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Diu la creenca popular que les energies —tant del pensament propi, com
del cosmos— t'ajuden a aconseguir allo que et proposes o desitges i,
majoritariament, tendeix a ser Util i positiu.

Sera aixo cert?

Popular belief affirms that energies —both own thinking and from the cosmos— help you to
achieve what you propose or desire, and most of all, tend to be useful and positive.

Is this true?
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ABSTRACT

The understanding of new materials and methodologies have led to an
exponential progress of polymer science. Recent advances in polymer
modification and processing techniques have endorsed amazing
functionalities to cover the features required in specific applications. The
aim of this thesis was to develop appropriate research strategies of
functionalisation of polymers based on a multi-stage scheme, involving the
design, processing, characterisation, and validation to meet the requisites
of specific durability and service life. This methodology was applied to
provide alternative solutions that respond to service requirements in several
applications, such as photo-stabilisation of polyolefins for outdoor
applications, polyelectrolyte membranes for fuel cells, and scaffolds for
tissue engineering.

The functionalisation of polymers was performed by macromolecular
modification, blending, and combination with micro and nanoparticles.
Processing techniques such as solvent-casting, hot-melt extrusion,
compression moulding and electrospinning permitted to obtain specific
physico-chemical features, which were determined by spectroscopy,
chromatography, microscopy and thermal analysis. In addition, a
validation procedure was performed by means of real or simulated service
conditions, which helped assess the suitability of the functionalised
polymer-based materials.

In the field of the photo-stabilisation of polyolefins, polydisperse silicon
particles provided high stability to raw non-additivated polypropylene (PP)
against sunlight irradiation in terms of appearance, thermal stability and
mechanical properties.

In order to design polyelectrolytes for fuel cells, the cross-linking and
sulfonation of poly(vinyl alcohol) (PVA) with sulfosuccinic acid (SSA)
was considered. The combination with graphene oxide (GO) and chitosan
(CS) was also explored. The new functionalised films or nanofibrous
polyelectrolytes, offered dimensional and thermal stability under service
conditions, were electric insulators, and revealed promising performance
in terms of proton conductivity.

Functionalised blended scaffolds of polycaprolactone (PCL) and gelatin
(Ge) were obtained for tissue engineering. The control of the dissolution
time into a formic/acetic acid hydrolytic solvent prior to electrospinning
permitted to obtain tailored scaffolds, in terms of nanofibrous morphology,
physico-chemical performance and biocompatibility. The scaffolds with
balanced ratios of PCL/Ge promoted in vitro cell adhesion and
proliferation, as well as suited appropriate durability under in vitro
conditions and during the in vivo implantation.






RESUM

L’estudi de nous materials i metodologies ha resultat en un progrés
exponencial de la ciéncia de polimers. Els recents avancos en la modificacid
d’aquests materials, juntament amb I’Us de noves técniques de processat, han
aportat extraordinaries funcionalitats per afrontar les necessitats requerides en
aplicacions especifiques. En aquest sentit, I’objectiu de la present tesi fou
desenvolupar I’estratégia d’investigacié adequada per a la funcionalitzaci6 de
polimers, basada en un esquema de multiples etapes, implicant el disseny,
processat, caracteritzacid i validacié del compliment dels requisits de
durabilitat especifica i vida atil. Aquesta metodologia es va aplicar per aportar
solucions alternatives en aplicacions com la foto-estabilitzacio de poliolefines
exposades a I’aire lliure, el desenvolupament de membranes de polielectrolits
per a piles de combustible i de bastides per a enginyeria de teixits.

La funcionalitzacié dels polimers es va realitzar mitjangant tecniques de
modificaci6 macromolecular, mescla, i combinaci6 amb micro i
nanoparticules. Es van considerar técniques de processat com la dissolucié-
abocament, I’extrusio per fusié en calent, I’emmotllament per compressio i
I’electrofilat, les quals van permetre obtenir caracteristiques fisicoquimiques
especifiques, que es van avaluar mitjangant técniques d’espectroscopia,
cromatografia, microscopia i analisi térmic. A més, es van realitzar els
procediments de validacié en condicions de servei reals o simulades, que van
permetre avaluar la idoneitat dels materials desenvolupats.

En el camp de la foto-estabilitzaci6 de poliolefines, I’addicié de
microparticules de silici polidispers va proporcionar una elevada estabilitat al
polipropilé (PP) sense additivar davant de la irradiacio solar, en termes
d’aparenca, estabilitat térmica i propietats mecaniques.

En el disseny de polielectrolits per a piles de combustible, es va considerar el
entrecreuament i sulfonacio de poli(alcohol vinilic) (PVA) amb &cid
sulfosuccinic (SSA). També es va estudiar la combinacié amb oxid de grafé
(GO) i quitosa (CS). Tant els nous films funcionalitzats com els polielectrolits
nanofibrosos, mostraren estabilitat dimensional i térmica en condicions de
servei, foren aillants eléctrics i revelaren un rendiment prometedor en termes
de conductivitat protonica.

Es van obtenir bastides funcionalitzades per a enginyeria de teixits a partir de
la mescla de policaprolactona (PCL) i gelatina (Ge). El control del temps de
dissolucié en un dissolvent hidrolitic d’acid formic/acétic abans de
I’electrofilat va permetre obtenir bastides amb caracteristiques a mida, en
termes de morfologia, comportament fisicoquimic i biocompatibilitat. Les
bastides amb proporcions equilibrades de PCL i Ge van promoure I’adhesio i
proliferacio cel-lular in vitro, aixi com una durabilitat adequada en condicions
in vitro i durant la implantacié in vivo.






RESUMEN

El estudio de nuevos materiales y metodologias ha resultado en un progreso
exponencial de la ciencia de polimeros. Los recientes avances en la
modificacion de estos materiales, junto con el uso de técnicas de procesado
novedosas, han aportado extraordinarias funcionalidades para afrontar las
necesidades requeridas en aplicaciones especificas. En ese sentido, el objetivo
de la presente tesis fue desarrollar la estrategia de investigacion adecuada para
la funcionalizacién de polimeros, basada en un esquema de mdltiples etapas,
implicando el disefio, procesado, caracterizacion y validaciéon del
cumplimiento de los requisitos de durabilidad especifica y vida util. Esta
metodologia se aplico para aportar soluciones alternativas para aplicaciones
como la foto-estabilizacién de poliolefinas al aire libre, el desarrollo de
membranas de polielectrolitos para pilas de combustible y de andamios para
ingenieria de tejidos.

La funcionalizacion de los polimeros se realizd6 mediante técnicas de
modificacion macromolecular, mezclado, y combinacién con micro y
nanoparticulas. Se consideraron técnicas de procesado como la disolucion-
vertido, la extrusion por fusidn en caliente, el moldeo por compresion vy el
electrohilado, las cuales permitieron obtener caracteristicas fisicoquimicas
especificas, que se evaluaron mediante técnicas de espectroscopia,
cromatografia, microscopia y analisis térmico. Ademas, se realizaron los
procedimientos de validacion en condiciones de servicio reales o simuladas,
que permitieron evaluar la idoneidad de los materiales desarrollados.

En el campo de la foto-estabilizacién de poliolefinas, la adicion de
microparticulas de silicio polidisperso proporcioné una elevada estabilidad al
polipropileno (PP) sin aditivar frente a la irradiacion solar, en términos de
apariencia, estabilidad térmica y propiedades mecéanicas.

En el disefio de polielectrolitos para pilas de combustible, se consider6 el
entrecruzado y sulfonacién de poli(alcohol vinilico) (PVA) con é&cido
sulfosuccinico (SSA). También se estudié la combinacion con 6xido de
grafeno (GO) y quitosano (CS). Tanto los nuevos films funcionalizados como
los polielectrolitos nanofibrosos, mostraron estabilidad dimensional y térmica
en condiciones de servicio, fueron aislantes eléctricos y revelaron un
rendimiento prometedor en términos de conductividad protonica.

Se obtuvieron andamios funcionalizados para ingenieria de tejidos a partir de
la mezcla de policaprolactona (PCL) y gelatina (Ge). El control del tiempo de
disolucion en un disolvente hidrolitico de &cido férmico/acético antes del
electrohilado permitié obtener andamios con caracteristicas a medida, en
términos de morfologia, comportamiento fisicoquimico y biocompatibilidad.
Los andamios con proporciones equilibradas de PCL y Ge promovieron la
adhesion y proliferacion celular in vitro, asi como una durabilidad adecuada en
condiciones in vitro y durante la implantacion in vivo.
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SAMMANFATTNING

Forskning om nya material och metoder har lett till en exponentiell
utveckling av polymervetenskap. Nyligen gjorda framsteg inom
modifierings- och bearbetningstekniker av polymerer har mojliggjort nya
funktioner for att anvénda i specifika applikationer. Syftet med denna
avhandling var att utveckla [ldmpliga forskningsstrategier for
funktionalisering av polymerer, baserad pa ett flerstegssystem, som
omfattar konstruktion, bearbetning, karakterisering och validering for att
uppfylla krav i hallbarhet och livslangd. Denna metodik applicerades for
att tillhandahalla alternativa losningar som uppfyller krav pa tjanster inom
flera tillampningar, till exempel fotostabilisering av polyolefiner i
utomhustillampningar, polyelektrolytiska membran for bransleceller och
strukturer for vavnadsteknik.

Funktionaliseringen av polymerer gjordes av makromolekylar modifiering,
blandning och i kombination med mikro- och nanopartiklar.
Bearbetningstekniker, till exempel I6sningsmedelsgjutning,
smaltstrangssprutning,  formpressning och  elektrospinning  tillat
fysiokemiska funktioner som faststéldes med spektroskopi, kromatografi,
mikroskopi och termisk analys. Dessutom utférdes en valideringsprocedur
i reell eller simulerad omgivning, vilket bidrog till att bedoma lampligheten
hos de funktionaliserade polymerbaserade materialen.

Fotostabilisering av polyolefiner genom tilldgg av polydispergerade
kiselpartiklar gav hog stabilitet till polypropen (PP) utan tillsatser, mot
stralning av soljus med avseende pa utseende, termisk stabilitet och
mekaniska egenskaper.

| syfte att utforma polyelektrolyter for bréansleceller, 6vervégdes
tvarbinding och sulfonering av poly (vinylalkohol) (PVA) med
sulfosuccinsyra (SSA). Kombinationen grafenoxid (GO) och kitosan (CS)
undersoktes ocksd. Nya funktionaliserade nanofibrosa filmer eller
polyelektrolyter, gav termisk och dimensionsstabilitet, agerade som
elektriska  isolatorer ~ och  uppvisade lovande  resultat i
protonledningsformaga.

Funktionaliserade blandade strukturer av polykaprolakton (PCL) och
gelatin (Ge) erhdlls for vavnadsteknik. Kontroll av upplésningstiden till ett
hydrolytiskt 16sningsmedel i myr/attiksyra innan electrospinning tillt att
fa skraddarsydda strukturer, i nanofibrés morfologi, fysiokemiska
prestanda och biokompatibilitet. Strukturerna med balanserade
forhallanden av PCL/Ge framjade in vitro celladhesion och proliferation,
liksom lamplig hallbarhet under in vitro-férhallandenoch under
implantation in vivo.
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Motivation, aim and overview

1.1. MOTIVATION AND AIM

The polymer science development along the last decades has contributed
not only to challenge the classical materials such as wood or metals in
several applications, but also to speed up the conception of new products,
which have contributed to spread the range of human activities.

The polymer technology is an intrinsically heterogeneous, transversal and
multidisciplinary science, and include a broad spectrum of processes and
phenomena, comprising the chemistry, physics, biology, materials science
and engineering fields.

The functionalisation of polymers has been practised since their earliest
origin in order to achieve new requirements for novel applications. In
general, the polymer modification usually pursues the endorsement of new
features such as physico-chemical performance, environmental stability,
physical responses, biocompatibility or degradability, among others.
Several functionalisation strategies have been proposed along the last
years. Generally, polymer modification can be performed either by means
of chemical or physical routes. The molecular modification of polymers
can be achieved by grafting, crosslinking, copolymerisation or irradiation.
As well, the blending of the polymer materials and its combination with
particles or reinforcements has brought new opportunities in different
fields. These external agents could be organic or inorganic phases,
including either particles or fibres.

Recent advances in polymer modification have resulted in new amazing
functionalities. Nevertheless, regardless the progress in the polymer
science along the last decades, there is still an enormous field to exploit
with many interesting opportunities. This, along with the progresses in the
processing techniques of polymer materials, endorsed new features
required in specific applications. In this context, the study and
understanding of new materials and methodologies have led to an
exponential progress and expansion of the polymer science.

The development of new functionalised materials for smart applications is,
however, usually developed following a chaotic pathway, in which
frequently, accomplishing all of the features required for a given
application is the only output taken into account. Unfortunately, getting a
perfect design in the first trial is not the common result. When non-
satisfactory response is found in materials submitted to service conditions,
inaccurate decisions are generally considered. The research of new and
different materials or alternative processing techniques is often examined
instead of looking for design modifications or functionalisation strategies
that could resolve some of the resulting concerns. If the design of a given



product is robust enough, it must be deeply evaluated through verification
and validation processes and subsequently necessarily modified to achieve
the desired qualities and behaviour during application [1].

The evaluation process must be carried out as a verification and validation
procedure, which is concerned with demonstrating the consistency and
completeness of design with respect to the application needs, according to
the scheme represented in Figure 1.1. According to this flux diagram, each
version of the product may be built, verified in terms of the design features
and validated against the application requirements. The design to
validation is the process in which the product is evaluated during or at the
end of the development stage, to ensure that the obtained device satisfies
the specification for the end application [2]. In this sense, the objective is
to gain knowledge on how design solutions can be improved and optimised,
according to the validation requirements [3].

Service
requirements

Product
development
Successful product

Figure 1.1. Design, verification and validation diagram.

At this point, it is important to differentiate between the verification and
validation concepts, as defined in the 1ISO9001 in Section 8.3 (Design and
development of products and services) [4]. On the one hand, the
verification is strictly referred to the confirmation by examination and
evaluation of objective evidence that the design output —product
specification— meets all the design inputs —technical report according to
application needs—. On the other hand, the design validation means the
examination and evaluation of objective evidence to confirm that the final
product meets the application needs and intended use. While the
verification procedure should answer to the question “Are you building it
right?”, the validation study should be expressed by the question “Are you
building the right thing?” [5].

The design can be validated by analysing different product attributes,
which are connected to the application needs, design objectives and
available resources. Experiencing design and predicting the response
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during service life may contribute to get a better solution for a given
requirement. Accordingly, understanding the different stages of the design
and characterisation process as a verification procedure is important for
creating successful solutions.

In the engineering and scientific field, the design verification and
validation procedures are usually delimited by quality standardised tests,
according to international norms. In this sense, results obtained for a given
application can be evaluated under defined operation conditions —real or
simulated—. Therefore, this analysis include the study of the variation of
the properties of the product as a function of their life cycle, subjected to
the application environment. The main advantage of the standardised
analyses is the possibility to obtain comparable and reproducible results to
that found in the literature and stablish a concrete assessment for a given
application. Accordingly, the verification and validation results can be
widely compared regardless the laboratory or technician that has performed
the verification and validation standardised procedures. Some of these
validation strategies in the field of polymer science were reviewed in
Contribution 1.1. Long-term properties and end-of-life of polymers from
renewable resources [6], appended to the end of this chapter. In summary,
successful design verification and validation consists in identifying the
right application needs, designing the right product, assessing all risks and
verifying that the product meets all the requirements [7].

