
793.655 792.96 2
531.249 533.587 1+[Na*]
949.981 948.067 3+[Na‘]
1025.093 1026.067 3+[Na‘]
1211..528 1212.427 3+[Na‘]
1554.691 1554.78 3+[Na‘]
575.432 575.698 1+[K*]
964.397 964.178 3+[K*]
1227.58 1228.54 3+[K*]
1308.78 1306.54 3+[K*]

(FA + DEG - H20) »
838.76 839.75 4+[Na']
855.19 855.86 4+[K*]
(FA) m+ (DEG) p — (H20) y

606.67 604.52 2

762.59 760.86 2

778.17 780.76 2
1116.42 1164.28 3+[Na‘]
1196.29 1194.13 3+[Na‘]
1181.62 1180.39 3+[K*]
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The UP11s were not analysed by MALDI-TOF-MS mainly because the probability of side
reactions during the bulk polycondensation is very high, leading to the formation of

branched structures [5] and making difficult a straightforward analysis of the polyesters.

4.2 Thermal and Mechanical Properties of UPs

Thermal stability of the developed biobased UPs was evaluated by means of TGA. The
TGA curves are presented in Figure 8. According to Figure 8, the developed biobased UPs
have a good thermal stability under 350 °C. The thermal decomposition of all the bio UPs
only reveal a single stage degradation, leaving a final residue of less than 5% at 600 °C.
The Tsw and Tiow Were also determined, besides the Ton (maximum degradation
temperature) and the results are listed in Table 4.

Weight (%)
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Figure 8. Thermal gravimetric curves of the synthesized UPs, with a heating rate of 5 °C.min, in
the range of 25 °C to 600 °C.
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Table 4. Degradation temperatures (Tx») and onset temperature (Ton) of the UPs, obtained from
TGA curves.

Polyesters Tsw T10% Ton
uUpP7 222.85 272.13 353.88
uUP8 164.34 256.54 361.92

UP9.1 325.45 348.92 368.84
UP9.2 268.87 316.95 362.06
UP10 283.68 316.49 341.67
UP11.1 216.20 295.21 365.19
UP11.2 182.66 239.70 345.85

Although the thermoanalytical curves reveal a single degradation stage, the presence of
a small shoulder was detected for almost all the bio UPs, which can be ascribed to the
degradation of oligomeric segments in an earlier stage. The UPs showed similar Ton, with
values ranging between 340 and 370 °C, corresponding to the degradation of the ester
linkages [32, 33]. However, the Tsy reveals some differences between the formulations.
The UP8 started to degrade earlier, when compared with the remaining UPs, even with a
Ton above 360 °C. This could be ascribed to residual humidity of the polymer. Overall, we
can assume that the stability of the polyesters is not greatly affected by the diol length or
by the saturated diacid used (SA or GA). Still, the amount of glycol added to the formulation
produces changes in the degradation temperature. For UP11s, the increase of IS resulted
in a slight decrease of Ton; the same behavior was observed between UP9.1 and UP9.2,

considering the percentage of PG added to each formulation.

The thermomechanical properties of bio UPs were studied by DMTA, in a temperature
range of -150 to 200 °C. The sensitivity of the tand & peak to the frequency indicates the
presence of the o transition, i.e., Tg, which is attributed to the amorphous segment
transition from the glassy to the viscoelastic state. The T4 of the UPRs were determined
from the maximum of the tan & curve, at the frequency of 1 Hz (Figure S3).

The UPs were also subjected to a MDSC analysis and, in the heat flow curves, only one
transition, corresponding to the T4 was found (see Figure S4 for the heat flow curves). This
indicates that the UPs have an amorphous character. The values of T4 obtained from both

techniques are presented in Table 5.
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Table 5. Glass transition temperatures, Ty, obtained from DMTA and MDSC techniques.

Ty (°C)

Polyesters DMTA MDSC
UP7 -44.3 -35.1
uP8 -36.3 -39.30

UP9.1 -31.6 -36.6
UP9.2 -41.9 -47.6
UP10 3.6 -9.5
UP11.1 -18.2 -25.5
UP11.2 -13.9 -10.7

According to the results obtained from DMTA and MDSC, we can verify that UP7, UP8
and UP9.2 are the UPs with lower Tg, indicating that these formulations are characterized
by a higher mobility of the polymeric chains. UP7 and UP8 have similar Tg, which is also
expected since the main difference is the saturated diacid used, SA or GA. These diacids
have almost the same number of carbons, therefore no significant differences in chain
mobility (and therefore in T4 values) were detected. Considering UP8 and UP9.1, the
difference between the two polyesters is based on the glycol used, i.e., DEG or 1,3PG and
the obtained T4 are extremely similar. For UP9.1 and UP9.2, differing only in the amount
of 1.3PG incorporated, 55 and 60%, respectively, UP9.1 showed to be more flexible than
UP9.2, with a Ty slightly higher. According also with Table 5, T4 of UP9.1 and UP10 are
very different, and the explanation should be related to glycol used. The pendent methyl
group in PG should restrain the chain mobility of the UPs [34] which could be a possible
explanation for the UP10 higher Ty,

It is also worth to mention that formulations UP11.1 to UP 11.2 have some of the highest
Tg, Which is indicative of a more rigid structure. This can be explained by the cyclic
structure of one of the diols, which resulted in a decrease of chain mobility and, therefore,
a high Ty was obtained. This result is expected — several works reported the use of IS to
enhance T4 and modulus of the final UPs [35]. The comparison between UP11.1 and
UP11.2 T, values also corroborates these statements; UP11.2 has a higher amount of IS
and consequently, a higher Tgthan UP11.1 was observed. The results obtained from the

MDSC technique are overall in agreement with the DMTA values.

4.3 Preparation and characterization of Bio UPRs

Considering the above results, some of the developed UPs were selected for the
crosslinking studies. UP7 and UP8 showed promising results. However, besides the high

thermal stability and proper mechanical behavior, these biobased UPs were prepared in 8
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h and with a final temperature of 190 °C. For UP11s, these formulations, although with
less mild reaction conditions, the presence of IS are an interesting alternative and
therefore the crosslinking studies were also performed for these bio UPs. Also, considering
several literature reports about the use of isosorbide as one of the most promising
renewable sources for the preparation of biopolymers, 3D networks of UP11.2, the one
with the higher amount of IS were also prepared. UPRs were prepared through thermal
crosslinking using BPO (1% (w/w)) as the initiator and HEMA as the crosslinking agent.
The prepared mixture was transferred to Teflon moulds, which were placed in an oven at
80 °C for 24 h to yield the UPRs. No post-cure was performed.

The wettability of the bio UPRs was measured along time and the results are summarized
in Figure 9, with the water contact angle of the UPRs expressed in function of time. At

least three measurements were made for each UPR, in different places of the surface.
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Figure 9. Dynamic water contact angles of UPRs crosslinked with HEMA determined by the sessile
drop method and respective standard deviations.