Functionalised polymeric materials can be used for several industrial
applications, including stabilisation against degradation, energy related
applications, and tissue engineering, among others. Each application
requires specific characteristics and further service life behaviour. In this
sense, the present work focuses on the development and validation of
functionalised polymer-based devices for smart applications under a
multidisciplinary perspective. The general aim of this thesis was therefore
to design and develop appropriate strategies of functionalisation of
polymers according to the foreseen performance required to meet with the
outcome-oriented conditions and requisites of durability of the polymers in
each application.

Accordingly, the establishment of a comprehensive designing
methodology for obtaining, characterising and validating these devices for
its application in outdoor technologies, energy and biomedicine was
considered essential for the progress in these fields, which is represented
in Figure 1.1.
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Figure 1.1. Methodology for the design, processing, characterisation and validation of
the polymer-based materials.

In particular, given the three different applications focused in this thesis,
the specific aims of design of functionalisation were defined as follows:

e To assess the additivation of polypropylene with silicon
microparticles to avoid photo-degradation caused by sunlight
irradiation at outdoor conditions.

e To design and functionalise poly(vinyl alcohol)-based membranes
with enhanced dimensional stability, reduced crossover and
increased proton conductivity as polyelectrolytes in fuel cells.

e To obtain and validate tailored functionalised polyester-based
scaffolds with controlled performance and biocompatibility for
tissue engineering purposes.
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1.2. OVERVIEW

The text was structured in different chapters, in which the following topics
were addressed.

Chapter 1. Motivation and overview included the inspiration and
objective, along with the outline of the thesis. As well, a contribution was
proposed, as a review of the long-term evaluation and end-of-life
procedures as validation strategies in the polymer field.

Contribution 1.1. Long-term properties and end-of-life of polymer from
renewable resources

Chapter 2. Experimental methodologies for the development,
characterisation and validation involved the description of the materials
and laboratory procedures considered along the thesis.

Chapter 3. Photo-stabilised polyolefins for outdoor applications
described the state of the art of the polymer UV-stabilisation and the results
obtained for a commodity material widely used in outdoor applications
such as the polypropylene. The work in this chapter was reported in
Contribution 3.1.

Contribution 3.1. Novel silicon microparticles to improve sunlight
stability of raw polypropylene

Chapter 4. Polyelectrolyte membranes for fuel cells dealt with the
background of fuel cell technology and included the results of the
development and validation of new polyelectrolytes as alterative
membranes in fuel cells. The work in this chapter was distributed in
Contributions 4.1, 4.2 and 4.3.

Contribution 4.1. Functionalised poly(vinyl alcohol)/graphene oxide
membranes for energy applications

Contribution 4.2. Crosslinked sulfonated poly(vinyl alcohol)/ graphene
oxide electrospun nanofibres as polyelectrolytes

Contribution 4.3. Crosslinked chitosan/poly(vinyl alcohol)-based
proton exchange polyelectrolyte membranes

Chapter 5. Scaffolds for tissue engineering included the state of the art
of the scaffold development for tissue engineering strategies along with the
results obtained in this field. The progress in this chapter was reflected in
Contributions 5.1 to 5.5.

Contribution 5.1. In vitro validation of biomedical polyester-based
scaffolds: poly(lactide-co-glycolide) as model-case



Contribution 5.2. Comparison of in vitro hydrolytic degradation
patterns of short-term and long-term polyester-based electrospun
scaffolds

Contribution 5.3. Effect of the dissolution time into an acid hydrolytic
solvent to tailor electrospun nanofibrous polycaprolactone scaffolds

Contribution 5.4. Tailored electrospun nanofibrous polycaprolactone/
gelatin scaffolds into an acid hydrolytic solvent system

Contribution 5.5. Validation of tailored electrospun nanofibrous
polycaprolactone/gelatin based scaffolds

Chapter 6. Conclusions and future work summarised the most relevant
deductions and inferences along with the indications for subsequent studies
in the different research lines of this thesis.
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1.4. CONTRIBUTIONS OF CHAPTER 1

The design of new polymer-based products, from the classical concept of
sustainability, must meet the requirements in several axes. While the
economic aspect provide value in terms of business growth, positioning
and competitiveness, the social one responds to a need of society; and the
environmental requires a contribution to care for the environment where
social and economic activities take place. In the conception of a plastic, the
design is based on the interrelation between the material chosen, and its
intrinsic properties; the transformation process, with its process windows;
and the destination application, with its requirements and benefits. Thus,
from the confluence of the prism of sustainability and the prism of design
for the generation of new product, the dichotomy arises between the terms
durability and degradation, supposedly antagonistic. However, for the
development of new plastic products, the perspective of the service-life
must be considered, before, during and after service. The pre-service life
takes into account, during the design stage, the adequacy of properties,
features, requirements, functionalities, specifications, characteristics or
indications at time 0. Life in service, on the other hand, adds not only the
time variable to the equation, but it includes the interaction between the
product and the conditions of application. Finally, in the post-service life,
the elimination and valorisation of the product are balanced, after fulfilling
its function, with the aim of reducing the impact. Figure 1.2 represents the
service-life vs valorisation correlation in terms of durability and
degradation, respectively.

Material
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Figure 1.2. Service-life vs. valorisation assessment in terms of durability and
degradation, respectively.

The approach in this field was disserted in:

Contribution 1.1. Long-term properties and end-of-life of polymers
from renewable resources.
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Long-term properties and end-of-life of polymers from
renewable resources

J.D. Badia, O. Gil-Castell, A. Ribes-Greus

Abstract

The long-term properties and end-of-life of polymers are not antagonist
issues. They actually are inherently linked by the duality between
durability and degradation. The control of the service-to-disposal pathway
at useful performance, along with low-impact disposal represents an
added-value. Therefore, the routes of design, production, and discarding of
bio-based polymers must be carefully strategized. In this sense, the
combination of proper valorisation techniques, i.e. material, energetic
and/or biological at the most appropriate stage should be targeted. Thus,
the consideration of the end-of-life of a material for a specific application,
instead of the end-of-life of a material should be the fundamental focus.
This review covers the key aspects of lab-scale techniques to infer the
potential of performance and valorisation of polymers from renewable
resources as a key gear for sustainability.

Keywords

long-term properties; durability; stability; end-of-life; degradation;
material valorisation; energetic valorisation; biological valorisation; bio-
based polymers; renewable resources;

Highlights

e The long-term properties and the end-of-life of polymers are not
antagonist issues.

e The duality between durability and degradation is key for the
sustainable design.

e Design, production, valorisation and disposal of bio-based
polymers are strategic.

e End-of-life of a material for an application, instead of end-of-life
of a material.

e Material, energetic and biological valorisations must be smartly
combined.
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1. Sustainability of polymers from renewable resources

Plastics currently account for about 20% by volume of municipal solid
waste. Even more, they are not only generating so much waste, but are also
becoming extinct due to finite petroleum-based reserves. It is estimated that
the global resources of oil, natural gas and coal are limited and the
economic impact could be exhausted in a near future, as prices will rise as
these resources are more limited [1]. Due to the oscillation of oil prices and
the problem of the accumulation of waste, which has led to hard
environmental policies, polymers from renewable resources may become
a sustainable solution. Actually, this market has experienced a high
expansion, being the focus of lots of research studies [2], in many sectors
of application, such as food packaging, agriculture and biomedicine,
among other.

Food packaging applications aim at substitute traditional polymers [3], [4]
by bio-based polymers such as poly(lactic acid) (PLA) [5]-[8] or
polyhydroxyalkanoates (PHA) [9], [10] , along with other polymers [11]-
[13], blends [14]-[16], or nanocomposites [17]-[31]. The focus is devoted
to the combination of appropriate processability, good durability [32]-[34]
barrier properties [24], [35]-[40] and tuned biodegradability [33], [41]-
[46], as well as to add value with natural additives [47], the combination of
coatings [35], [36], [48]-[58] and multilayers [31], [37], [38], [59]-[65],
or even the production of edible [57], [58], [66]-[74] or active properties
[75]-[87]. Agricultural applications consider the use of polymers from
renewable resources as films for mulching and protection [88]-[92], drug
delivery [93]-[103] or goods as twines, strings, filaments and clips [104].
Biomedical applications based on polymers from renewable resources
[105], [106] are based on their biodegradability and biocompatibility with
low-impact form substance after degradation [107]-[109], for applications
such as tissue engineering [110]-[121], which ensure cell proliferation
[119], [122]-[128], controlled drug delivery [129]-[142], wound dressing
[117], [143]-[163]. In all cases, polymers require a tuned balance between
their performance during service life, and their degradation behaviour after
use, that is, between the long-term properties and their end-of-life.
Nevertheless, polymers from renewable resources still involve relatively
high production costs and, frequently, they show underperformed
properties for each application in contrast to their petroleum-based
counterparts. In addition, concerns are growing into the society about the
use of long-life polymers in products in which a short-life is expected.
Therefore, there is an engagement to base the research in appropriate
production-service-waste management mainstreams on an equitable
commitment of the three pillars of sustainability, i.e. People (social pillar),
Planet (environmental pillar) and Profit (economic pillar) [164].
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Specifically, the sustainability of polymers from renewable resources, i.e.
bio-based polymers, is a topic which has been approached from several
perspectives due to its importance and impact on wealth, environment and
technological development [165]-[170]. Due to their high potential of
replacement of petroleum-based polymers, the design, use and disposal
routes of bio-based polymers must be carefully strategized in order to
ensure appropriate service conditions and adequate valorisation and/or
elimination after their service-life [171]. In addition, these processes have
to be economically efficient, energetically affordable and environmentally
friendly. Thus, the concepts of applications, long-term properties and end-
of-life of bio-based polymers have to be constantly linked, as shown in
Figure 1.
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Figure 1. Perspective of this review: interlinked approach of applications, long-term
properties and end-of-life of bio-based polymers.

The applications of bio-based polymers are inherent to both the choice of
suitable materials and their particular obtaining process to ensure the
expected performance during service, which is related to their long-term
properties. This combination of process and performance must be
efficiently balanced, to guarantee correct end-of-life of the bio-based
goods, not only understood as the disposal and reintegration of carbon
source into the life cycle, but also from the point of view of its possible
valorisations into feedstock, the same or different materials and/or energy.
In this sense, in this review, the long-term properties of polymers are
approached from the point of view of the durability facing different
degrading agents such as temperature, sun light or humidity. The three
following sections are devoted to material, energetic and biological
valorisations, as alternatives to extend the value of polymers, depending on
the expected performance and end-of-life opportunities. Finally, a list of
different opportunities to foster the background of a correct alignment
between long-term properties and end-of-life is proposed, in order to
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contribute to the field of sustainable design of polymers from renewable
resources.

2. Long-term properties and end-of-life of polymers

The terms durability and degradation, as well as long-term properties and
end-of-life are inherently linked. The emphasis on each term will be
showed depending on the focus of the analysis under consideration.
Whether the conservation of the high-level performance of bio-based
polymers is aimed, the preservation of its durability will determine the
improvement of long-term properties. On the contrary, if the elimination
of plastic waste after discarding is sought, monitoring and favouring the
most effective degradation pathway will be focused. However, both ideas
are not antagonist. In fact, both must be considered together at the steps of
design or choice of appropriate materials for specific applications. A
correct balance between an appropriate durability of a plastic good and a
simple end-of-life pathway without energetic or environmental impact
should be addressed. Even more, the consideration of the end-of-life of a
material for an application, instead of the end-of-life of a material should
be kept in mind in order to favour second-life uses, and thus enlarge its
service-life, giving an extra value to this material. Sending discarded
material to downgraded applications, combine them with other materials to
upgrade them, obtaining energy, feedstock or recover the carbon sources
by biological methods should be considered as added-value alternatives for
bio-based polymers.

Different strategies to simulate service-life conditions, and thus focus on
the durability of the materials, or to simulate different valorisation options,
therefore aiming the degradation pathways, can be taken into account, as
schematised in Figure 2.
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Figure 2. Types of durability and degradation studies summarised in this review.

The physico-chemical properties of bio-based materials subjected to
different service-life or valorisation conditions must be followed in order
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to respectively evaluate, on the one hand, the preservation of performance
or, on the other hand, to monitor the extent of degradation to ensure correct
valorisation. In this sense, as shown in Figure 3, the evaluation of
properties goes from micro-approach, i.e., structure-morphology, to
macro-response, i.e. mechanical, thermal or rheological properties,
connecting with the application at the durability stage, and with the
surroundings and impact on environment and human health with the
analysis of release of low-molecular weight compounds, at the degradation
stage.

Structural and morphological observation by means of techniques such as
Gel Permeation Chromatography (GPC) [172], Matrix-Assisted Laser
Desorption-lonization Time-of-Flight Mass Spectrometry (MALDI-TOF-
MS) [173]-[175], Nuclear Magnetic Resonance (NMR) [176], or Fourier-
Transform Infrared Spectrometry (FTIR) [177] are used for determining
the molar-mass distributions and to identify the chemical nature of the
polymer chains and/or their chemical groups. As well, micrographic
techniques such as Scanning/Transmission Electron Microscopy
(SEM/TEM) or Atomic Force Microscopy (AFM) allow the observation of
the topology of polymers as well as the analysis of interfaces in blends or
composites [178]. In addition, Differential Scanning Calorimetry (DSC)
can be used to determine the main thermal properties and the balance
between crystalline and mobile and rigid amorphous fractions [179], [180].
As well, Dielectric Thermal Analysis (DETA) and Dynamic-Mechanical
Thermal Analysis (DMTA) is of great importance to test the segmental
rearrangements and dynamic fragility of polymers [181]-[184], which
modifications are not perceptible by other macroscopic techniques.

The macroscopic response, in terms of rheological, thermal and mechanical
performance is of great importance and currently the focus of most reports,
due to the technology-driven and market-pulling of applications for bio-
based polymers. The mechanical characterization of the stress and strain at
break or impact to check the resistance of second-life applications is
fundamental. The control of the rheological properties in order to assure
proper flow during processing, as well as the study of the stability
indicators such as the Oxidation Induction Time (OIT) or the Temperature
of Oxidation (Tox), the thermal and thermo-oxidative decomposition
temperatures or the melting temperatures are of immediate application and
use in industrial quality labs to infer the necessary processing windows. In
addition, those polymers designed for specific applications need specific
analyses which may inform about the suitability of these materials to be
used in second-life applications or should be sent to other valorisation
routes. This could be the case of polymers used for packaging, which need
gas transmission experiments [185]-[187]. As well, those used in electrical
or insulating applications may rely on dielectric characterisation [181].