According to the Figure 9, UPR7(HEMA), UPR8(HEMA) present WCA ranging from 60 to
40° after the stabilization (ca. 5 min) of the water drop in their surfaces, thus indicating a
hydrophilic nature. UPR8(HEMA) is the UPR with low WCA (43°) followed by
UPR7(HEMA) (62°). This is explained by the high-water solubility of GA, where diacids
containing an odd number of carbons are much more soluble than the even-number
carbon diacids [36]. This phenomenon is called the odd-even effect, where due to the
molecules conformation and interlayer packaging, the odd-number diacids such as GA,

are more soluble [37]. Therefore, the discrepancy between these two relatively similar
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formulations can be attributed to the number of carbons present on the diacid used. For
UPR11.2 the initial WCA was higher compared with the other two formulations (96°), but
decreased considerably after 5 min, reaching a WCA of 68°. The initial WCA of UP is very
similar to others reported in the literature, for formulations containing IS and diacids such
as SUCA and sebacic acid (SeBA), ranging between 85 and 93° [38]. Other authors
characterized PBS copolyesters based on IS and reported WCA between 73 and 51°,
depending on the amount of IS incorporated in the polyester formulations [39]. The
hydrophilic behavior of HEMA is due to the presence of the hydroxyl group at the end of
the monomer [40], promoting hydrogen bond formation, thus leading to UPRs with a
hydrophilic character. A quick analysis shows a similar behavior between these
formulations and the ones developed on Chapter Ill. However, the WCA obtained after

300 sec for UP7 and UP8, were considerably lower than the WCA of UP4 to UP6 and
clearly more hydrophilic.

The thermal stability of selected UPRs was studied by TGA, in a 25-600 °C range, in a
nitrogen atmosphere and the results are presented in Figure 10 and Table 6.
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Figure 10. Thermogravimetric curves and respective derivatives of the selected bio UPRs
crosslinked with HEMA.

According to Figure 10, all the prepared bio UPRs presented a single degradation stage
[41, 42], having a very similar weight loss pattern. As expected, this degradation stage is
related with the degradation of the crosslinked network [33] and its indicative of a
homogeneous crosslinked UP. Also, the Tonincreased considerably after the crosslinking
of the UPs with HEMA; the UPs Ton were over 345-360 °C, while the respective UPRs
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were in the range of 405-414 °C, stablishing their high thermal stability. Nevertheless, the
thermal profile of the UPs and UPRs are quite similar, presenting only one main stage of
decomposition, confirmed by DTGA (1% derivative of the TGA curve). Also, these materials
leave a final residue of less than 5% for UPR8 and UP11.2, and less than 1% for UPR?7,
at 600 °C.

Table 6. Degradation temperatures (Tx%) and onset temperature (Ton) of the selected bio UPRs,
obtained from TGA curves.

UPR(HEMA) Tso T10% Ton
UPR7 317.55 353.77 413.7
UPR8 225.01 278.74 412.0

UPR11.2 271.50 315.94 405.78

The thermomechanical properties of the crosslinked UPs were also studied by DMTA and

the results are presented in Figure 11 and Table 7.
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Figure 11. DMTA traces of the selected biobased UPRs in terms of E’ and tan &.

Figure 11 presents the tan 6 and E’ traces of the crosslinked UPs. At higher temperatures,
in the range of 0-100 °C, we can identify the a transition, corresponding to the T4 While
for UPR7, two peaks in tan & are observed, the samples UPR8 and UPR11.2 are
characterized by only one a transition, having very similar tan dmax. Jasinska et al. [5] also
reported a single T, value for isosorbide-based polyesters crosslinked with HEMA, ranging
between 83 and 53 °C. The existence of only one a transition is indicative of the UPs-

HEMA crosslinking. The two peaks detected for UPR7 are both sensitive to frequency and
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can be attributed to the existence of two immiscible parts. While the Ty detected at
17.4 °C is related with the UP-UP crosslinking, or UP with small amounts of HEMA, the T4
at 86 °C can be ascribed to the UP7 crosslinking with HEMA. According to Table 7, the
formulation UPR11.2 is the one having the highest storage modulus E’ and therefore
regarded as the most elastic material; also, it has the highest Tq4 value, of 53.5 °C as well
the highest tan dmax value. Overall, this UPR is characterized by a higher capacity to
dissipate energy. It was not expected a great difference between the formulations UPR7
and UPRS, since both have a similar chemical structure, with the main difference being
the dicarboxylic acid used (SA or GA). Though, a possible explanation could be ascribed
to GA structure and its odd number of carbons. There are reports on the flexibility of GA-
based UPs, which could be closely related with GA odd-number carbon structure [43, 44].

The higher elasticity of UPR8 can also be corroborated by the low Ty, of 42.2 °C.

Table 7. Thermomechanical parameters of the prepared bio UPRs obtained from DMTA. Tg: glass
transition temperature; E’-37 °C: elastic modulus at 37 °C; E”37 °C: loss modulus at 37 °C.

UPR E’37°C (MPa)  E” 37°C (MPa)  Tan & (max) T, (°C)
UPR7 72.9 18.7 0.45; 0.32 17.4; 86.4
UPRS 80.7 58.0 0.75 42.2

UPR11.2 169.2 107.7 0.74 53.5

Tensile modulus (E), maximum stress (Omax) and maximum strain (emax) Were also
determined for the biobased UPRs and the results are displayed in Table 8. Considering
the Youngs’ modulus, E ranged between 7.5 MPa and 1.3 MPa, with UPR8 having a E
value of 1.3 MPa being highly flexible at room temperature (Figure 12).

Figure 12. Pictures of biobased UPR8/HEMA and its flexible behavior.

These values are well reported in the literature, matching the prerequisites for application
in TE fields [45-47]. Since E clearly depends on the monomers, reaction type and

crosslinking agent used, the values of E reported in the literature are very wide-ranging.
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Overall, these new biobased UPRs presented a more flexible character and malleability
than the previous synthesized materials, making them interesting candidates for articular
cartilage [48].

Table 8. Results from UPRs tensile tests: modulus (E), maximum stress (Omax) and maximum strain
(emax), reported as mean value + standard deviation. The UPRs were crosslinked with HEMA.