23



Moreover, for those which serve in contact with food or in aggressive
environments, the ecotoxicity should be assessed [188]-[190]. Finally, for
those applications in contact with humans, animals, plants or to be used in
cosmetics, food packaging or as drugs carriers, for example, the controlled
extraction and identification of low molecular weight compounds has to be
considered [191], [192].
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Figure 3. Analytical strategies to monitor durability or degradation.
3. Durability and simulation of service conditions

Bio-based polymers are subjected to different service conditions, which
can be more or less aggressive depending on their application, being thus
exposed to some degrading factors which individually or in combination
can affect their physico-chemical properties, and thus the durability of their
properties. In general terms, the types of degradation can be thermal,
hydrolytic/chemolytic, photochemical or mechanical. In order to simulate
the performance of these materials under these conditions, different
normalised and accelerated protocols can be applied.

3.1. Thermal degradation

Thermal degradation comprises the negative response, i.e., loss of
properties, due to the subjection of bio-based materials to specific
temperatures during extended time. In general terms, one must differ
between (i) thermal degradation at temperatures below the glass transition
temperature, which can induce structural rearrangements know as physical
ageing [193]-[195]; (ii) thermal degradation at temperatures between the
glass transition temperature and the melting temperature, which can
provoke from loss of dimensions due to flow of material to crystallisation
processes or starting of thermal decomposition of low molecular weight
additives; (iii) thermal degradation at temperatures above the melting
temperature and below the decomposition onset temperature, which will be
extremely important to know to ensure processability of second-life bio-
based goods, or (iv) thermal degradation above thermal decomposition,
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which is treated as energetic valorisation option in section 5. In order to
test the thermal degradation of bio-based polymers, different
methodologies can be used. On the one hand, the use of ovens permits the
analysis of every type of thermal degradation, preferably those without
decomposition, and then evaluate degradation by analysis of molar masses
and physico-chemical properties. Differential Scanning Calorimetry (DSC)
is interesting to test thermal degradation at temperatures up to the melting
temperature, as well as to monitor degradation by means of indicators such
as the glass transition temperature, the degree of crystallinity, the
crystallisation and cold-crystallisation temperatures or the crystallinity
degree. However, it is not advisable to induce thermal degradation at
temperatures below the glass transition by DSC due to the high
consumption of time. The use of Dynamic Mechanical Thermal Analysis
(DMTA) is suitable to test the impact of thermal degradation until
temperatures far below the melting temperature on mechanical properties
by means of creep experiments. Finally, the use of Thermogravimetric
Analysis (TGA) is essential to test the thermal decomposition of polymer-
based materials, both under inert or oxidative conditions. Some studies
have been reported for neat [196], [197] and reprocessed [198] PLA, PLA-
based composites [199]-[202], PHAs [203], PCL [204], polyester-based
blends [205] or starch-based blends [206], among others.

3.2. Hydrolytic and hydrothermal degradation

Hydrolysis of ester linkages is one of the most established types of bio-
based polymer degradation, and therefore most of bio-absorbable polymers
for biomedical applications are based on polyesters. There are two main
ways by which biopolymers can be hydrolyzed, passively by chemical
hydrolysis, or actively by enzymatic reaction. The latter method is more
important for naturally occurring polymers such as polysaccharides and
PHAs [207]. PLA and PGA degrade by simple hydrolysis of the ester bond
and do not require the presence of enzymes to catalyse hydrolysis [208].
The hydrolysis of ester linkages occurs through a series of overlapping
stages, progressively reducing the molar mass and thus affecting to the
macroscopic physico-chemical properties. Simulation of service-life
conditions of biomedical materials usually follows the 1SO010993-13:2010
normative [209]. Shortly, materials are exposed to the analytic medium,
which can be water, phosphate buffer solution or human fluid simulants,
during different times at 37 °C, to mimic human conditions. The
monitoring of degradation can be followed both in the liquid and in the
solid fractions. Several reports for PLA [210]-[213], PCL [214], PHAs
[215], poly(butylene fumarate) (PBF) [216], or copolyesters [217] can be
found in literature, among others.

For non-biomedical purposes, modified water absorption protocols such as
the 1SO62:2008 [218] can be used to induce accelerated hydrothermal
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degradation on polymers. In this sense, both agents, water and temperature
can sinergically act to simulate real service conditions. This has been
reported for neat [219], [220] and reprocessed PLA [221], [222], PHAS
[223], [224], PCL, and blends [225] or composites such as PLA/sisal [226],
[227], PHBV/sisal [228], or poly(butylene sebacate)
(PBS)/montmorillonite [229], among others.

4.3. Mechanical degradation

Bio-based polymers can be subjected to several types of mechanical
solicitations during processing, storage and use. These mechanical stresses
can be tensile, compressive, shearing or bending, in the form of vibrations,
agitations, grinding or hard extrusion.

The basic phenomenon involved when subjecting the polymer to very
powerful shearing forces is the breakage of the macromolecule.
Mechanical degradation reduces the average molecular weight of the
polymer [230]. Although mechanical factors are not predominant during
biodegradation, they can activate or accelerate it [208]. In order to simulate
mechanical degradation, common experiments of fatigue or creep can be
performed on polymers by DMTA [184], which not only serve for classical
mechanical analysis, but also gives the chance of applying several vibrating
frequencies and combine them with thermal effect.

4.4, Photochemical degradation

Photodegradation of polymers is induced by the action of light, due to UV
absorption, mainly by carbonyl groups of polyesters [231].
Photodegradation mechanisms are mainly expressed by the Norrish
reactions that transform the polymers by photoionization (Norrish 1) and
chain scission (Norrish 11) [232]. Photodegradation can conduce to Norrish
reactions and/or cross-linking reactions, or oxidative processes [233].
Polymers such as PLA or PCL [234] have shown Norrish-type
photodegradation, whereas others such as Poly(butyrate adipate
terephthalate) (PBAT) or Ecoflex® have shown main routes of cross-
linking and chain scission [235], [236].

Photodegradation and sunlight oxidation test protocols are practices such
as ASTM D5071 with Xenon lamps [237], ASTM D5208 with
fluorescence lamps [238], or ASTM D5272 for outdoor conditions [239]
are preferably used for exposing a plastic to some form of radiation and
subsequently measuring the loss of any property, usually molar mass and
mechanical properties, such as tensile or impact resistances or show the
performance of additives to protect them such as ZnO [240], Si colloids
[241] and other stabilizers to prevent them from degradation [242]. These
techniques allow setting not only UV wavelengths, but also temperatures,
day-night cycles, or controlled floating, rain or humidity. Some studies
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have been reported for neat PLA [196] and composites [243]-[245], PHAS
[246]-[248], PCL [234], starch-based blends [249], [250] or cellulose
[251], [252], among others.

4. Material valorisation of biopolymers

Short-time applications from bio-based and biodegradable plastics have
attracted much interest in different industrial, social and economic sectors
[253]. It is known that bio-based materials are suitable for biological waste
treatment such as composting, thus having a great potential to contribute to
the reduction of the amount of waste sent to landfill and generating
valuable soil improvers, which is of great importance for industries,
governments and consumers [254]. However, the presumably high amount
of bio-based plastic waste surpassing the capability of composting facilities
has to be taken into account [255]. Actually, including the end-of-life stage
in Life Cycle Assessments (LCA) provides more comprehensive life
pathways for bio-based polymers, but simultaneously introduces greater
amounts of uncertainty and variability. Although there is little life-cycle
data available on the impacts of different ways of disposal, it has been
argued that it would be critical for future sustainability assessments [256],
[257]. The necessary implementation of operation units during the
dismantling process, new separation technologies, and the logistics of
handling additional streams of materials will require significant study,
development, and monitoring in order to develop robust and effective
recovery methods [258]. In this sense, to explore the chances to enhance
the valorisation of bioplastic-based goods, by means of mechanical
recycling would be advisable to explore the possibilities of extending their
service lives before finally discarding them to bio-disposal facilities [259],
[260].

Mechanical recycling represents one of the most cost-effective
methodologies, though recycled materials are usually directed to
downgraded applications, due to the inherent thermo-mechanical
degradation affecting its mechanical, thermal and rheological performance
[261]. During re-processing, polymers are subjected to the synergic
influence of degrading agents such as oxygen, UV-light, mechanical
stresses, temperature and water, which, separately or in combination,
during its material loop (synthesis-processing-service-life-discarding-
recovery), results in chemical and physical changes that alter their
stabilization mechanisms and long-term properties [262], [263].
Degradation usually provokes a reduction of physical properties and
functional quality of polymers and, hence, reprocessed products of high
confidence are difficult to obtain. Traditional simulation of mechanical
recycling by multiple processing and service-life by accelerated thermal
ageing was previously developed for commodities such as PE [264], PP
[265], poly(styrene) (PS) [191], [192], poly(vinyl chloride) (PVC) [266] or
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PET [179], [267]-[269], among others. Concerning bio-based polymers,
the main effort has been dedicated to PLA in great extension, and other
materials such as PHAs [270]-[272], poly(caprolactone) [273] or
biocomposites with matrixes of PLA or thermoplastic starch (TPS) [274].

The mechanical recycling of PLA has been approached in lab-scale studies
by means of multiple injection [183], [275]-[277] and extrusion [278]-
[281] steps, and the recyclates characterized in terms of structural and
morphological analysis rheological, thermal and mechanical properties,
release of low molecular weight compounds (LMWC) [282], and
application-driven techniques such as mass-transport [221] or dielectric
properties [181]. A review devoted to the mechanical recycling of PLA
[261] showed that, in general terms, reprocessing of PLA was responsible
for a decrease in molecular weight, modification of thermal properties and
crystallization kinetics, dynamic fragility or permeation performance,
among other parameters [261]. As a general idea, PLA could be
reprocessed without losing most of its properties up to 2 cycles, but this
affirmation strongly depends on the PLA grade used and the care during
reprocessing. Studies focused on the characterization of multi-injected
PCL have revealed that PCL technological waste is suitable to be reused as
an additive to a neat polymer [273]. Regarding PHAs, their performance of
mechanical recycling was tested during successive injection [270], [271]
and extrusion cycles [272], showing successive diminution of molecular
weight after increasing cycles, with its consequent decrease in mechanical
properties.

Further valorisation
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Figure 4. Scheme of material valorisation through mechanical recycling and up-
grading options.
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Figure 4 shows a schematic material flow from virgin to recycled polymer
in a closed loop, i.e. within the same polymer fraction, or in combination
with other material, which hinders the continuation of material flow inside
the mechanical recycling loop and thus suggests the design for further
valorization. Due to degradation during re-processing, the performance of
bioplastics is usually downgraded and thus several strategies to improve
and upgrade materials can be followed. This is the case of the application
of physical treatments such as annealing to increase young modulus and
yield strength of PLA [275], [283] or the use of chemical stabilizers such
as tropolone, quinones or irgafos/irganox during processing to prevent
transesterification [284], [285]. Other options include the blending of
recycled polymers with other ones that can act as plasticizers or tougheners
(blending — in) [277], [286]-[288], or the use of recycled bioplastics as
value-added modifiers for other plastic matrixes (blending — out) [289]-
[291]. The case of the combination of PLA and PHBYV is remarkable [272].
The effects of 6 recycling cycles on the structure and properties of neat
PHBV, neat PLA and PHBV/PLA (50/50 wt%) blends elaborated by
injection moulding were investigated. In contrast to PLA, PHBV seems to
be relatively more sensitive to the thermomechanical degradation, where
the presence of PLA in the PHBV-PLA blend tends to partially prevent the
degradation of PHBV. Even more, it was suggested that the recyclability
of PHBV/PLA blends was affordable after several reprocessing cycles,
since the values of mechanical properties remained at the original level, as
well as the molar mass slightly reduced [272]. Other studies focused on
blends such as that of PLA/TPS have shown worsening of the thermal
properties as a function of reprocessing cycles, especially for those with
high concentration of TPS [292].

Finally, the option of compositing recycled bioplastics following the same
compositing routes as for neat polymers may also provide with upgraded
performance. Lopez et al. studied the recycling ability of biodegradable
matrices such as PLLA and Mater-Bi and their cellulose-reinforced
composites in a plastic recycling stream [293]. In the same direction, the
behaviour of polylactide/flax composites was evaluated after several
recycling cycles [294]. Moreover, polylactide-recycled wood fibre
composites were prepared and characterised by Pilla et al [295]. Other
applications of reused natural fibre reinforced composites such as in
polymer mortars were considered by Grozdanov et al [296].

Once the extent of material valorisation has been exhausted, there are still
possibilities to make profit from bioplastics without the need of sending
them to landfilling. This is the case of energetic or biological valorisation,
as shown in the next sections.
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5. Energetic Valorisation of Biopolymers

Energetic valorisation is compressed under the term chemical recycling,
which covers both chemical methods to recover feedstock from wastes and
thermolytic processes to obtain energy. Figure 5 shows the relationship
between these technologies put in practice.

Feedstock valorisation refers to advanced technological processes which
convert plastic materials into smaller molecules, usually liquids or gases,
which are suitable for being used as a feedstock for the production of new
petrochemicals and plastics. The technology behind its success is the
depolymerisation —both chemically and thermally driven— process that can
result in a profitable and sustainable industrial scheme, providing a high
product yield and minimum waste [297]. However, for the case of
bioplastics, the effort in recovering monomers could be more expensive
and harmful for the environment than just obtaining them as raw material.
Concerning the energy balance and costs, these processes lay between re-
melting and combustion [298]. In fact, chemical recycling options could be
suitable when the amount of wastes surpass the capabilities of biological
valorisation facilities. More literature of feedstock recycling can be found
in terms of chemically-driven obtaining of lactic acid by hydrolysis of PLA
[299]-[301] and thermally-driven obtaining of L-L-lactide from PLA
[302]-[304] or vinyl monomers from PHAs [3]. It must be pointed out that
feedstock recycling might be particularly interesting for blends of
biopolymers with commodities when high performance at service
conditions is no more expected, especially for those difficult to separate
mechanically, or those which have different thermal decomposition
profiles. This could be the case of blends of PHBV/PE [305], PLA/PET
[306], PLA/PE [307], [308] or PLA/PBS [309].

Energetic valorisation implies thermal cracking of waste to produce energy
in the form of heat, which may be converted into steam and further to
electricity by a conventional thermoelectric plant. Polymer-based materials
possess a very high calorific value when burned, especially when
considering that they are derived from crude oil. Since the heating value of
plastics is high, they make a convenient energy source, such as heating oil
and coal [310]. Thermolytic processes consider pyrolysis, gasification,
combustion, liquid—gas hydrogenation, viscosity breaking, steam or
catalytic cracking, and the use of plastic solid waste as a reducing agent in
blast furnaces [311].
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Figure 5. Chemical recycling options. Detail of thermolytic processes for energetic
valorisation. Redrawn from ref [255].

Not only healthy monomer fractions can be recovered up to 60% [312], but
also valuable petrochemicals can be produced, such as gases
(hydrocarbons), tars (waxes and liquids very high in aromatic content) and
chars (carbon black and/or activated carbon). However, one must consider
that, in general, post-consumer plastic waste consists of a variety of long
chain polymer molecules, chemical contaminants and hetero-atoms such as
chlorine, oxygen or nitrogen. Physical impurities like fillers, pigments or
adhered dirt are present as well as larger inorganic material, arising from
incomplete sorting. In order to use this waste as feedstock for new plastics
or fuel components, the following problems need to be overcome [313]: (i)
Larger inorganic particles have to be discharged from the process in order
to prevent the process to be blocked by, as well as to avoid the erosion of
pipes and pumps; (ii) Inorganic particles have to be mechanically
separated; (iii) Long polymer chains have to be cracked; and (iv) Hetero-
atoms need to be chemically separated.