UPRs E (MPa) Omax (MPa) €max (MmM/mm)
UPR7(HEMA) 7.5+£0.9 1.30£0.15 0.37£0.05
UPR8(HEMA) 1.3£0.2 0.23+0.03 0.41+0.07

5. Conclusions

Biobased UPs were prepared with monomers obtained from renewable resources to
obtain viable products with suitable properties to be used in tissue engineering fields. UPs
based on SA, GA, and diols such as IS, were successfully synthesized by bulk
polycondensation, without resorting to toxic solvents and catalysts. Also, the preparation
of UPRs using glutaric acid as the diacid is here reported for the first time. The step-growth
polymerization leads to amorphous and unsaturated products as expected. It was also
possible to reduce the reaction time to 8 to 10 h and the reaction temperature did not
exceed the 210 °C. The UPs structures were validated by ATR-FTIR and *H NMR. They
presented high thermal stability, with decomposition temperatures above 340 °C. Also, Ty
was determined by DMTA and MDSC, and the values ranged between -44 and 4 °C, being
the value dependent on the composition. The most promising formulations were
crosslinked with HEMA and the cured biobased UPs showed they are thermally stable up
to 400 °C and with T4 up to 86 °C. GA also brings interesting properties to the final UPRs,
with UPRS8 having the lowest WCA and Tg4. Overall, the UPRs had high thermal and
mechanical properties, holding interesting properties with both uses on TE and industrial
fields. These polymers with high green content revealed to be promising candidates to the
common petroleum based UPRs available in industrial markets but also a green alternative

in TE applications.
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A preliminary study: Strategies to improve the
biological performance of uSTLG scaffolds
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Strategies to Improve the Biological Performance of uSTLG Scaffolds

1. Abstract

The 3D unsaturated polyesters (UPs) fabricated by pSTLG demonstrated to have high
surface acidity, compromising the cell viability. Therefore, in the present work, we report
studies of surface treatments of the biobased unsaturated polyester resins (UPRs) to
enhance the biocompatibility of the final 3D scaffolds. Several approaches were tested,
from simple reflux treatments to O. plasma surface modifications. Concerning the
reduction of the acid character of the polymeric structures, EtOH reflux and O, plasma
treatment exhibited the best results. Cytotoxicity assays were performed, for uSTLG
scaffolds treated with EtOH for 3 h and, after 48 h of incubation, Scf6 and Scf7 presented
cell viabilities of 100%. High cell adhesion of scaffolds surface was also observed,

attesting the viability for these materials in tissue engineering (TE).

2. Introduction

The surface modification of biomaterials is one of the most important strategies to enhance
their performance (Scheme 1). The surface chemistry plays an important role since the
biological interactions with scaffolds occurs at the interfaces. There are several factors that

affect the interaction between the biological systems and the scaffolds surface [1].

S i I bl

Functionalized

Polymer surface
polymer surface

o e =2 & E
] [ —
Biofunctionalized Functionalized
polymer surface polymer surface

Scheme 1. Generic scheme of biological surface modification, adapted from [2].

While surface chemistry (surface electric charge and hydrophilicity) and the architecture
of scaffolds determine the first interactions occurring between the scaffolds surface and
the body fluids and cells [3], other parameters, such as roughness, regulate the adhesion
and proliferation of cells [4]. Also, other architectural factors, namely the presence of
pores, their interconnectivity, size and distribution determine whether the cells attach or
not to the biomaterials’ surface. Because most of the pristine synthetic biomaterials do not

have the requirements for cell attachment and proliferation, surface modification methods

151



Chapter V

have been developed to overcome this issue. Several polymers such as: poly(ethylene
glycol) (PEG), poly(vinyl alcohol) (PVA), poly(acrylic acid) (PAA), poly(2-hydroxyethyl
methacrylate) (PHEMA), poly(lactic acid) (PLA), poly(glycolic acid) (PGA), poly(e-
caprolactone) (PCL), and poly(propylene fumarate) (PPF), are commonly used in tissue
engineering (TE) [1]. Among those, polyesters are widely reported, however they are also
well known for their poor hydrophilicity and lack of recognition sites for cell attachment [5,
6].

Different modification strategies can be employed to modify the surface of the biomaterials.
Plasma treatment is one of the most used methods to promote the cell adhesion and
growth, without changing the bulk properties of the biomaterials [7], [8]. The type of
functionalization strongly depends on the gas used (O2, N2, Ar, CO2, NH3) and other
parameters such as time, pressure, and gas flow rate [2, 9]. Another alternative regards
the use of electrospinning. It should be mentioned that this technology is an efficient
processing method for applications in TE [10] but is usually described as a fabrication
method [11] and not as regular “modification” method, such as plasma.

Herein, we report the use of different strategies to reduce the UPRs surface’s acidity. With
that goal, plasma technology, reflux with ethanol and electrospinning were some of the
selected methods to treat the unsaturated polyester resins’ (UPRS) surfaces. Regarding
electrospinning, different natural polymers — hyaluronic acid (HA), gelatin type A and B —
were used to evaluate the influence of electrospun-scaffolds in terms of cell viabilities and
cell adhesion. HA is one of the main components of the extracellular matrix of skin and
cartilage [12] and it is extremely used in biomedical fields. Same for gelatine, a fully
resorbable biopolymer, derived from collagen hydrolysis [13, 14] which is experiencing a
rapid growth with a wide range of applicability in TE — as electrospun fibers [15] for bone
TE to scaffolds prepared by AM [16]. Cell cytotoxicity and adhesion was also evaluated.
In vitro adhesion of fibroblasts on treated scaffolds was assessed by means of Alamar

blue assay and fluorescence microscopy.

3. Materials and Methods

3.1 Materials

Styrene (St, 99%) and 2-hydroxyethyl methacrylate (HEMA, 98%) were purchased from
Acros Organics. 2-(N-morpholino) ethanesulfonic acid sodium salt (MES), gelatine porcine
type A and gelatine bovine skin type B, phosphate buffered saline (PBS) tablets (pH 7.4,
10 mM phosphate, 137 mM sodium, 2.7 mM potassium), L-lysine-ethyl-ester (99%),

hyaluronic acid sodium salt from Streptococcus Equi (bacterial glycosaminoglycan
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polysaccharide) (HA, 99%), dimethylformamide (DMF, 99.8%) and 2,2,2-trifluoroethanol
(TFE, 99%) and tetrahydrofuran (THF, >95%) were purchased from Sigma-Aldrich.

3.2 Microstereo-thermal-lithography of the Biobased UPRs

3-D scaffolds were prepared by uSTLG of UPs based on renewable sources (Table 1).
The UPs were prepared by bulk polycondensation, using the procedure reported
elsewhere [17]. The scaffolds (round disc format) were prepared with a diameter of 0.6 cm
and a thickness of 0.125 mm. The UPs and the corresponding unsaturated monomer (UM)
were loaded into the reservoir and were exposed to the UV light, for 60 seconds. uSTLG
system uses a mercury lamp of 350 W as light source. Optical fibers, projection and focal
lenses irradiate a UV-DMD and an IR-DMD [18, 19]. A dichroic mirror captures the images
projected on DMD (1024 x 768 pixels, 14 mm in size), combining them into a single image
that is transferred to the reactive resin (monomer or oligomers). The equipment also
includes a multi-vat system. The vertical displacement of the platform is secured by a
uniaxial MYCOSIS Translation Stage VT-80. This positioning system allows vertical

increments of 1 um, at a speed ranging between 0.001 and 20 mm/s.

Table 1. Scaffolds fabricated by ySTLG and corresponding polyester formulations.

Scaffolds UM (37% wiw) Formulation
Scf4 SuCA/FA/PG/DEG
Scfb HEMA AA/FA/PG/DEG
Scf6 SeBA/FA/PG/DEG
Scf7 SuCA/FA/DEG

3.3 Surface Modification Methods

3.3.1 Ethanol reflux and lysine-ethyl-ester treatment

A common reflux setup was used to remove the excess of acidity of the polymeric
scaffolds. The reflux with ethanol was performed for 1 h and for 3 h.

For L-lysine-ethyl-ester treatment, the scaffolds were added to a solution of
5 mg of L-lysine-ethyl-ester, dissolved in 1 mL of ethanol and treated overnight, at room

temperature.

3.3.2 Electrospinning of biopolymers

The developed 3D scaffolds were layered with different electrospun fibers. Therefore,

mixtures of gelatin type A and B, and HA, were electrospun in a homemade electrospinning
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set-up mounted in a vertical configuration [20]. The system is composed by a high voltage
power supply (SL 10W-300W, Spellman), a syringe pump (NE-1000 Multiphaser, New Era
Pump Systems), and a quadrangular copper collector. The mixtures were transferred to a
plastic syringe placed in the pump and connected, through a Teflon tube, to a blunted
stainless-steel needle, fixed above the collector plate. During electrospinning, a positive
high voltage was applied at the tip of a needle and the formed polymeric fibers were
collected on a piece of aluminum foil covering the collector plate. The collector was
covered with isolating tape, leaving only a small place for the scaffold to be placed, for all
the set of experiments. The fibers were directly sprayed for that specific zone. All
electrospinning experiments were carried under room conditions. A generic scheme of the

used electrospinning apparatus is presented in Scheme 2.

Syringe pump Syringe with

biopolymer solution
é % Electrospun fibers

3D scuﬂbldg

EEEEEEEEEREEEEEE Collector plate

Voltage power supply

Scheme 2. Schematic representation of the electrospinning apparatus used in the present work. A
power supply, a syringe pump and a collector plate constitute the equipment.

3.3.3 Oxygen plasma treatment

The selected scaffolds were treated with oxygen plasma (FEMTO-Low pressure plasma
reactor, manufactured by Diemer Electronics) in a stainless-steel chamber 270 mm long
by 100 mm wide, in both sides. After the pressure stabilization inside the chamber at 0.6
mbar, a glow discharge plasma was applied, for a period of 3 minutes, using 8 cm from
the electrode and at 100 W. The treated samples were immediately immersed in a solution
of 10 % (v/v) St/THF, under gentle agitation in a bath at 70 °C. After 4 h, the samples were
carefully washed with distilled water. The treated scaffolds were dried until reaching a

constant weight and stored for further analysis. All the assays were carried out in triplicate.
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3.4 Scaffolds Morphology

The morphology of the scaffolds obtained by uSTLG was observed by scanning electron
microscopy (SEM) (MEV)/EDS, JEOL, model JSM-5310, at an accelerating voltage of 10
kV.

3.5 Cellular assays

3.5.1 Sulforhodamine B colorimetric assay for cytotoxicity screening

For sulphorhodamine (SRB) colorimetric assay, 60 x 10° 3T3-L1 cells per well were
seeded over the treated discs onto 96-well culture plate and incubated for 48 h in 5% CO»
at 37 °C. Then, 120 uL of 1% v/v acetic acid in pure methanol were placed in each well of
a 96-well plate. After, the plates were placed in the freezer at -20 °C for 1 h. The solution
was then removed, and the 96-well plates placed to dry at 37 °C. 50 uL of SRB solution
and 1% v/v acetic acid were added to each well of the dried 96-well plates and allowed to
stain at 37 °C for 1 h. The SRB solution was removed by washing the plates with 1% v/v
acetic acid, three times, to eliminate unbounded dye. The scaffolds appearance was then
recorded, using camera (Canon G10 Wide 52mm) of the microscope (Zein, Axiovert 40C).

3.5.2 Cell culture

3T3-L1 cells (Mouse embryonic fibroblast cell line) and 3T3-L1 cells constitutively
expressing the green fluorescence protein (GFP) were maintained in culture at 37 °C,
under 5% CO,, in Dulbecco’s modified Eagle’s medium-high glucose (DMEM-HG) (Sigma,
MO, USA) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) (Sigma;
MO, USA), penicillin (100U/mL) and streptomycin (100U/mL). Cells grow in monolayer and
were detached by treatment with a trypsin solution (0.25%) (Sigma, St. Loius, MO).

3.5.3 Cell viability assays

The cytotoxicity of the UPs photopolymerized in the pSTLG, using HEMA as the
crosslinking agent, with a concentration of 37% (w/w) was evaluated in the 3T3-L1 cell line
(Mouse embryonic fibroblast cell line). For cell viability tests, 30 x 102 3T3-L1 cells were
seeded onto 48-well culture plate, 24 h prior to incubation with discs (cells were used at
70 % confluence). The cytotoxicity of the different polymers was evaluated by an extraction
test according to 1ISO 10993-5 Standard [21]. Scaffolds were immersed in cell culture
medium (DMEM-HG) (pH = 8.0) at an extraction ratio of 1 mL of DMEM-HG per 1.25 cm?
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of polymers surface area and incubated in a humidified atmosphere with 5% CO,, for 24
h, at 37 °C. 3T3-L1 cells, seeded in 48-well culture plates, were incubated with the
extraction fluid for 48 h, and the cell viability was assessed by a modified Alamar Blue
assay [22]. This assay measures the redox capacity of the cells due to the production of
metabolites as a result of cell growth. Briefly, the cell culture medium of each well was
replaced with 0.3 mL of DMEM-HG containing 10 % (v/v) of Alamar Blue (0.1 mg/mL in
PBS) and, after 1 h of incubation at 37 °C, 170 uL of the supernatant were collected from
each well and transferred to 96-well plates. The absorbance was measured at 570 and
600 nm in a SPECTRAmax PLUS 384 spectrophotometer (Molecular Devices, Union City,
CA). Cell viability was calculated as a percentage of the control cells (cells not treated with
the extraction medium) according to the formula (As7o-Asoo) Of treated cells x 100 / (Aszo-
Asoo) Of control cells. The data are expressed as the percentage of the untreated control
cells (mean + standard deviation obtained from n = 3) and are representative of three

independent experiments.