5.1. Pyrolysis, gasification or combustion

Pyrolysis has the ability to produce high calorific value gas by thermal
cracking in inert atmospheres at temperatures up to 800 °C [313]. The solid
char can be used in-site to release its energy content by further thermal
processes or used off-site to valorise its inorganic residues in further
applications. In contrast to other thermolytic technologies, pyrolysis has
the advantages of being less energy consumer, using low pressures and
preventing the generation of pollutants [311], [313]. Examples of pyrolysis
for Plastic Solid Waste (PSW) [312], biomass [314] or rubbers [315] have
been reported. Of all the biopolymers investigated, PHB is the most
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promising material, followed by aliphatic-aromatic copolyesters, PLA-
based polymers, potato starch, corn starch and starch based biopolymers in
order of decreasing profits [208], [316]-[319].

Gasification operates at temperatures up to 1300 °C and use controlled
addition of oxygen as reagent [313]. It mainly produces syngas, which is a
mixture of carbon monoxide and hydrogen, which can be used as fuel,
substituting natural gas. Additionally, a significant amount of char is
produced which has to be further treated. If this inorganic ash is bounded
into a glassy matrix, it can be used as a component in concrete or mortar
due to its high acid resistance [313]. As well, the emission of pollutants is
reduced due to the use of high temperatures and low oxygen partial
pressure in its operational parameters [313]. Some applications of
gasification of conventional plastic fractions have been developed for PVC
[320], PP [321] or PET [322], as well as for bio-based polymers such as
PLA and others [323]-[325].

Incineration involves the combustion of polymer wastes to obtain mainly
carbon dioxide, water and inorganic ashes. Despite the unpopular not-in-
my-backyard syndrome, its use as centralized alternative for landfill could
be significant, considering that the technologies of control of pollutants are
efficient enough. In fact, it could be advisable for not-recoverable plastics
coming from biomedical applications, drugs, hazardous-goods packaging,
electronics or highly contaminated plastics. The inorganic fraction of the
waste, if any, is essentially mineralised in an inert slag that can be used in
cement kilns for materials for construction of roads.

5.2. Tests to approach the pyrolysis and combustion of bioplastics

Appropriate design and scale are of paramount importance when it comes
to thermal treatment plants. Thermolysis behaviour in laboratory scale
enables the assessment of a number of important parameters, such as
thermal stability temperature of polymers, thermal kinetics, activation
energy assessment or product formation [311].

To design a chemical reactor, the expression for the decomposition rate
must be ascertained. Assuming the reaction is known not to be elementary,
the search for a mechanism that describes the reaction taking place or use
experimental data directly must be aimed. Mechanisms can be
hypothesized as the sum of a series of elementary reactions with
intermediates. Using methods developed by physical chemists, whether the
proposed mechanism fits the actual experimental evidence can be
hypothesized. Systems kinetics will not only develop appropriate models
that will predict systems products and their interaction, but through solving
the derived mathematical expressions, they will predict the product
interaction behaviour. This will assist in reducing side reactions and
undesired by-products on an industrial scale. Developing rate expressions
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of the materials being treated will then be utilized in determining the
optimum unit operation to be used and its required supply of power and
proper media of operation, in the case of pyrolysis, the sufficient amount
of inert atmosphere in the pyrolyser or the ratio of steam to oxygen in a
gasifier [326].

In the attempt of developing a model for thermal and thermo-oxidative
decompositions in full-scale systems, the main purpose is to describe the
behaviour of polymers in terms of intrinsic kinetics, in which heat and mass
transfer limitations are not included. General kinetic models are proposed
in literature for plastics and biomasses [327]. These models do not take into
account the rigorous and exhaustive description of the chemistry of thermal
decomposition of polymers and describe the process by means of a
simplified reaction pathway. Each single reaction step considered is
representative of a complex network of reactions [328].

Pyrolysis is usually the first process in a thermal plant. This could be
approached via the understanding of the systems kinetics by
Thermogravimetric Analysis (TGA) and scale pilots, using inert
atmospheres such as Ar or No. Combustion/Gasification systems can also
be approached by using O or mixtures of N»/O rich in the O, phase [311]
. Therefore, TGA stands out as fast, cost-effective and reliable
characterization technique to ascertain a deeper knowledge about the
ongoing thermal and thermo-oxidative decomposition of plastics.
Completing this experimental technique with a proper theoretical model-
fitting methodology is commonly used for the study of kinetic parameters
such as the apparent activation energy Ea, the pre-exponential factor A and
the reaction model f(a) , which yield the so-called kinetic triplet [329],
[330]. The hyphenation with techniques such as GC-MS or FT-IR for
identification and quantification of gases [331], as well as the use of 2D-
correlation spectroscopy to set the sequences of release of gases complete
the analysis [330], [332], [333]. These parameters are essential to further
optimise the design of the thermal valorisation processes in computer
simulation software to achieve a better understanding of the process to
obtain the optimum operational parameters in a thermal equipment [329],
[334].

5.3. Thermal decomposition studies of bioplastics

Applications of TGA to model thermal decomposition of bioplastics are
reported for PHAs [203], [335]-[340], PLA [276], [333], [341]-[343],
PCL [344]-[348], celluloses [349]-[352], and chitosan [353], among
others.

Studies on PHAs showed that their thermal decomposition occurred
through a simple reaction mechanism [335]. This supported the hypothesis
that the controlling step was the depolymerization of the macromolecular
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chains. The results clearly indicated an increase in activation energy with
increasing hydroxyvalerate content.

Concerning decomposition of PLA, Kopinke and Mackenzie [354], [355]
surveyed previous studies and concluded that the thermal decomposition
of PLA is mainly driven by transesterification and homolytic reactions, as
shown in Figure 6 and Figure 7, respectively and, with minor
participation, catalyser (Sn)-based depolymerization or cis-elimination.
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Combinations of valorisation procedures of PLA have been considered.
This is the case of the thermal simulation of the decomposition process of
recycled PLA [333]. It was found that PLA, as well as its successive
recyclates, described a mass-loss profile driven by one decomposition
stage in inert conditions and two in oxidizing conditions. In both cases, the
first step could be ascribed to the pyrolysis of the backbone. The second
mass-loss step under O, was related to the decomposition of the remaining
char, representing a ~2% of mass. The mathematical description of the
kinetics allows technicians to use mechanically-recycled PLA as raw PLA
in thermally-driven energetic valorisation facilities.

The thermal decomposition of PCL was investigated in bulk and solution
by Sivalingam and Madras [344]. They found that the polymer degrades
by random chain scission and specific chain end scission in solution and
bulk, respectively. The activation energy of the processes, determined from
the temperature dependency of the rate coefficients, was found to be
significantly higher than that of the degradation in solution. The use of
several strategies to modulate and tune the thermal decomposition of
biopolymers such as PCL are of great importance, as demonstrated by
Albertsson et al., who enhanced the degradation of PCL through the
incorporation of recycled oxidized model polyethylene powder as a filler
in polyethylene/polycaprolactone blends [357].

The thermal decomposition of cellulose over the wide range of mass loss
is essentially the same in both air and nitrogen. At the beginning of the
decomposition, oxygen interacts only with surface cellulose, resulting in
only = 3% of mass loss. The two-phase model of cellulose was proposed
to explain all observable phenomena related to both the pyrolysis and the
oxidative decomposition. According to the report of Mamleev et al. [349],
the decomposition occurred through a migration of chain ends from the
phase of polymer cellulose into the phase of products, i.e. char, gases and
high-boiling tar.

6. Biological valorisation of biopolymers

In contrast to previous sections, this one deals with the valorisation of
plastics from the point of view of the reincorporation of polymers into the
Carbon cycle under biotic conditions. The design of plastic materials from
renewable resources for high-consume applications such as packaging or
agricultural mulches moves towards the design of sustainable polymers
with controlled degradability and enhanced bio-reintegration. Cradle-to-
cradle design enables the establishment of completely beneficial industrial
systems driven by the synergistic search of positive economic,
environmental and social goals by enabling a perpetual flow within
both biological and technical metabolisms [358]. Although certain
biodegradable polymers can be used in long-term applications, the
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commercialization of these materials is continuously increasing in markets
for products that have a short lifetime. Biodegradable polymers are much
beneficial when they can actually biodegrade in the environment [25].
Thus, the understanding of the degradation mechanisms, as well as the
standard methodologies to test the biodegradability of natural polymers by
microorganisms and enzymes should open new prospects in the field of
biodegradable plastics [359].

6.1. Steps of biodegradation

Biodegradation of plastics occurs through non-competitive and likely-
coincident stages, which erode and disintegrate the polymeric segments by
depolymerisation, being the cleavage chains reintegrated into the carbon
cycle by assimilation and mineralisation in the media. Three main stages
can thus be distinguished: deterioration, fragmentation and assimilation.

The deterioration of biopolymers could proceed through bulk or surface
erosion [359]. In the case of bulk erosion, fragments are lost from the entire
polymer mass and the molar mass decreases due to bond cleavage. This
breakage is provoked by chemicals such as H»O, acids, bases, transition
metals and radicals, but not by enzymes, since they are too large to
penetrate throughout the matrix framework. In the case of surface erosion,
matter is lost but there is no relevant change in the molar mass. One should
note that if the diffusion of chemicals throughout the material is faster than
the cleavage of polymer bonds, the polymer undergoes bulk erosion. In
contrasts, if the cleavage of bonds is faster than the diffusion of chemicals,
the process occurs mainly at the surface of the matrix.

The fragmentation of biopolymers is considered when low molecular
weight molecules are found within the media [359]. The fragmentation is
a lytic phenomenon necessary for the subsequent assimilation of the broken
polymeric chains into the surrounding environment. Fragmentation is
fundamentally an electron transfer process [360]. Biological energy is
obtained through the oxidation of reduced materials, where the enzymes
catalyse the electron transfer. The loss of oxygen induces a change in the
activity and composition of the soil microbial population. Facultative
anaerobic organisms can use oxygen, when it is present, or can switch to
alternative electron acceptors, such as nitrates and sulphates [360].

The assimilation is the unique event in which there is a real integration of
atoms from fragments of polymeric materials inside microbial cells, ending
up in mineralisation [233], [361]. This integration brings to
microorganisms the necessary sources of energy, electrons and elements
such as carbon, nitrogen, oxygen, phosphorus, or sulphur, among others,
for the formation of the cell structure. Assimilation allows microorganisms
to grow and reproduce consuming nutrient substrate, i.e, polymer
segments, from the environment. Monomers surrounding the microbial
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cells must go through the cellular membranes to be assimilated. Inside the
cells, the transported molecules are usually oxidised through catabolic
pathways conducing to the production of adenosine triphosphate (ATP)
and constitutive elements of cells structure. The existence of appropriate
micro-organisms to synthesize the specific enzymes required to
depolymerize and mineralize the targeted polymer is essential. Actually,
these two steps in the biodegradation process may not involve the same
microorganism. Naturally occurring polymers, such as polysaccharides,
proteins, and cellulose, are easily biodegraded since many micro-
organisms that produce the enzymes required to metabolize these
compounds are readily available in nature [362].

Depending on the microbial abilities to grow in aerobic or anaerobic
conditions, there exist three essential catabolic pathways to produce the
energy to maintain cellular activity, structure and reproduction [363]-
[365]:

(i) In the case of aerobic respiration, numerous microorganisms are able
to use oxygen as the final electron acceptor. These microorganisms
need substrates that are oxidised into the cell. Firstly, basic catabolic
pathways (e.g. glycolysis, P-oxidation, aminoacids catabolic
reactions, and purine and pyrimidine catabolism) produce a limited
quantity of energy. Secondly, more energy is then produced by the
oxidative phosphorylations performed by electron transport systems
that reduce oxygen to water.

(ii) During anaerobic respiration, several microorganisms are unable to
use oxygen as the final electron acceptor. However, they can perform
complete oxidation by adapted electron transport in membrane
systems. They use final electron acceptors other than oxygen, such as
like NO3", SO4%, CO,, Fe** or fumarate. The result is also the synthesis
of more ATP molecules than in an incomplete oxidation.

(iii) Fermentation, an incomplete oxidation pathway, is a way to produce
energy when the microorganisms lack of electron transport systems
and are unsuitable to use oxygen or other exogenous mineral
molecules as final electron acceptors. In this case, endogenous
organic molecules synthesised by the cell itself are used as final
electron acceptors. The products of fermentation can be mineral
and/or organic molecules excreted into the environment, such as CO»,
ethanol, lactate, acetate or butanediol. Frequently, these molecules
can be used as carbon sources by other organisms, since they still have
a reduction power.
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6.2. Requirements for biodegradation

The study of the biodegradation mechanisms should contribute to further
developments of the next generation of materials having a high
environmental acceptability and recyclability, which would become a
powerful tool for the sustainable design of polymers from renewable
resources [366]. The requirements for biodegradation of polymers at the
fragmentation stage are related to the nature and morphology of the
polymer and to the environment of biodegradation, in terms of abiotic and
biotic conditions [25].

(i) Concerning the nature of the polymer [367], it must contain cleavable
polymer groups, liable to enzymatic hydrolysis or oxidation. The
balance among hydrophilicity and hydrophobicity will determinate
the velocity of chain scission, being as well faster the lower the
molecular weight of the polymers is.

(ii) Regarding the morphology, the amorphous regions are more
susceptible to degradation both by enzymatic and non-enzymatic
hydrolysis, ascribed to the ease of water penetration into the polymer
matrix [366]. Thus, the lack of branching and lower crystallinity
enhance biodegradability.

(iii) A well-tuned environment where the specific microorganisms can
flourish is essential to assure proper biodegradation. Abiotic factors
include appropriate temperature range, presence of H>O, nature and
level of salts, action of oxygen to perform from aerobic to anaerobic
modes, trace metals, pH, environmental stability, flux, or pressure
[368]. The biotic factors concern the action of specific enzymes,
which are catalytic proteins that decrease the level of activation
energy of molecules favouring chemical reactions [361].

Several enzymes can be found depending on the class of groups preferred
during a given chemical reaction: oxidoreductases, transferases,
hydrolases, lyases, isomerases or ligases. Enzymatic hydrolysis and
oxidation are the main fragmentation pathways.

(i) The enzymatic hydrolysis is mainly concerned by enzymes that
belong to hydrolases, such as cellulases, amylases or cutinases, which
are readily synthesised by soil microorganisms to hydrolyse natural
abundant polymers like cellulose, starch or cutin. Regarding
polyesters, lipases and esterases are responsible for the hydrolysis of
ester, carbonate, amide and glycosidic linkages [369].