3.5.4 Cell adhesion assays

For fluorescence microscopy assays (cell adhesion tests), 1.80 x 10° 3T3-L1 cells per well
were seeded over the treated discs onto 96-well culture plate and incubated for 48 h in 5%
CO; at 37 °C. After 48 h of cell seeding, the discs were washed twice with PBS buffer and
nuclear staining was performed with the Hoechst 333258 (1 pg-mL™?) (Invitrogen Life
Technologies, Paisley, UK) fluorescent dye for 5 minutes. The microscope observation
was performed using PALM MicroBeam equipment (Zeiss, Gottingen, Germany) with LD

Plan-Neofluar 40x/0.6 Korr objective at excitation wavelength of 395 nm for GFP (green).
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4. Results and Discussion

4.1 Scaffolds acidity

The SRB colorimetric assay is extensively used for in vitro cytotoxicity screening, mainly
due to is simplicity and sensitivity and was used for cell density determination [23, 24].
This method is based on the measurement of cellular protein content, measuring the ability
of the SBR to bind to protein components of cells that have been fixed to tissue-culture
plates by trichloroacetic acid (TCA). The samples studied were Scf4, Scf5, Scf6é and Scf7
(scaffolds based on formulations UP4, UP5, UP6 and UP7), obtained from the photo
polymerization of UP4, UP5, UP6 and UP7 (see Chapter Ill and Chapter IV for UP’s
composition), respectively, by uSTLG, using HEMA as the crosslinking agent (Table 1).
According with Figure 1B there is no evidence of cell viability. These experiments suggest
that cell death was induced by high levels of acidity, detected by the discoloration of the

cell medium, from pink to a yellow coloration.
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Figure 1.A. The uSTLG scaffolds used in the SRB assay. B. Images of the scaffolds incubated with
cells after SRB assay.

The pH of DMEM was monitored by the change of the medium coloration. Except for Scf6,
all the samples acidified the cell culture medium, DMEM. The other samples showed high

values of acidity, mostly Scf7. Considering the results, the acidity level increases in the
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following order: Scf6 < Scf4 < Scf5 < Scf7. Concerning these results, the scaffolds
analyzed within this chapter were the ones presenting the highest (Scf6) and the lowest
(Scf7) levels of acidity. Another important observation deals with sample Scf6. After 48 h
immersed in DMEM, Scf6 shrunk to approximately ¥ of the initial diameter (data not
shown). This scaffold lost around 28% of weight after 48 h immersed in DMEM. Scf6 and

Scf7 were analyzed by SEM analysis to verify changes in their surfaces (Figure 2).
' ‘ c
‘ 25 um
| C!

Figure 2. Scanning electron micrographs of the scaffolds Scf6é and Scf7 before (A) and after (B
and C) immersion in DMEM medium, using microscopy (MEV)/EDS, JEOL, model JSM-5310, at an
accelerating voltage of 10 kV. The magnifications used were 2000x for the controls (A, A’); for
scaffolds Scf6, 35x (B) and 2000x (C); and for Scf7, 350x (B’) and 2000x (C’).

This degradation could be the explanation for the weight loss of the polymer and for no
visible changes on the morphology of both Scf6 and Scf7 samples (Figure 2). This
phenomena could be explained by the presence of acidic by-products, resulting from
hydrolytic breakdown [25]; however this cannot be the explanation since the materials
have only been immersed for 48 h. This effect is even more pronounced in nonporous
materials, where the acidic by-products are trapped inside the polymer matrix [26]. Another
hypothesis deals with the possible hydrolysis of the ester groups. It is well known that
aliphatic polyesters, such as PLA and PGA, are characterized by a random bulk hydrolysis
occurring in two distinct stages [27, 28]. The hydrolytic cleavage of the ester bonds results
in the formation of carboxyl end groups (autocatalytic degradation mechanism). However,
and considering the samples size, a reasonable explanation could be the presence of the

oligomers entrapped inside the materials. The oligomers near the surface can diffuse out
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from the polymer and the outcome is an increase of the acidity of the polyester and
therefore the pH change in cell culture medium.

4.2 Strategies adopted for the decrease of the surfaces’ acidity

To eliminate the acidity of the scaffolds, those were subject of the following strategies:

A. Reflux with EtOH for 1 h or 3 h of the scaffolds.

B. Pre-treatment with L-lysine-ethyl-ester, in EtOH.

C. Electrospinning (gelatin solution) onto the scaffolds surface, to cover the surface with
bio fibers enhancing thus cell affinity.

D. Oxygen plasma treatment for 3 min and posterior grafting with 10% (v/v) St/THF, to
insert polystyrene (PS) graft onto the scaffold surface.

The methods followed are listed in Table 2.

Table 2. Type of uSTLG scaffolds and respective treatments performed.

Treatments
A B C D
Scaffolds
EtOH reflux  EtOH reflux ] o
" - Lysine-ether-ester Electrospinning Oz Plasma

Scf5 (
Scf6 / ( / / (
Scf7 v v v v v

The selected strategies were chosen mainly by their simplicity, such as reflux with EtOH,
or by considering well-known and successful modification methods, such as O, plasma
treatment [8, 29]. After the treatment of each set of scaffolds, those were placed in cell-
culture plates and immersed in culture medium (DMEM) containing a pH indicator (phenol
red). To confirm the consistency of the results, the surrounding medium of each scaffold

was monitored three times for each of the previous methods.

4.2.1 Reflux with EtOH and lysine-ethyl-ester treatment

As a first approach, the scaffolds were refluxed with EtOH, for 1 h, and dried in vacuum
for several days. According to Figure 3, it is visible the color change of the DMEM medium
after 24 h and 48 h in the presence of Scf7. The sample Scf7 lowered the pH (ca. 6.8) of
the cell culture medium, which turned into a yellowish color. As previously observed, the

Scf6 did not acidified the cellular medium.
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Considering the treatment with L-lysine-ethyl-ester, (treatment B) a change on pH of
DMEM was detected. Like the scaffolds refluxed with EtOH, these pre-treated Scf7
scaffolds, after 48 h immersed in DMEM, led to an acidification of the medium.

Figure 3. Screening of Scfé and Scf7 and respective changes on pH medium after A. Reflux with
EtOH and B. Lysine-ethyl-ester treatment, after 24 h and 48 h.

4.2.2. Electrospinning

The use of biobased natural polymers such as proteins, (e.g., gelatin, HA) and
polysaccharides (e.g., alginate, chitosan) for the development of biocompatible scaffolds
has been extensively explored over the last few years [30-32]. Electrospinning is one of
the most used techniques to produce these biobased scaffolds. Commonly electrospinning
has applicability in drug delivery systems, TE and polymers reinforcement and
or/modification [33] but, to the best of our knowledge, there are no reports on the literature
regarding this type of application of electrospun fibers, where the scaffolds is not produced
by electrospinning but the technique is used to cover the AM scaffold, thus enhancing the
polymer biocharacter. Electrospinning was used to coat the scaffold with biopolymers to
enhance the affinity between the biomaterial surface and the cells. It is an alternative
where instead of reducing the acidity, we promote the biocharacter of the modified
scaffold. For this specific treatment, preliminary studies were performed to attain the best
conditions, such as solvent used, polymer concentration, among others. Therefore,
instead of using Scf6é and Scf7, other samples were first tested until the optimal
electrospinning conditions were achieved. These electrospinning experiments were
performed onto the surface of 3D rectangular scaffold with pores, as fabricated in Chapter
Il. The first experiments were performed on scaffolds Scf5 with controlled porous size to
test the electrospinning parameters and were conducted at room temperature and

parameters such as the applied voltage, feeding rates, solvent used -
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2,2,2-trifluoroethanol (TFE) and dimethylformamide (DMF) — and the tip-to-collector
distance are displayed in Table 3 [34, 35]. The concentration of the biopolymer was also
controlled, since it influences the fiber morphology [10]. High concentrations of polymer
lead to high fiber diameters while high flow rates can result in the presence of beads,
structural defects that occur due to the incapacity of the fibers to dry before reaching the
collector. The choice of these polymers is based on their natural origin and extensive
applicability in TE field and will assure a proper substrate for cells, such as osteoblasts
and fibroblasts. The type of produced electrospun fibers is critical since these materials

are responsible to provide a good interface between the biomaterial surface and the cells.

Table 3. Composition of the formulations and electrospinning conditions used in the electrospinning
method and scaffolds used for this study.

Formulation [I(Dozl,yvrvr}\(j)r] Solvent Di?Ct;n)ce FI?&/]VL%a;te V‘zll(t\"’/‘?e Scaffolds
Gelatin type A 7.5 TFE 11 3,6 20

Gelatin type B 7.5 TFE 11 6 20 Scf5
HA 15 DMF/H20 15 3 22

Since gelatin is a natural polymer and very used in biomedical fields [35-37], two types of
this biopolymer were selected: gelatin from porcine skin type A and gelatin from bovine
skin type B, which are derived either by partial acid or alkaline hydrolysis, respectively, of
animal collagen sources [38]. While more carboxylic acids are present in type A, scaffolds
based on gelatin type B showed endothelial cell attachment [39], which is also a one of
the reasons of the choice of this biopolymer. However, both gelatines are extremely used
in TE and in food, pharmaceutical and cosmetic fields [40].

Scaffolds based on formulation UP5 (AA/FA/PG/DEG) (developed in Chapter Il) were used
in this study. Scf5 is composed by 2 layers and the time of cure used was between 28 and
37 seconds. The collector was covered with isolating tape, leaving only a small place for
the scaffold to be placed, therefore the fibers were directly sprayed for that specific zone.
In less than 20 min the scaffolds were completely covered with electrospun fibers of both
type of gelatin. The micrographs of electrospun fibers attached to the scaffolds surface are
presented in Figure 4. The presence of beads is clearly seen on SEM micrographs of
gelatine type B (see also Figure S1 in Sl), which is a result of the voltage applied, polymer
low rate and capillary-collector distance or even a combination of these three factors.

By observing the scaffold with electrospinning fibers from gelatin type B and gelatin type
A, it is quite clear the differences between the fibers. Keeping the parameter such as

voltage and flow rate, it was observed that the scaffolds covered with gelatin B provided a
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much more uniform-fiber surface than the scaffold with gelatin A fibers. Bovine gelatin
solution was filtered before being placed into the electrospinning apparatus, since the
prepared gelation B solution was blurry. This could explain this difference on the fiber’s
organization and diameters. The scaffolds covered with gelatin B presented a more
homogeneous electropsun fibers, with similar diameters. The same was not observed for
gelatin A. HA, a polysaccharide present in the extracellular matrix (ECM) was also used in
this study. HA plays an important role in cell adhesion, growth and migration, therefore its
extensive use in biomedical applications [41, 42]. Thus, HA with a solution concentration
fixed at 1.5 w/v%, was dissolved in a DMF-water solution with a volume ratio of DMF to
water of 1.5 and the electrospinning experiments were performed. Compared with the
gelatines, scaffolds covered with HA showed electrospun fibers with small diameters and
the surfaces were not fully covered, even though the conditions used were considered
optimal. We must not forget the cost associated with this natural source, making the use

of gelatines in this study more appealing. Though, the lack of reproducibility is an issue

since the deposition of the fibers on the surface cannot be entirely controlled.

Gelatin type B

Gelatin type A

Figure 4. Scanning electron micrographs of the 3D scaffolds, with electrospun fibers of gelatin type
A (7.5% wlv, in TFE), type B (7.5% wi/v, TFE) and HA (1.5% w/v, DMF/H20) at the surface. The
magnifications used for the Scf5 modified with gelatin B were 35x, 500x and 1000x; for the
modification with gelatin A, 35x, 1000x and 5000x and for Scf5 with HA fibers, 50x, 500x and 1000x.

The results observed strongly suggest the use of gelatin B as the viable solution; besides,
other factors such as availability, solubility and costs were also taking into account [40].
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Therefore, and according with the results obtained and the conditions tested, the scaffolds
Scf6 and Scf7 (discs format) were covered with gelatin type B fibers, the one presenting
the most promising results, and were immersed in DMEM medium. The medium coloration
was monitored for 48 h (Figure 5) and changes on pH medium were registered. This
treatment using the gelatin fibers was not able to reduce the acidity of the scaffolds, which

is clearly patent on the pH of cell culture medium displayed in Figure 5.

Figure 5. Screening of Scfé and Scf7 covered with gelatin type B fibers and respective changes on
pH medium.

4.2.3. O, plasma treatment

The O, plasma treatment and posterior grafting of St onto scaffolds surface was also
tested at this stage. The grafting of St to the surface was here used as a proof-of-concept
to visualize the success or not of the maodification. So, to confirm the surface modification,
the resulting treated scaffolds Scf6é and Scf7 were analyzed by SEM, as demonstrated in
Figure 6.

Figure 6. Scanning electron micrographs for the processed Scf6 and Scf7 before (control, A and
E) (with magnifications of 15000x) and after modification by O2 plasma and posterior grafting with
St (magnifications of 1000x (B, F), 2000x (C, G) and 15000x (D, H).
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The photos of the scaffolds revealed that the surfaces were successfully modified by O,
plasma treatment, with posterior grafting with St, resulting in patterned surfaces. These
experiments were made in triplicate and the results were found consistent regarding the
pattern observed. (Figure S2) Other reports available in the literature suggest the
formation of peaks and valleys on the surfaces after O, plasma treatments [43]. It was also
verified that despite Scf6 having such regular pattern, Scf7 did not showed such a similar
level of regularity in terms of pattern. In the three sets of experiments, Scf6 always showed
a more defined and organized pattern than Scf7.The O; plasma treated scaffolds Scf6 and

Scf7 were immersed in DMEM medium and changes in the coloration and pH were

monitored for 48 h (Figure 7).

Figure 7. Screening of Scf6 and Scf7 and respective changes on pH medium after Oz plasma
treatment after A. 24 h and B. 48 h.