(if) When the scission reactions by specific enzymes are difficult, e.g. due
to crystalline area, hydrophobic zones and steric hindrances,
enzymatic oxidation can be implicated [370]. Such is the case of
mono-oxygenases and di-oxygenases, like oxidoreductases, which
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incorporate, one and two oxygen atoms respectively, forming alcohol
or peroxyl groups that are more easily fragmentable. Other
transformations are catalysed by peroxidases leading to smaller
molecules. They are hemoproteins, enzymes containing a prosthetic
group with an iron atom that can be electron donor or acceptor, i.e. act
in both reduced or oxidative ways. Peroxidases catalyse reactions
between a peroxyl molecule, e.g. H20, and organic peroxide, and an
electron acceptor group as phenol, phenyl, amino, carboxyl, thiol or
aliphatic unsaturation [233]. Polymers such as PE, natural and
polyisoprene rubbers, lignin and coal are first subjected to biological
oxidation by oxidoreductases, such as oxygenases, monooxygenases,
peroxidases and oxidases in the biodegradation process [366]. It
should be stressed that, though crystalline structures and highly
organised molecular networks such as cellulose-based polymer are
not favourable to the enzymatic attack, several soil decomposers,
particularly fungi, are able to produce H2O. to catalyse the
fragmentation [233].

6.3. Standardized methods of analysis

Studies aimed to enhance the suitability and the reproducibility of
laboratory methods to assess the biodegradation of polymers are in
continuous progression [371]. This is due to the fact that some operative
difficulties can arise during the performance of the tests, thus affecting the
accuracy of the measurements as based on the monitoring of suited
parameters of choice, as well as the outstanding number of new and
structurally different renewable polymer materials [188].

Studies are usually performed under land or water conditions. Landfills,
compost or soils are used to simulate degradation under land, whereas
sewage, marine water or sludge are used to simulate aqueous conditions.
All environments furnish different rates of degradation. In fact, it is
possible that some polymers that are degradable in one environment may
or may not degrade in another environment. In-land experiments might
show difficulties during the performance of tests designed to assess the
extent of biodegradation as CO- release or O, uptake in the presence of
media such as mature compost. In contrast, the tests carried out in aqueous
media are considered easier to set up and generally more reproducible, but
are not significant for simulating conditions of buried plastics.

The biodegradation kinetics of a test material under in-land conditions can
be influenced by the concentration of the material in the solid medium, as
well as by the nature of the microbial populations, whereas the test results
might vary significantly depending upon the test duration and a reference
material designed in the standard test specifications [188]. A critical
discussion has argued that the technical specifications should be rephrased
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in a unique, condensed and practical norm, in order to avoid confusion
between the available normative from different certification agencies with
very close characteristics [372].

Several analytical strategies can be considered to test biodegradation of
polymers from renewable resources, depending on the stage focused on:
deterioration or assimilation.

(i) Polymer deterioration can be tested by several methods such as the
evaluation of macroscopic modifications in the materials, such as
roughening of the surface, formation of holes and cracks, changes in
colour or development of microorganisms over the surface [373]-
[375]. There exist normalised tests to estimate the deterioration by the
colonisation of microorganisms on Petri dishes [376]. A positive
result of the test is considered as an argument indicating the
consumption of the polymer by the microbial species. This way,
different microscopy techniques [234], [377]-[379] are used to refine
the analysis, along with the study of changes in mechanical,
rheological or thermal properties [341], [380]-[382]. In particular, the
measurement of the weight loss is frequently used for the estimation
of biodegradability, but actually it may not be really representative of
a material biodegradability, since this loss of weight can be due to the
vanishing of volatile and soluble impurities [226], [228].

(ii) Polymer assimilation is generally estimated by standardised
respirometric methods [383], which mainly consist in measuring the
consumption of oxygen or the evolution of carbon dioxide or
methane, depending on the respirometric mode. The decrease of
oxygen is detected by the diminution of the pressure and may be fully
automated. The experiment can be conducted with oxygen limitation
or not. In anaerobic conditions, gases are released and the
augmentation of the pressure is then measured. The identification of
the evolved gases is performed by gas chromatography (GC), infrared
analysis (FTIR) [374] or titration [384], [385] . Failure in one test does
not necessarily exclude biodegradation, but it merely indicates that
under the environmental conditions and/or the timeframe where the
experiment was conducted, no or incomplete biodegradation
occurred. Thus, more than one test method is usually needed to
entirely assess biodegradability.

Table 1 shows a summary of the application of different standards from
the American Society for Testing and Materials (ASTM), European
Standards Organisation (EN) and International Organization for
Standardization (ISO), respectively, on different polymers from renewable
resources of the families of polyesters and polysaccharides.
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Table 1. Studies based on ASTM, EN and I1SO standards on different polymers from renewable resources.

Organisation

Code

Title

Material

PLA

PCL PHAs

Cellulose Lignin

Starch

ASTM

D5209

Standard test method for determining the aerobic
biodegradation of plastic materials in the presence
of municipal sewage sludge

[386]

- [387], [388]

D5338

Standard test method for determining aerobic
biodegradation of plastic materials under
controlled composting conditions, incorporating
thermophilic temperatures

[190],
[389]-[391]

[392] -

- [393], [394]

D5526

Standard test method for determining anaerobic
biodegradation of plastic materials under
accelerated landfill conditions

[395]

[395] -

D5988

Standard test method for determining aerobic
biodegradation of plastic materials in soil

[389]

[248], [396],
[397]

[398] [396]

[102], [399]

EN

14046

Packaging - Evaluation of the ultimate aerobic
biodegradability and disintegration of packaging
materials under controlled composting conditions
- Method by analysis of released carbon dioxide

[400], [401] -

14806

Packaging - Preliminary evaluation of the
disintegration of packaging materials under
simulated composting conditions in a laboratory
scale test

[189]

ISO

14852

Determination of the ultimate aerobic
biodegradability of plastic materials in an aqueous
medium - Method by analysis of evolved carbon
dioxide

[402]—[404]

[403], [405],

[406] [403], [404]

[407], [408] [409]

[402], [406],
[410]

14855

Determination  of the ultimate aerobic
biodegradability of plastic materials under
controlled composting conditions - Method by
analysis of evolved carbon dioxide

[190], [391],
[402],
[411]-[422]

[412], [416],

[423] [424], [425]

[401], [419],
[422], [426]

[413], [417],
[419],
[427]-[430]




Organisation  Code

Title

Material

PLA PCL

PHAs Cellulose Lignin

Starch

16929

Plastics - Determination of the degree of
disintegration of plastic materials under defined
composting conditions in a pilot-scale test

[425] - -

[431]

17556

Plastics - Determination of the ultimate aerobic
biodegradability of plastic materials in soil by
measuring the oxygen demand in a respirometer
or the amount of carbon dioxide evolved

[397] - [409]

20200

Plastics - Determination of the degree of
disintegration of plastic materials under simulated
composting conditions in a laboratory-scale test

[35], [185],

[432]-[a3g] [4%°]

[185], [432],

[433] [436], [437] -

Review

[188], [233], [256], [370], [371], [440]-[451]
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6.4. Biodegradation under in-land conditions

In-land biodegradation experiments mainly comprise biotic in-soil and in-
compost studies [450]. In vitro degradation studies based on the application
of microorganisms such as fungi or bacteria are of high interest to tune the
binomial soil-bioplastic. Fungal organisms such as Aspergillus niger,
Aspergillus flavus, Chaetomium globosum and Penicillium funiculosum, as
well as bacterial standards such as Pseudomonas aeruginosa are suggested
in some test protocols according to international standards, and evaluated
for growth on suitable plastics, thus correlating them with the susceptibility
of the plastic to biodegradation [452], [453]. A list of different
microorganisms that have been shown able to degrade different groups of
plastics can be found in literature [370]. Compostability covers not only
naturally-occurring disintegration and biodegradation understood as the
Iytic action of microorganisms, but also the application of an accelerated
process to favour the conversion of plastics into CO2, H>O and cell
biomass, with no toxicity [454]. For that reason, high temperature,
humidity and aeration systems are used, while the compost proceeds
through an initial mesophilic phase, a subsequent thermophilic phase and
a final maturation phase.

6.4.1. Aerobic Studies

There are several standardized methods to control and determine aerobic
biodegradability and disintegration of plastic materials. Among them, the
ISO 14855 is one of the most used norms. This ISO standard specifies a
method for determining the ultimate aerobic biodegradability of the
plastics, under controlled composting conditions by measuring the amount
of carbon dioxide generated and the degree of disintegration of the material
at the end of the assay. The test material is exposed to an inoculum derived
from compost. Composting takes place in an environment in which
temperature, ventilation and humidity are controlled. The test method is
designed to provide the percentage of conversion of carbon in the test
material that generated carbon dioxide as well as the conversion speed. The
method applies to several kinds of materials. For plastic materials from
renewable resources, several studies have been published. The most
studied materials are those that involve degradation of PLA and its
derivatives. In this sense, Kunioka et al. proposed the use of PLA powders
as the reference test materials for the ISO 14855 methods [415]. They
selected mechanical crushing at low temperature of polymer pellets using
dry ice for powder production. The degree of biodegradation for this PLA
powder was approximately 91% for 35 days. Moreover, they studied the
biodegradation of PLA samples in different shapes [412]. Their studies
found that biodegradabilities of polymer pellets, polymer films, polymer
products and polymer composites in controlled compost could be evaluated
according to ISO 14855-2. Final degrees of biodegradation and
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biodegradation curves of samples prepared from biodegradable polymers
with various shapes showed almost the same tendency. However, Kale et
al. studied the biodegradability of PLA bottles in real and simulated
composting conditions [190]. They found that biodegradation matched
well with theoretical degradation and biodegradation mechanisms;
however, some variability existed in both conditions, suggesting that the
standard methodologies are limited to the plastic material and not to the
whole package. On the other hand, Pantani et al. studied the influence of
crystallinity on the biodegradation rate of injection-moulded PLA [391].
As expected, the crystallinity was found to decrease the PLA degradation
rate. The dense structure of the initially crystalline sample was more
impermeable to the enzymatic attach and to oligomer diffusion.

Other kind of biodegradable bio-based materials have been studied such as
PHAs, PCL, cellulose or starch based materials. For PHBV films, Weng et
al. worked on the influence of the chemical structure [424]. They compared
the degradation behaviour of the homopolymer (PHB) as starting material
with copolymer PHBV with several amounts of hydroxyvalerate (HV)
units. They found that the higher the presence of HV was, the faster the
biodegradation ocurred. Moreover, they performed a comparison of the
biodegradation in both pilot scale and laboratory scale tests following the
1SO14855 standard [425]. The PHBV film was completely disintegrated in
the pilot-scale composting test, while the degree of biodegradation was
81% in the laboratory-scale control composting test. Thus, degradation in
a semi-real environment at pilot-scale is suggested to be similar while
slightly faster than under the standard guidelines.

The biodegradabilities of cellulose, PCL and PLA powders in a controlled
compost at 58 °C were also investigated according to the 1SO14855
standard [412]. Polymer powder samples were obtained from PCL pellets
and PLA pellets by mechanically crushing and sieving. The
biodegradations of the samples were measured by the Microbial Oxidative
Degradation Analyser (MODA). The reproducibility and repeatability of
the biodegradation tests using MODA were confirmed for cellulose
powders as the reference material, PCL powders and PLA powders.

6.4.2. Anaerobic Studies

Anaerobic conditions are important for different end-of-life in-land
scenarios, such as landfills and anaerobic digestion systems, which are
tackled in the section of degradation under liquid media. Conditions in
landfills vary considerably in terms of geography, age of waste or
management practices [455]. The potential production of CH4 has been
approached in literature from the point of view of greenhouse gas
monitoring and, as an added-value alternative, due to its promising
performance as a source of energy [456]. In this line, most lab-scale studies
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have been focused on celluloses and hemicelluloses, due to the traditional
presence of paper and cardboard in landfills [457]. Since anaerobic
microorganisms have a much limited set of enzymes than under the
presence of oxygen, and the energy benefit is lower without presence of
0., the rates of degradation are normally lower [458]. Concerning plastic
waste, few examples can be highlighted for PLA [386], [459], PHASs [445],
PCL [459]-[461], starch/PCL [459], PBAT [459], PBS [461]. It was found
that PHB was degraded anaerobically more rapidly than the copolyester
PHBV, when tested with either mixed cultures or a single strained isolate,
whereas PCL tended to degrade slower than the natural polyesters PHB and
PHBV [460]. As well, it was reported that PLA can be considered as a
compostable material, being stable during use at mesophilic temperatures,
but rapidly degrading during waste disposal in compost or anaerobic
treatment facilities. Actually, the biodegradation of PLA was much faster
in anaerobic solid state conditions than in aerobic aquatic conditions [386].
Other study showed that anaerobic bacteria degraded PCL-starch blend,
showing an 83% biodegradability for 139 days, although its biodegradation
rate was relatively slow compared to that of cellulose used as a reference
material. Conversely, PBS was barely degraded under anaerobic
conditions, with only 2% biodegradability in 100 days [461].

6.5. Biodegradation in aqueous conditions

The study of biodegradation of plastics under liquid environments has to
be considered from a double point of view. On the one hand, the design of
novel materials to prevent wastes from ships and offshore platforms under
seas and oceans, and on the other hand as a faster comparing methodology
to test biodegradability of bioplastics. This could be the case of fishery
equipment to be biodegradable to reduce harmful impact to sea life if lost
during fishing [458].

Different studies have been performed for polymers such as PLA [395],
PCL [395], PHB [462] or PBS [462]. In particular, it has been shown that
the biodegradability of PCL and PLA powders under aquatic conditions
can be tested with sludges at thermophilic conditions (~55°C). The
biodegradability of PCL was 92% in the diluted sludge [395]. Other studies
at mesophilic conditions (~37°C) showed that bioplastics could be ranked
as PHB >> PLA > PCL in terms of anaerobic biodegradation rate, relating
it to the detection of the same eubacteria. On the contrary, PBS could not
be anaerobically biodegraded by the sludge used in this study [462]. For
PHAs, an experiment on PHBV and PE-Starch blends in a freshwater
environment showed steady degradation rates of 10-20 mg per day for
PHBYV even under relatively extreme conditions. Conversely, PE-Starch
blends showed no degradation after one year [463]. It was also shown that
degradation of PHBYV occurred most rapidly in anaerobic sewage sludge,
then estuarine sediment, aerobic sewage, soil, and finally in seawater [464].
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Concerning microorganisms, it was found that Pseudoalteromonas could
be isolated as predominant PHBV-degrading bacterium from a tropical
marine environment [465].

7. Concluding remarks

Due to their high potential of replacement of petroleum-based polymers,
the design, use and disposal routes of bio-based polymers must be carefully
strategized in order to ensure appropriate service conditions and adequate
valorisation and/or elimination after their service-life. In this sense, the
long-term properties and end-of-life of polymers are not antagonist issues,
since both are inherently linked by the duality between durability and
degradation.

Despite certain biodegradable polymers could be used in long-term
applications, the commercialization of bio-based plastics is continuously
increasing in markets for products that have a short lifetime. The
technological efforts in adding value to these plastic goods are therefore
misused. The consideration of the end-of-life of a material for an
application, instead of the end-of-life of a material could be therefore kept
in mind in order to favour second-life uses, and thus enlarge their service-
lives.