After 24 h no significant changes in the pH was detected, however, after 48 h it is clear the
low pH of the Scf7. Still, O, plasma treatment with posterior grafting with St, seems to offer
the most promising results since after 24 h only a slight variation on pH of the cellular
medium was observed. However, after 48 h, and like the other applied treatments, a
significant change in the pH was detected. This can be related with the previously
discussed autocatalytic effect: assuming the presence of the acidic by-products inside the
scaffold matrix, with time, and even with pre-treated surfaces, this phenomenon will
persist. The graft density could also be a possible explanation for the observed results,
since graft density and type of molecule grafted to the surface dictate the performance of
the polymer [44]. Regarding the strategies followed to solve the excess of acidity, some
treatments were automatically excluded: L-lysine-ethyl-ester and electrospinning of gelatin
type B have shown no improvements thus no optimization of the conditions were
attempted. On the other hand, and considering time, costs, and outcome, O, plasma is a
much time-consuming and expensive process than an EtOH reflux. Both methods proved
to be enough until 24 h. As a last resource, the time of reflux was extended to 3 h instead
the initial 1 h of treatment, which apparently seemed to solve the acidity issue. Thus, the
results strongly suggested that EtOH reflux is the best approach to solve the acidity issue.
A summary of the strategies followed are displayed on Scheme 3.
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Strategies

1 h EtOH reflux Lysine-ethyl-ester

treatment O, plasma treatment Electrospinning

J

3 h EtOH reflux

Cell viability
and adhesion
tests

Gelatin fibers

Time-consuming
Expensive
Further studies needed

Scheme 3. Schematic representation of the strategies followed for the reduction of acidity of the scaffolds and some preliminary results obtained. These
preliminary assays were based on surface modifications by EtOH reflux, Oz plasma and electrospinning. The modified scaffolds were placed into a 48-well plate
with 300 pL per well of the cell culture medium and their acidity was visually evaluated at 24 h and 48 h by change of cell culture medium color. Scanning
electron micrographs of some of the modification used are also displayed.
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4.3 Cell assays

The cell viabilities and cell adhesion of the selected scaffolds were analyzed. The scaffolds
were pre-treated with ethanol, in a reflux system, for 3 h, since this treatment showed to
be the most effective procedure to eliminate the high acidity of the scaffolds. The obtained
results are displayed in Figure 8.
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Figure 8. A. Differences in the cell culture medium colour after 24 h of incubation with different
scaffolds. B. Effect of different 3D scaffolds on 3T3-L1 cell viability. The data are expressed as
percentage of cell viability with respect to the control corresponding to untreated cells (mean + SD,
obtained from triplicates). The results are representative of at least three independent experiments.
The statistical analysis (one-way ANOVA) indicates that there is not a significant difference between
the different conditions.

According to Figure 8, the results suggested that the scaffolds prepared by uSTLG and
treated by reflux in EtOH did not decreased cell viability after 48 h, presenting values of
100%. Therefore, we can assume that the reflux treatment was effective. The pH medium
of the materials was monitored during the experiment (Figure 8A). The cell adhesion of
these scaffolds was also evaluated by microscopy analysis. At this point, some problems
arose. First, scaffolds presented some opacity. Second, polymer adsorbed the fluorescent
probes tested (Hoechst 333258 and propidium iodide). And third, scaffolds themselves
showed some fluorescence for red and blue light. To overcome these problems, 3T3-L1
cells constitutively expressing the green fluorescence protein (GFP) to evaluate the

adhesion to the scaffolds were used. The images recorded are displayed in Figure 9.
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Figure 9. Photo activated localization microscopy images of 3T3-L1 cells on the top of the scaffolds.
Cells in absence of any material were used as control (A) and cell adhesion was detected on Scf6
(HEMA) surface (B). Images were captured by microscopy PALM MicroBeam equipment (Zeiss,
Gottingen, Germany) with LD Plan-Neofluar 40x/0.6 Korr objective at excitation wavelength of 395
nm for GFP (green).

According to Figure 9, cell adhesion on Scf6 surface was observed. For Scf7, due to its
opaque and denser nature it was not possible a proper visualization. By the contrary, Scf6é
showed strong evidence of cell adhesion, where a predisposition for the edges of the
polymeric material was detected. Nevertheless, some cells at the centre of the scaffolds
were also observed though isolated. A great number of cells was observed, indicating that
Scf6 (HEMA) supported cell adhesion.

To evaluate the success of the EtOH reflux, thermal crosslinked UPR6/HEMA was also
treated, and cell adhesion was observed (Figure S3). UPR6/HEMA showed to be non-
toxic to the cells after the EtOH treatment, with high cell viability (116.70%+19.48) after 48
h. Fibroblast cells showed tendency to adhere to the edges of the thermal crosslinked
polymers, forming an interconnecting network on these specific sites. Though some cells
were observed at the centre of the UPRG, in most cases cells were isolated and disperse
in the polymer surface. Overall, these results strongly suggest the viability of the

synthesized materials in TE applications.
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5. Conclusions

The high potential of the UPs for AM was in jeopardy due to the high levels of acidity.

Oxygen plasma treatment, EtOH reflux, among others, were therefore used to overcome

such problems and the surface modification of the 3D scaffolds was investigated. Although

O plasma treatment and posterior St grafting showed surprising results — SEM results

indicate that the scaffolds surfaces were successfully modified —, it was not enough to

eliminate the surface acidity; besides it is clearly an expensive and time-consuming

technique. On the other hand, by increasing the time of EtOH reflux the problem of acidity

was able to be solved, which is patent in the cytotoxicity results and cell adhesion tests.

The results suggested that after treated, the scaffolds can be good substrates for cell

adhesion also presenting cell viabilities of 100% after 48 h.
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Supplementary Information
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Figure S1. Scanning electron micrographs of the 3D scaffolds, with electrospun fibers of gelatin
type B (7.5% w/v, TFE) at the surface. The magnifications used with gelatin B were 2000x and
5000x.
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Figure S2. Scanning electron micrographs for the processed Scf6 and Scf7 after modification by
Oz plasma and posterior grafting with St (magnifications of 1500x (A), 5000x (B) and 15000x (C, D)
for treated Scf6 and Scf.

Scf6
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Figure S3. Fluorescence microscopy images of 3T3-L1 fibroblast cells on the biobased UPR6
(HEMA) discs (B) by fluorescence microscopy. Cells in absence of any material were used as
control (A). Cell nuclei were stained by Hoechst 333258. Control cells were seeded directly to the
well. Images were captured by microscopy PALM MicroBeam equipment (Zeiss, Gottingen,
Germany) with LD Plan-Neofluar 40x/0.6 Korr objective at excitation wavelength of 445 nm for
Hoechst (blue).
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Concluding remarks

1. Conclusions

The development of biobased unsaturated polyesters for tissue engineering application was the
goal of this thesis, since these polymers contributed for a remarkable advance in the biomedical
fields. These polymers, if presenting a biocompatible character and proper properties, can be a
suitable alternative to the toxic polymers commonly used for the fabrication of three-dimensional
scaffolds by stereolithographic techniques.