Concerning durability, performance tests can be designed to
experimentally simulate individual or synergic effects of degrading agents
such as temperature, water, chemicals, mechanical stresses or sun light.
The control of physico-chemical properties must be monitored in a from-
micro-to-macro approach, in order to connect structure to behaviour and,
therefore, help decide further steps in the application-to-disposal pathway.
Regarding degradation at the end-of-life stage, material, energetic and
biological valorisations should be carefully combined. This field is still a
matter of interest and offers a wide field of opportunities, as suggested
hereby:

(i) Material valorisation would benefit from more specialised sorting
technologies for plastic waste, so as the reuse before recycling might
be enhanced, as well as the recycled fractions offer more
homogeneity in their compositions. As well, the options of using
additivities, blending and/or compositing to upgrade recycled
plastics should foresee the following steps of valorisation and/or
disposal. Finally, one should consider that, during real recycling,
plastic fractions would be commingled and previously subjected to
degrading agents during service life. More standardisation and real-
scale studies should therefore be performed for recycled materials,
since most are currently run at lab conditions by multiple
reprocessing with individual polymers.
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(ii) Energetic/Feedstock valorisation could be prioritised after material
valorisation when the obtaining of chemicals is relevant and/or the
biological facilities cannot cover the treatment of bio-based wastes.
Nowadays the studies are devoted, on the one hand, to the analysis
of the solid-state thermal and thermo-oxidative kinetics at lab
conditions and, on the other hand, to the obtaining of calorific values
of bio-based polymers at pilot-scale. In order to link labs with real-
scale applications, a current challenge would be to connect, via
computer simulation, solid-state kinetics with operational units such
as pyrolysers or gasifiers. The optimisation of working parameters
would produce more complete thermal transformation, therefore
with higher thermal efficiency and lower emission of gases. This
connection would release useful information to set up standards,
which may help homogenise the studies and benchmark the
applicability of energetic/feedstock valorisation for bio-based
polymers.

(iii) Biological valorisation to reintegrate sources into the C cycle is
essential for bio-based polymers, obviously for controlled
management of wastes via current facilities such as composters and,
even more, to ensure the lowest impact of non-controlled disposed
bio-based goods. Due to the environmental concern and deep
knowledge of the different stages of biodegradation through
deterioration, fragmentation and assimilation, and the different
media of degradation both aqueous and in-land environments, the
amount of standards are sometimes very similar, which complicates
the choice of the most appropriate one to certify biodegradation.
Therefore, and effort in unifying the standards of certification of
biodegradation remains a challenge. As well, the proliferation and
optimisation of specific composting facilities for bio-based plastics
would help clarify the disposal pathways and therefore reduce the
impact of treatment of these wastes.

In conclusion, the balance between the long-term properties and the end-
of-life of bio-based polymers is key to set up a design for sustainability. A
smart combination of the routes of production, valorisation and disposal
might lead to reduce the environmental impact and gear bio-based
polymers towards added-value applications.
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2.1. EXPERIMENTAL STRATEGY

The experimental strategy considered along this study is summarised in
Figure 2.1. Four main stages were approached: membrane designing
processing, characterisation and validation, which were interlinked and
continuously reconsidered for a suitable approach of polymer-based
material development for smart applications.

'4- + Synthetic polymers
P Designing * Natural polymets
{i’? « Tnorganic particles
+ Electrospinning
- = Salvenl casling
Processing + Compression monlding
+ Crosslinking

« Thermal unulysis
* SPECLIOSCOpy

Characterisation « Chromatography
« UV irradiation
= Impact of degradation
- * Service lif: behaviour
g — i . = Proton conduetivity
Validation « Salution uptake

* In vitro degradation
= Fnvito and in vive
biocompatibility

Figure 2.1. Experimental strategy based in four stages: designing, processing,
characterisation and validation.

Firstly, membranes were designed according to literature and previous
results of the research group, and then processed either by means of
electrospinning, solvent casting, compression moulding, or a combination
of them. Afterwards, the main physico-chemical properties of the
membranes were assessed from different perspectives. Characterisation
was performed in terms of chemical structure, molar mass, surface
morphology, thermal properties, thermo-oxidative stability, thermo-
mechanical properties or dielectric properties. Finally, a validation
procedure for each application was carried out.

All of the experimental procedures described in this section were carried
out at the Functionalisation, Degradation and Recycling of Polymer
Materials Research Group (DREMAP) facilities of the Materials
Technology Institute (ITM) in the Polytechnic University of Valencia
(UPV), with the exception of those in which the place of execution or
collaborative context is specified.



2.2. MATERIALS AND REAGENTS

2.2.1. Polymers

Several commercial polymeric materials were used along this thesis. Table
2.1 gathers the polymer type and the acronym along with the manufacturer

and reference.

Table 2.1. Polymeric materials considered along this thesis.

Type Acronym Manufacturer Reference
Polypropylene PP Repsol YPF glPé_EN PPO40
Maleic anhydride grafted MAH-PP Eastman G-3003
polypropylene
Poly(lactide-co-glycolide) PLGA Resomer RG505
Polydioxanone PDO Resomer X
Gelatin Ge . - G2500
Poly(vinyl alcohol) PVA Sigma-Aldrich 563900
Chitosan Cs 448869

440744
Polycaprolactone PCL Perstorp CAPA 6300
50:50 pL-pon(Iactlde-co- PLGA Lactel B6010-4
glycolide)
Polyhydroxybutyrate PHB Biomer P209
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2.2.2. Reagents and solvents

The reagents and solvents used along this thesis are gathered in Table 2.2.

All of them were used without further purification.

Table 2.2. Reagents and solvents considered along this thesis.

Type

Manufacturer

Non-ionic surfactant Triton® X-100

1,3-propanosultone 97%

Acros Organics

Sulfosuccinic acid (SSA) 70%

Sodium hydride (NaH) 95% dry

Sodium nitrite (NaNO3) 99.5%

Formic acid (>99%)

Acetic acid (>99%)

Tetrahydrofuran (THF) (>99.8%)

Dulbecco’s Phosphate Buffer Saline (PBS)

Dulbecco’s Modified Eagle’s Medium

Claycomb medium

Sodium hydroxide (NaOH) solution 1 M

Dimethylformamide (DMF)

4’ 6-diamidino-2-phenylindole (DAPI)

Thiazolyl blue tetrazolium bromide

Lactic acid solution >85%

Glycolic acid solution 70%

Chloroform (CHCI5)

Hexafluoroisopropanol (HFIP)

Sigma-Aldrich

Chlorhydric acid (HCI) 37%

Panreac

Ethanol absolute (C;HsOH)

Extra-pure potassium permanganate (KMnQO,)

Sulphuric acid (H,SO4) 95-98%

Hydrogen peroxide (H,0,) 30%

Sharlau

Paraformaldehyde (PFA)

VWR Chemicals

Foetal bovine serum (FBS)

Penicillin

Streptomycin

Gibco

L-Glutamine

Millipore

Ultra-pure water type 1 (ISO 3696) [1]

Produced in the
laboratory

2.2.3. Obtaining of silicon microparticles

The silicon microparticles were obtained by the Chemical Technology
Institute of the Polytechnic University of Valencia (CSIC-UPV). Briefly,
polydisperse silicon microparticles were obtained from metallurgical grade
silicon powder (Silgrain® with 99.5% of purity from Elkem), through a
process of grinding. Screening of the particles was performed achieving
that the 98% were smaller than 2 um [2]. The macroscopic appearance of
the silicon milled microparticles is shown in Figure 2.2.



Figure 2.2. Macroscopic appearance of silicon milled microparticles.

2.2.4. Sulfonation of poly(vinyl alcohol) (PVA)

The sulfonation of the poly(vinyl alcohol) (PVA) was carried out in
collaboration with Dr. S. Sanchez-Ballester in the DREMAP facilities. For
this purpose, 1,3-propanesultone was used as a precursor for the
introduction of sulfonic groups in its structure. The sulfonation reaction
was performed in two stages: the preparation of the sulfonated sodium salt
and the protonation process, according to the sequence shown in Figure
2.2.

COOL T YT ST YT

0
o OH  OH ONa ©OH ONa 0-| oH 'l
(CH] CHy) 7H) ‘Hl

S0 Na éo,N SO H SO4H
Figure 2.2. PVA sulfonation sequence.

In the first step, 250 mL of ethanol was added into a 500 mL round bottom
flask and, then, 10 g of PVVA were introduced into the flask. Subsequently,
4.8 g of sodium hydride (NaH) was slowly added to the PVA/ethanol
mixture in continuous magnetic stirring. Next, 5 g of 1,3-propanosultone
was added after heating with a source of hot air to prevent solidification at
room temperature, and added dropwise to the mixture. This mixture was
allowed to react at 80 °C with magnetic stirring for 24 h.

In the second stage, a 12 h washing was carried out with 100 mL of an
aqueous solution of HCI (0.5 M) with the purpose of replacing the Na* of
the added groups by H*. Next, the reacted PVA was filtered and washed
with ethanol. Finally, the sulfonated PVA (SPVA) was dried for 4 h in a
vacuum oven at 50 °C.

2.2.5. Obtaining of graphene oxide (GO)

The obtaining of graphene oxide (GO) was carried out in collaboration with
Dr. S. Sanchez-Ballester in the DREMAP facilities. The graphene oxide
(GO) was obtained by the modified Hummers method, according to the
literature [3], as shown in Figure 2.4.
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5,
— Exfoliation
S — P
w H:SO: / NaNOs | KMaOs
k=
Graphite Graphite oxide Graphene oxide (GO)

Figure 2.4. Graphene oxide (GO) obtaining sequence. Modified Hummers method

3.

For this purpose, 2 g of powdered graphite and 1 g of sodium nitrate
(NaNOs3) were mixed in 46 mL of concentrated sulphuric acid (H2SOs).
These compounds were mixed under continuous stirring in a vessel that
was cooled to 0 °C into an ice bath as a safety measure. After 5 min, 6 g of
potassium permanganate (KMnOg4) was added to the suspension. The
addition rate was carefully controlled to prevent the temperature of the
suspension from exceeding 20 °C. The ice bath was removed and the
temperature of the suspension reached a value of 35 £ 3 °C for 30 min. The
solution obtained was diluted with 92 mL of distilled water in continuous
stirring for 1 h and at a temperature of 35 °C. Next, 280 mL of distilled
water was added slowly with stirring to the paste obtained, of a grey-brown
colour, causing a violent effervescence and an increase in temperature up
to 98 ° C. After 30 min, the solution was filtered and treated with a 30%
aqueous solution of hydrogen peroxide (H202) to reduce residual
permanganate and manganese dioxide (MnQO3) to colourless and soluble
manganese sulphate. After the treatment with the peroxide, the suspension
turned bright yellow. This suspension was filtered resulting in a
yellow/brown solid residue. Filtration was carried out while the suspension
was still hot to prevent precipitation of the slightly soluble salt of methyl
acid formed as a secondary reaction. Then, the resulting product was
washed several times with HCI and then with ethanol until the pH reached
the value 7. Finally, the graphene oxide (GO) powder was dispersed in
distilled water for 3 h by sonication and subsequently, it was filtered and
dried in a vacuum oven for 12 h. The appearance of the GO obtained is
shown in Figure 2.5.

Macroscopic 500x 8000x

®

Figure 2.5. Macroscopic and microscopic appearance of graphene oxide (GO).




2.2.6. Sulfonation of graphene oxide (GO)

The sulfonated graphene oxide (SGO) was obtained from GO by addition
of free radical using the aryl diazonium salt of the sulfanilic acid following
the steps detailed below. 50 mg of GO were added to 8 ml of 0.06 M
sulfanilic acid solution at 70 °C. Then, 2 ml of 6-10° M sodium nitrite
solution was added dropwise under continuous stirring, and the mixture
was maintained at 70 °C for 12 h. The diazonium salt of sulfanilic acid
obtained in situ from the reaction of sulfanilic acid with sodium nitrite was
converted to aryl radical by transfer of a delocalized GO electron. The aryl
radical then reacted rapidly with the carbon atoms in the GO layers to form
new covalent bonds, changing the hybridization of sp2 to sp3 [4]. The
product was washed several times with distilled water and centrifuged until
pH 7. Finally, the obtained SGO was filtered and dried in a vacuum oven
for 12 h.
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2.3. PROCESSING TECHNIQUES

In this section, the standard conditions and features of the different
equipment used for membrane processing and obtaining are described.
Given the wide number of membrane processing operations, the specific
details about the composition of the membranes and the precise processing
conditions have been included in the corresponding contributions in
Chapters 4, 5 and 6.

2.3.1. Photo-stabilised polyolefins for outdoor applications

Polymer composite preparation and pelletization

In the first step of the preparation of the composites, raw PP pellets, MAH-
PP pellets and Si microparticles were mixed, considering different
compositions. The resulting specimens were labelled as described in Table
2.2.

Table 2.2. PP-(PP-MAH)-Si compositions.
PP PP-MAH Si

(Yowt) (Yowt.) (Yowt) ID
100 = _ PP
97 3 . PP-MAH
94 3 3 PP-MAH-3Si
92 3 5 PP-MAH-5Si

Then, the composite preparation was carried out in a laboratory-scale co-
rotating extruder at the ITM facilities in the UPV campus of Alcoy, shown
in Figure 2.6. The extruder working conditions were 40 rpm and a
temperature program of 185-190-195 °C from feeder to die. The extruded
monofilament was then cooled into a water bath and finally pelletized into
a Brabender Granulator.




Compression moulding

The compression moulding setup was used in this study to obtain PP/Si
composite polymeric membranes with controlled thickness. For this
purpose, a prototype four-axe hot plates press was used, equipped with
heating and cooling systems in both upper and lower plates and accurate
control of the temperature by means of two Selec PID528 controllers. The
pressure was applied by means of a hydraulic pump under the lower plate,
according to the setup shown in Figure 2.7.

Figure 2.7. Four-axe hot plates press.

Composite membranes were prepared into 200 um thickness Teflon®
moulds. The operation procedure usually consisted in a pre-heating of the
press at the desired temperature, followed by the introduction of the mould
assembly and the application of pressure for a given time. Once at 190 °C,
the following program was considered with a force (kN) — time (min)
relation of (i) 0-20, (ii) 440-3, (iii) 660-3 and (iv) 880-4. Afterwards, the
plates were opened and the membranes were removed from the moulds and
subjected to a quenching step to room temperature through water
immersion. Then, the samples were dried under vacuum conditions at 40
°C for 24 h and stored for further analyses.

2.3.2. Polyelectrolyte membranes for fuel cells

Electrospinning

The electrospinning technique is an attractive approach for processing
polymeric materials into fibres in the low micro and nanoscale range, being
able to control the morphology, porosity and composition of the fibres by
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means of a relatively simple equipment. This process has gained much
interest in over the past decade due to its versatility and simplicity. The
electrospinning system permits to develop smaller pores and greater
surface area than polymeric fibres obtained by means of other techniques,
along with the ability to control the composition of the nanofibres to
achieve tailored functionality and properties [5].