An extensive study on unsaturated polyesters synthesis via bulk polycondensation was carried
out in the scope of this work. The selection of proper renewable monomers and the ratios between
the diacids and glycols for UPs formulations played a key role in terms of the final properties of
the polyesters. The resulting oligomers were fully characterized to understand and tailor the
properties of the UPs for TE application. In this context, the biobased UPs were tested in the
USTLG equipment resulting in 3D scaffolds with controlled geometry. In vitro cytotoxicity tests of
the scaffolds were carried out with 3T3-L1 cells confirming the biocompatible character of the
scaffolds, even when photocrosslinked with a toxic monomer such as styrene. This was the
evidence that these bio polyesters can be used as supporting materials to build complex 3D
structures by micro-stereolithography. The present study also constitutes one of the few reports

of bio UPs synthesized specifically for AM technologies.

The developed UPs allow to produce biobased resins by additive manufacturing technologies.
But at this stage the diluent selected to reduce the viscosity and promote the crosslinking reaction
is crucial. The crosslinking studies for the biobased UPs, which aim to understand the behaviour
of the final resins and to find suitable monomers for uSTLG, have been carried out. The overall
results suggested that there are significant differences between the thermal and the photo
crosslinked polymers concerning the final properties. Thermal crosslinked UPs showed high gel
content values, with the highest contact angle values of 80°, with a strong tendency to decrease
along time. According with the morphological, thermal and mechanical results, the UPRs revealed
great possibilities for TE application — the cured polymers presented enough roughness and
flexibility for cell attachment, which was demonstrated by the cell adhesion observed on the edges

of the polymers.

One of the main problems concerning the step-growth polymerization method employed was the
fact that it was time consuming, mainly to the fact that no solvents or catalyst were added to the

reaction system. Although the number of reaction parameters decreased, it also contributed to
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longer reaction times, at least of 14 h. New formulations were developed with emphasis in new
renewable sources, such as glutaric acid and isosorbide, where the number of monomers on the
formulations decreased. The resulting outcome of this strategy was: a) polycondensation reaction
approximately of 8 hours, for formulations UP7 and UP8; b) final reaction temperatures of 190 °C;
c) same possibility of tuning the final properties of UPs by playing with the ratios of the monomers;
d) more flexible polymers, one of the pre-requisites for uSTLG. A better understanding of the
importance of the type monomers incorporated on the formulation was highlighted. The UPs were,
as expected, suitable for the stereolithographic technology. Importantly, these flexible polyesters
can be easily applied on several other applications besides AM techniques.

With the development of these bio polyesters, problems related with their application in TE were
detected. Surface acidity was one of the main restrictions detected during the development of this
work. The identified problem is very similar to those found in polymers with application in
biomedical fields, however, pre-treatment at the surface of the UPRs is not an explored area. By
the contrary, this work is one of the first reports of the problems that can arise after the scaffold’s
fabrication, using bio UPs as the starting materials. Independently of the type of crosslinking
method used to prepare the resins, the acidity of the resulting polymers was severely high,
reducing the changes of cell viability. The surface treatment or surface modification was a
potential solution that was tested. Reflux with ethanol, surface modification by oxygen plasma or
even the use of electrospinning to “trick” cells response were some of the methods employed at
this stage. Although the surface modification of the scaffolds by O, plasma was confirmed by
SEM, the most effective method to remove the acidity was a much simpler method, such as EtOH
reflux. At the end, the treated scaffolds presented cell viabilities close to 100% and cell adhesion.
In this context, there is no doubt that this type of polymers can effectively be used as supporting

materials for cells in TE applications.

The main achievements and conclusions of this research study can be summarized as follows:

1. Biobased aliphatic unsaturated polyesters were successfully synthesized by bulk
polycondensation, leading to polymers presenting high thermal stability and low glass
transition temperatures. This polycondensation method led to polymers with low molecular
weights therefore with suitable viscosities for application on uSTLG. This was confirmed
by the fabrication of 3D scaffolds with accurate geometries and complex micro-

architectures. Also, the properties of the materials can be tuned by changing the type and
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ratio of monomers used and properties such as polymer flexibility and viscosity can be
easily controlled.

2. UPRs were also prepared using biocompatible monomers, such as HEMA. The biobased
UPs developed in this work, with no exception, were suitable for uSTLG. This was possible
by combining a simple method of synthesis such as bulk polycondensation, with the proper
choice of renewable monomers and diluents. The results revealed that by fine tuning the
properties of the UPRs, the materials can be used in different applications, specifically in
biomedical fields. The adhesion of fibroblasts on the UPRs surfaces confirmed these

suppositions.

3. Hardly these polymers can be processable without any pre-treatments. In all the
developed formulations, only the sebacic based UP entitled UP6, revealed no need of
surface treatment. Therefore, combining AM technologies with surface modification or
other type of surface treatments offers a good approach, having as goal the enhancement
of scaffolds performance.

2. Further research

Although encouraging, the properties of the synthesized bio UPRs need further investigation
concerning the TE application. For that reason, a few tests have to be performed since they will

bring a better understanding on the properties of the UPs:

1. Exhaustive study of UPRs degradation, side-by-side with the evaluation of the sub-
products toxicity on the biological systems. Altought a preliminary study of the hydrolytic
degradation of the polyesters was performed, no information about scaffolds degradation
was provided in the present work. Also, no evidence of a direct correlation between the

starting polyester and the final scaffold properties has yet been established.

2. Afull study of the scaffold’s characteristics affecting the cell-polymer surface interactions.
These includes not only determining the scaffolds porosity, but also an extensive study on
the mechanical properties of the UPs, being this one of the major challenges in TE, to

mimic the mechanical properties of the ECM.
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3. Development of new resins that could add some interesting properties, namely flexibility
and mechanical strength, to the final scaffolds. The selection of also renewable
unsaturated monomers (vegetable oils such as castor oil, soybean oil and their derivatives
such as AESO) or even the modification of known UMs are viable strategies that could
enhance biocompatibility and degradability of the 3D scaffolds. The use of other building
blocks to prepare new UPs can also be explored.

4. To test the UP formulations having cellular components incorporated into their matrix in
the uSTLG equipment. Although challenging, since proper viscosity and cytotoxicity need
to be assured, this is one of the major goals envisaging a possible 3D scaffolds product.
The incorporation of growth factors that promote cell proliferation, wound healing, or even
cellular differentiation will be highly desired. The outcome could be the development of
specific scaffolds to treat knee cartilage defects.

5. And finally, in vivo assays, to confirm the biocompatibility of the 3D scaffolds produced.
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