The electrospinning technique is based on the work developed on
electrospraying in 1897 by Rayleigh, studied in detail by Zeleny in 1914
[6], patented by Formhals in 1934 [7], and boosted by the work of Taylor
(1969) in aircraft electric propulsion [8]. The term electrospinning, derived
from electrostatic yarn, is relatively recent, since it has been used from
1994 onwards. However, as introduced before, its origin goes back to more
than 60 years ago. From 1934 to 1944, Formhals published a series of
patents that describe an experimental set-up for the production of polymer
strands using an electrostatic force. The first patent (USA, code: 2116942)
in the electrospinning technique was issued for the manufacture of textile
yarns and used a 57 kV voltage to the electrospinning of cellulose acetate
with acetone and ethylene glycol monomethyl ether as solvents. They also
published other related patents (USA, codes: 2116942, 2160962, and
2187306) in 1938, 1939 and 1940. From that time until the present, there
have been more than 50 patents for polymer electrospinning [9]. In
addition, since 1952, various inventors like Vonnegut and Newbauber [10],
Drozin [11], Simons [12] and Baumgarten [13] have developed many
equipment with various applications, which have as a basis the
electrospinning technique. Since 1980, especially in recent years, the
electrospinning process has regained more attention due to an increase in
the interest in the field of nanotechnology. The popularity of this technique
is reflected in the immense number of publications and patents based on
this technique published in the last decades.

The equipment of electrospinning is composed of three main components:
a source of potential for high voltage, a spinner (metal needle) and a
collector (conductor at the base). There are two typical setups —vertical and
horizontal-. The vertical device allows placement of the syringe
perpendicular to the collector, dropping the dissolution of polymer by
gravity and placing the collector below. Sometimes, the jet can be tilted at
a defined angle to control the flow rate. On the other hand, the horizontal
device has a pump to start the flow of the dissolution. In general, in both
cases, a pump is required to drive effectively the fluid. This process has a
limited productivity since the dissolution of polymer has to be fed at rates
relatively low to allow the evaporation of the solvent in the path of the
needle to the collector and get nanofibres in a uniform manner. The
overview of the process is shown in Figure 2.8.
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Figure 2.8. Electrospinning technique overview.

The process is based on the uniaxial elongation of a viscoelastic jet coming
from a polymeric solution that has been previously introduced into a
syringe. It involves the use of high voltage to induce the formation of liquid
jet. Next, a solid continuous fibre is generated and stretches continuously
due to the electrostatic repulsions between the surface charges and the
evaporation of the solvent. Normally, the electrospinning technique is
carried out at ambient temperature and humidity, although these
parameters can also be controlled. Some solutions of polymer can emit
corrosive or toxic vapours so that in such cases it is convenient to use a
ventilation system.

In more detail, the performance of this technique consists in applying a
high voltage between the tip of the needle and the collector, where the drop
of polymer that hangs from the tip of the needle is highly electrified. The
drop undergoes two main types of electrostatic forces: repulsion between
surface and coulomb charges exercised by the external electric field. Due
to the electric field-induced charge repulsion, a force directly opposite to
the surface tension of polymer fluid is generated. As it increases the
intensity of the electric field, the hemispherical surface of fluid or drop of
liquid on the tip stretches and generates a conical shape, known as the
Taylor cone. Once the strength of the electric field has exceeded its limit
value, the electrostatic forces overcome the surface tension of the
dissolution of the polymer and causes the liquid jet of fluid ejection from
the tip. The jet is continuously submitted to a stretching and rotational trend
that generates a long and thin fibre. As the jet is stretched and the solvent
evaporates, its diameter can be reduced substantially. Finally, fibre is
randomly deposited onto the collector.

The process of electrospinning is governed by different parameters, which
include those of the polymer dissolution, process and environmental
factors, as gathered in Table 2.4. The dissolution parameters mainly are
the viscosity, the concentration, the conductivity, the molar mass of the



Experimental methodologies for the development, characterisation and validation

polymer or the surface tension. As well, the process parameters are the
applied electric field, the flow rate or the tip-to-collector distance. Finally,
environmental parameters such as temperature or humidity may influence
the electrospinning of a given solution [14], [15].

The goal of this technique is the obtaining of fibres with a uniform,
consistent and controllable diameter, a surface free from defects and a fibre
continuously collected. For this purpose, the electrospinning process must
be optimised for a polymer-solvent pair to avoid, for instance, the
formation of spherical particles as droplets or beads. The presence of
spherical particles instead of fibres is due to the confluence of the several
out-of-range parameters during electrospinning.

In the field of electrolytes for fuel cells, electrospun nanofibres are gaining
attention in the last decade [16]. Nanofibres are not commonly used as a
solely electrolyte due to their intrinsic high porosity which would allow the
fuel crossover, but as part of composite polyelectrolyte membranes [17]-
[20].

The development of nanofibres as polyelectrolyte membranes were
performed in a compact lab-scale Bioinicia Fluidnatek® LE-10 assembled
a high voltage source, a programmable syringe pump, a HSW Norm-Ject
20 mL Luer Lock syringe, Teflon® tubing, a gauge 21 metallic needle and
a grounded flat collector, as shown in Figure 2.9.

Figure 2.9. Bioinicia Fluidnatek® LE-10 electrospinning setup.



Table 2.4. Effect of the parameters of electrospinning on the morphology of fibres.

Parameters

Effect on the morphology of fibres

Dissolution

Viscosity

The viscosity plays a decisive role in the morphology and size of polymer
fibres obtained by electrospinning. This parameter is subsequently influenced
by other parameters, as described below. Low viscosity would result in lower
entanglement capability and failure in the electrospinning process. However,
too high viscosity would difficult the drop formation and elongation.

Concentration

A minimum concentration is required to prevent the emergence of spherical
particles in the nanofibres. Increasing viscous resistance increases the
diameter of the fibres. Concentration should be sufficiently high to have
enough polymer entanglements but not excessively high that prevent the flow
of polymer into the needle.

Molar mass

The polymer molar mass significantly influences the electrical and
rheological properties of a polymeric solution. Normally, low molar mass
results in the formation of spherical particles. The molar mass of a polymer
reflects its entanglement capability and is highly correlated with the solution
viscosity for a given concentration.

Electric
conductivity

Enough electric conductivity allow the current path and thus favour the
formation of fibres. High solution conductivity is typically correlated with
fibres with small diameter.

Surface
tension

The decrease of the surface tension allows the formation of a clean jet.
Spherical particles may appear in the fibres electrospun from a high surface
tension solution.

Volatility

Too high volatility would result in the fast evaporation of solvent and
clogging of the tip of the needle. As well, low volatility would produce the
coalescence of the nanofibres into a film.

Dissolution
time

Alternative solvents have been proposed for electrospinning with the aim of
reducing the exposure of technicians to toxic solvents. Some of them possess
an acidic nature that will promote changes in hydrolysable polymers such as
polyesters by means of hydrolytic degradation of ester bonds. Subsequently,
the physico-chemical properties and morphology of the electrospun fibres
will strongly depend on the dissolution time.

Process

Voltage

The voltage should be high enough to ensure the jet stretching but not too
high, since it may produce the presence of spherical particles in the collector,
even turning into electrospray for extremely high voltages.

Flow rate

The flow rate is closely related to the voltage for a suitable electrospinning.
The solution should be fed at a similar rate to that of solution consuming by
means of jet formation. Low flow rate would result in lower fibre diameter
and it may facilitate the evaporation of the solvent. High flow rate may
increase the fibre diameter and the appearance of macroscopic droplets in the
nanofibres.

Tip-to-
collector
distance

The effect of the tip-to-collector distance on the morphology of fibres is not
a determining factor. A minimum tip-to-collector distance is required for the
fibres to have evaporated the solvent before they reach the
collector. Increasing the distance decreases the probability of droplets
deposition in the collector, which would dissolve the obtained nanofibres.

Collector type

A plate collector is commonly considered to obtain random ordered
nanofibres. However the orientation of the fibres can be controlled by means
of a rotating drum collector, among other setups.

Environment

Temperature

The temperature is closely related to the viscosity of a given solution.
Accordingly, the consequences of the variation of the solution viscosity
would be reflected in the obtained fibres.

Humidity

High humidity lead to the formation of pores in the fibres. Too low humidity
would result in higher evaporation of volatile solvents that can produce the
blockage of the needle.
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Solvent casting

The solvent casting technique was considered in this thesis to obtain film-
shaped membranes following a simple and cost-effective procedure, for
polyelectrolyte membrane development.

The polymeric solutions were firstly prepared, with an adequate
concentration to get complete dissolution and suitable viscosity that allow
avoiding the presence of bubbles during casting. Then, the solutions were
casted into round-shaped Teflon® moulds with a 10 cm diameter.
Afterwards, the solvent was allowed to evaporate at room temperature into
a fume-hood. Finally, the membranes were removed from the moulds and
stored for further analyses. Given the concentration and the casting volume,
membranes with different thicknesses were prepared. The sequence
followed for the solvent casting procedure is shown in Figure 2.10.

=9 [ =3

Figure 2.10. Solvent casting sequence overview.
Thermal crosslinking

The thermal crosslinking of the polyelectrolyte membranes for fuel cell
applications was conducted in order to provide thermal and mechanical
stability, as well as reducing the solubility of the membranes in contact
with fuel during operation. The crosslinking procedure was carried out by
means of two different methods, in order to investigate and choose the most
effective method for obtaining crosslinked membranes.

On the one hand, the crosslinking was performed into a convection oven
(Heraeus UT-6060). For this purpose, membranes were placed between
two sheets of Teflon® reinforced with fibre-glass and, in turn, sandwiched
between two metal discs to ensure a flat arrangement during crosslinking.
Membranes were introduced into the oven at different temperatures
between 110 and 130 °C for 2 h.
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Figure 2.11. Heaeus UT-6060 oven.

On the other hand, the crosslinking was performed into a four-axe
hydraulic hot plates press to obtain polymeric membranes with controlled
thickness, according to the setup shown in Figure 2.11. The press was
firstly pre-heated at 110 °C. Afterwards, the membranes, placed into
different thickness Teflon® moulds and covered by Teflon® reinforced
with fibreglass film were introduced into the plates, guaranteeing contact
but avoiding significant pressure. Once the crosslinking time had elapsed
(2 h), the mould assembly was allowed to cool to room temperature.
Finally, the samples were removed from the moulds, stored in zip plastic
bags and saved into a desiccator at room temperature for further analyses.

2.3.3. Scaffolds for tissue engineering

Electrospinning

In the context of biomedical applications and tissue engineering field, more
than 100 polymers have been satisfactorily electrospun and many
interesting reviews may be found in the literature [5], [21]-[35]. The
preparation of nanofibrous scaffolds for tissue engineering was carried out
by means of three different electrospinning setups, as described below.

Firstly, a horizontal electrospinning prototype was used, in collaboration
with the Department of Fiber and Polymer Technology of the KTH Royal
Institute of Technology, shown in Figure 2.12. This prototype was
composed of a Spellman SL80 high voltage supply, a Thermo Orion Sage®
361 programmable syringe pump, a Normax Ruthe 20 mL Luer Lock glass
syringe, silicon tube, and a Luer-Lock gauge 21 metallic needle and a
grounded flat collector.
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_—

Figure 2.12. Lab-made horizontal electrospinning setup.

Then, the compact lab-scale Bioinicia Fluidnatek® LE-10 described in the
previous section and shown in Figure 2.9 was used. Briefly, it assembled
a high voltage source, a programmable syringe pump, a HSW Norm-Ject
20 mL Luer Lock syringe, Teflon® tubing, a gauge 21 metallic needle and
a grounded flat collector.

Finally, the Yflow Electrospinner 2.2.D-350 was used, in collaboration
with the AITEX Textile Research Institute. The equipment, shown in
Figure 2.13 incorporated double polarisation, integrated drum collector,
control panel and robotised stage to move the electrospinning source in an
alternative fashion covering a 400x400 mm? area. The solution jet
emerging from the stainless steel wire used as the positive electrode (0.9
mm inner diameter).

Figure 2.12. Yflow Electrospinner 2.2.D-350.

For all the electrospinning processes, the polymer solution was prepared,
according both to literature and to previous results. After that, syringes
were filled with the solution and placed into the pump. Then, the
electrospinning parameters such as feeding rate, voltage and tip-to-
collector distance were adjusted for each solvent-system. Electrospun
fibres were mainly collected onto a flat surface covered with waxed paper.
Then, the fibres were allowed to evaporate residual solvent at room
temperature for 2 h, prior to storing them into zip bags for further analyses.



2.4. ANALYTICAL TECHNIQUES AND
CALCULATION METHODS

The developed membranes were physico-chemically characterised by
means of several analytical techniques and calculation methods, in order to
evaluate their main features in terms of chemical structure, molar mass,
surface morphology, thermal properties, thermo-oxidative stability,
thermo-mechanical properties or dielectric properties. In this section, a
brief technique description along with the general experimental conditions
are reported. Specific experimental procedures are included in the
corresponding contributions in Chapters 4, 5 and 6.

2.4.1. Chemical structure. Fourier-transform infrared
spectroscopy (FT-IR)

The Fourier-transformed infrared spectroscopy (FT-IR) provides
information about the chemical structure and allows identification and
quantification of functional groups in polymeric materials. This technique
is based on the analysis of the vibrations of the atoms of a molecule.

The molecular structure of a given substance is assessed by means of the
interaction between the electromagnetic radiation and the sample. As the
radiation is absorbed, net charge changes occur in the rotational and
vibrational levels of the molecules. When a molecule shows infrared
absorption, the vibration or rotation movements cause a net change in its
electric dipole moment. Therefore, the interaction between the infrared
radiation and the molecules is closely related to the changes in the
molecular dipoles.

Vibrations can cause changes in the length of the link (stretching) or in the
angle (bending) as well as can occur in-phase (symmetrically) or out-of-
phase (asymmetrically). The equipment collects the resulting signal known
as interferogram and provides information on the amount of energy
absorbed by the sample. The interferogram must be converted to the
domain of the frequencies by the Fourier transform method to provide
information on the identification and quantification of substances and
functional groups.

There are several technical accessories to allow the measurement of
different geometries and shapes of the samples. One of the most used
technical aids is the attenuated total reflection (ATR) mode, in which solid
samples can be easily analysed. In the ATR setup, a crystal is used, to
which the infrared beam is directed. The change in the refractive index at
the crystal surface causes the beam to be back-reflected several times
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before if finally exits to the detector. When the sample is in contact with
the crystal, the beam interacts with the surface of the sample, allowing a
fast a simple analysis of solid specimens.

The FT-IR analysis was performed by means of a Thermo Nicolet 5700
spectrometer, shown in Figure 2.14. In this case, the equipment was
coupled with the specific module for the measurement of solid samples in
the ATR setup with diamond crystal. The IR spectrum was taken between
the wavelengths of 4000 cm™* and 400 cm™* with a resolution of 4 cm™ over
64 scans. A background was performed before the analysis of the samples.
The effect of water and atmospheric CO; was corrected and subtracted
from the spectra. Further corrections such as baselines, refractive indexes
and incident angles were also applied. Infrared analysis was performed
with the aid of the Omnic Software. At least 5 spectrums were obtained
from different points of the same sample and the average spectra were
taken as representative.

Figure 2.14. Thermo Nicolet 5700 FT-IR.

2.4.2. Molar mass. Size exclusion chromatography (SEC)

The size exclusion chromatography (SEC), also known as gel permeation
chromatography (GPC), was considered to evaluate the molar mass of the
polymeric materials. This technique is based on the separation of polymeric
molecules according to their hydrodynamic radius (Rh) or volume (Vh).
The separation process takes place into one or more columns which are
packed with porous particles. Because of their size, the larger molecules
are excluded from some of the pores in the packing material and therefore
elute faster through the column than the smaller ones. Thus, the molecules
are separated by size, with the largest eluting first and the smallest last.

The results obtained by SEC usually consists in the molar mass distribution
(MWD). However, depending on the type and number of detectors used in
the experiment, various types of calibrations and calculations are employed
to compute parameters such as average molar mass in weight or number



(Mw, Mn), intrinsic viscosity (1V), hydrodynamic radius (Rh) and radius of
gyration (Rg).

The size exclusion chromatography was carried out by means of a Malvern
Instrument Omnisec Resolve chromatograph, as shown in Figure 2.15. It
combined an integrated pump, a degasser, an autosampler and a column
oven, along with a Malvern Instruments Omnisec Reveal multi-detector —
Ultraviolet (UV), Refractive Index (RI), Low and Right Angle Light
Scattering (LALS and RALS) and Viscosity (VISC)-. A monodisperse
polystyrene standard with dn/dc value of 0.185 was used for previous
calibration. Two columns from Malvern Instruments (T2000 and T4000)
were used (300x8 mm). Tetrahydrofuran (THF) was used as mobile phase
at a flow rate of 1 mL-min** and a column temperature of 35 °C. The
samples were dissolved in THF with concentrations of around 2.0 mg-mL-
! and filtered through 0.45 um PTFE filters. Two injections per sample
were performed and the obtained data was analysed with the aid of the
Omnisec V10™ software.

il

Figure 2.15. Malvern Instruments Omnisec.

2.4.3. Surface morphology. Field emission scanning electron
microscopy (FE-SEM)

The field emission scanning electron microscopy (FE-SEM) provides
topographical and elemental information of the surface of a given
specimen. Electrons are liberated from a field emission source and
accelerated in a high electrical field gradient. Within the high vacuum
column, these so-called primary electrons are focused and deflected by
electronic lenses to produce a narrow scan beam that bombards the sample.
As a result, secondary electrons are emitted from each spot on the
specimen. The angle and velocity of these secondary electrons relates to
the surface structure of the object. A detector catches the secondary
electrons and produces an electronic signal. This signal is amplified and
transformed to a video scan-image that can be seen on a monitor or to a
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digital image that can be saved and processed. In this technique, there is no
need to refocus the signal-carrying particles generated in the specimen.
This makes it possible to examine rough, solid specimens with minimum
of specimen preparation.

The surface topology of the specimens was analysed by means of a Zeiss
Ultra 55 field emission scanning electron microscope (FE-SEM), as shown
in Figure 2.16. The samples were cut into small pieces and dried at 50 °C
in a vacuum oven for 24 h and then kept in a desiccator during 48 h.
Afterwards, the specimens were mounted on metal studs and sputter-coated
with a platinum layer during 15 s using a Leica EM MEDOQ20 sputtering
equipment represented in Figure 2.16. In general, testing was performed
at room temperature at low voltages to preserve the sample structure (1-2
kV). For the fibrous samples, the fibre diameters were measured from the
FE-SEM micrographs at random locations (n=100) with the aid of the
Image J software.

Figure 2.16. Zeiss Ultra 55 FE-SEM and Leica EM MEDO020 sputter-coater.

2.4.4. Thermal properties. Differential scanning calorimetry
(DSC)

The evaluation of the thermal properties by means of differential scanning
calorimetry (DSC) consists in subjecting the sample to a controlled
temperature program and measuring the energy differences absorbed or
released by the sample with respect to a reference capsule.

Polymeric materials are susceptible to undergo changes that involve both
first-order and second-order transitions. The former corresponds to
transformations between a vitreous and an amorphous state (the glass
transition), or to transitions involving crystalline order (processes of fusion,
crystallisation, crystal-crystal transitions). When these transitions appear,
energy is absorbed or released as heat.

Typical results from DSC experiments display the heat flow as a function
of the temperature or time, which denote the thermal transitions as base-



line changes or peaks. Particularly, the use of this technique in
thermoplastic polymers allows the observation of the glass transition, the
melting and the crystallisation. As well, the characteristic enthalpies and
temperatures can be obtained from the resulting thermograms.

Calorimetric data were obtained by means of a Mettler-Toledo DSC 820
series, shown in Figure 2.17, equipped with a Haake EK 90/MT cooling
system. Prior to the analysis, the DSC equipment was calibrated following
the procedure of Indium and Zinc. The samples, with a mass of about 4 mg
were placed into aluminium crucibles perforated on top, with capacity of
40 uL. In general, the evaluation of the thermal properties was assessed
over heating/cooling segments, held at 10 °C-min-t, between 0 and 200 °C.
All experiments were performed using under N. as protective gas (50
mL-min). The DSC analyses were performed with the aid of the software
STAR® 9.10 from Mettler-Toledo. The specimens were characterised in
triplicates and the averages of temperatures and enthalpies were taken as
representative values.

Figure 2.17. Mettler-Toledo DSC 820 series.

In semicrystalline samples, the crystallinity degree (Xc) was evaluated from
the polymer melting enthalpy results, by using Equation 2.1,

X, (%) =— . 2im (Equation 2.1)
wyp Ahpy,
Where w;, is the weight percentage of the polymer in the sample, Ahy, is the
experimental melting enthalpy of the polymer and Ahno is the melting
enthalpy of a perfect crystal of this material.

As well, with the purpose of deeply characterise the crystalline structure of
the nanofibres, lamellar thickness distributions were calculated by applying
the Thomson-Gibbs equation (Equation 2.2), based on the temperatures
associated to the melting transitions [36]-[38],

lc(Tn) = [(1 - ;—E) -Ah—’""]_l (Equation 2.2)
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where T is the melting temperature; Tn° is the equilibrium melting
temperature of an infinite crystal; o. is the surface free energy of the basal
plane where the chains fold; and Ahmy is the melting enthalpy per volume
unit.

2.4.5. Thermal and thermo-oxidative  stability.
Thermogravimetric analysis (TGA)

The thermogravimetric analysis (TGA) is a thermal analysis technique
based on the study of the thermal and thermo-oxidative stability and the
evaluation of the fraction of volatile components in a sample by monitoring
the change in mass when subjected to a temperature program. Accordingly,
the control of the weight of the sample and the temperatures is essential in
this technique. By means of the thermogravimetric curves, it is possible to
study the thermal decomposition of polymers, the decomposition rate, the
order of reaction, the activation energy and the determination of additives
and fillers in complex formulations.

The TGA measurements can be performed in either inert (argon or
nitrogen) or oxidant atmosphere (air or oxygen). The output data are
collected as changes in the mass as a function of increasing temperature
(dynamic experiments) or time (isothermal experiments). Typical
thermogravimetric thermograms correspond to sigmoidal curves with one
or more steps, depending on the chemical nature of the components and the
composition of the sample. The remaining mass at the end of the
experiment is assigned to the residue or non-degraded material. The
thermogravimetric analysis can also be presented as differential curve
(DTG), that corresponds to the first derivate of the thermogravimetric
curve. The maximum slope drops of the thermogravimetric curve
correspond to peaks in the DTG curve.




The thermal and thermo-oxidative stability was assessed by means of a
Mettler-Toledo TGA 851 series, shown in Figure 2.18. The samples, with
a mass of about 4 mg were introduced into TGA Mettler-Toledo perforated
alumina crucibles, with capacity of 70 uL. In general, the specimens were
analysed through a dynamic procedure, with a heating rate of 10 °C-min!
in the temperature range of 25 to 800 °C, either under oxidative atmosphere
of Oz at 50 mL-min-! or inert atmosphere of Ar at 50 mL-min-t. The TGA
analyses were performed with the aid of the software STAR® 9.10 from
Mettler-Toledo. The specimens were characterised in triplicates and the
averages of temperatures and enthalpies were taken as representative
values.

2.4.6. Thermo-mechanical properties. Dynamic-mechanic-
thermal analysis (DMTA)

The dynamic thermo-mechanical analysis (DMTA) is a technique used to
study and characterise the viscoelastic behaviour of polymers. This
technique is based in the imposition of a small continuous cyclic
deformation on the sample. Due to the viscoelastic nature of certain
materials, if the frequency of the strain that produces the deformation is
very high or the temperature is low, the molecular chains do not have
enough time to relax and therefore a phase difference is created between
the load applied to the material o(#) and the deformation that occurs in it
g(t). This technique allows measuring that phase difference. The
measurements are made as a function of temperature at a fixed deformation
frequency or as a function of the deformation frequency, keeping the
temperature constant. Accordingly, the changes that occur at the molecular
level can be detected. As a result, the storage (£'), the loss modulus (£
correlated to the elastic and viscous contributions are obtained. As well,
the phase angle (J), correlated to the proportion between the energy
dissipated, in the form of heat, and the energy stored per cycle is acquired.

Figure 2.19. Mettler-Toledo DMA861e equipment.
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The dynamic mechanic thermal analyses were conducted in a small
clamping assembly in the tension mode, with 5 mm of effective length
between clamps, by means of the Mettler-Toledo DMA861e equipment,
shown in Figure 2.19. The displacement was checked before all the
experiments. In general, the deformation force was set at 0.1 N.
Experiments at 1 Hz were carried out during heating from 35 to 130 °C
with isothermal steps of 1 °C. The DMTA analyses were performed with
the aid of the software STAR® 9.10 from Mettler-Toledo. Analyses were
performed at least three times per sample to ensure reproducibility.

2.4.7. Dielectric properties. Dielectric-thermal analysis
(DETA)

The dielectric properties were assessed by means of electrochemical
impedance spectroscopy measurements (EIS). The evaluation of the
dielectric properties by means of EIS is an efficient, non-intrusive
technique based on the study of the response of a circuit to an alternating
current as a function of frequency [39]. The voltage and current response
is analysed by a frequency response analyser to determine the resistive
capacitive and inductive behaviour and the impedance of the sample at a
particular frequency. The proton conductivity and the electrical
conductivity can be assessed by this technique.

According to Ohm’s law, shown in Equation 2.3, the electrical resistance
(R) in direct current circuits (DC) can be defined as the ratio of voltage (E)
to current (1) and gives information about the opposition to the flow of
electric current through the conductor.

R= ? (Equation 2.3)

In the alternating current circuits (AC), the current often exhibits a more
complex behaviour, in which besides the standard resistance, the are two
complementary mechanisms that prevent the current flow through the
circuit. On the one hand, the inductance (L) represents the voltages
induction in the conductor, that is self-induced by the magnetic fields of
the current. On the other hand, the capacitance (C) represents the
electrostatic charge storage induced by voltage between conductors. The
inductance and capacitance are together called the reactance (X).
Altogether, the concept of resistance has been defined as impedance (Z) in
the AC circuits. The impedance possess both magnitude and phase angle
and is usually represented as a complex number, in which the real part of
impedance is correlated with the resistance and the imaginary part is
correlated with the reactance [39].
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The magnitude of the impedance |Z| can be expressed in terms of real and
imaginary components, as shown in Equation 2.4,

|Z] = /ZTZ +Z} (Equation 2.4)

and the phase angle () can be obtained by means of Equation 2.5,

0= tan‘lg (Equation 2.5)
Nyquist plot and Bode plots are commonly used to represent the impedance
measurements. In the Nyquist plot, the real part of the impedance is
represented in the x-axis and the imaginary part of the impedance is
represented in the y-axis and each point in the Nyquist plot corresponds to
impedance at one frequency. One major limitation in the Nyquist plot is
that the frequency cannot be ascertained by simply looking at the plot. This
limitation has been overcome in the Bode plot, where the impedance is
plotted with the logarithmic frequency on the x-axis and both the absolute
value of impedance and the phase angle are plotted on the y-axis.

The impedance measurements were conducted using a Novocontrol
Broadband Dielectric Impedance Spectrometer, in the frequency range of
102 to 107 Hz, connected to a Novocontrol Alpha-A Frecuency Response
Analyzer, shown in the Figure 2.20. The polymer films were cut into small
disks of 20 mm diameter and were previously equilibrated with distilled
water for 24 h to ensure fully hydrated state. Then, the membranes were
sandwiched between two stainless steel electrodes BDS-1308
(Novocontrol).

Figure 2.20. Novocontrol Broadband Dielectric Impedance Spectrometer.
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The proton conductivity (aprot) Of the membranes was calculated according
to the Equation 2.6.

Oprot = ﬁ (Equation 2.6)

where L is the thickness of the conducting membranes in cm, A the area of
the electrode in contact with the membrane in cm?, and Ry the protonic
resistance in ohms (Q). The value of R, is taken from the Bode plot in the
high frequencies range, in which the value of log |Z| becomes constant and
the phase angle reaches its maximum value [40].

The electric conductivity (celec) Was measured at room temperature using
the same equipment. The electric conductivity (celec) Was considered at low
frequencies, where the measured real part of the conductivity (¢') reaches
a plateau that is correlated to the DC conductivity (oo).
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2.5. VALIDATION OF PHOTO-STABILISED
POLYOLEFINS FOR OUTDOOR
APPLICATIONS

2.5.1. Accelerated sunlight irradiation procedure

The evaluation of the resistance of materials to weathering can be
performed directly by exposing them to outdoor conditions and interaction
with natural sunlight and other environmental factors. However, due to the
high time-consuming and economic reasons, the material performance is
usually assessed by exposure to artificial or simulated sources. In this
sense, the accelerated exposure to simulated sunlight irradiation can be
performed using xenon lamps as light sources.

In this study, the accelerated sunlight irradiation procedure was carried out
by exposing the samples to controlled cycles of intense light into an Atlas
Suntest XLS+ Xenon Exposure equipment, shown in Figure 2.21, with
black panel temperature of 50 °C and irradiance of 600 J-s*-m2 in the UV-
visible range wavelength (A=280—-800 nm).

i

Figure 2.21. Atlas Suntest XLS+ Xenon Exposure equipment.

Several irradiation stages were considered at 250, 750, 1500, 2250 and
3000 h. Even though such testing cannot reproduce all the elements of
weathering and exactly predict the performance of these samples in a real
outdoor exposure, some meaningful relative comparisons can be done. As
a reference, the data at Jacksonville, Florida (USA), with an annual total
radiant energy of 5800 MJ-m? (A=280-3000 nm) were considered.
According to bibliography [41], this total radiation in the UV-visible range
(A=280-800 nm) would correspond to 3248 MJ-m. Thus, the equivalence
of 1 h of simulated irradiation would be equivalent to 5.83 h of real
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exposure in Jacksonville, Florida. Table 2.5 shows the equivalence for the
different stages of irradiation.

Table 2.5. Approximated real exposure time for Jacksonville, Florida (USA) of the
considered irradiation stages in the UV-visible wavelength range.

Simulated exposure Approximated real
time exposure time
(hours) (months)
250 2.02
750 6.07
1500 12.14
2250 18.21
3000 24.27
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2.6. VALIDATION OF POLYELECTROLYTE
MEMBRANES FOR FUEL CELLS

The validation of the polyelectrolytes for fuel cell applications can be
implemented in terms of solution uptake ability and stability under
simulated service conditions. These analyses along with the physico-
chemical characterisation described in section 2.4 in terms of the thermal-
stability or the proton conductivity, may define the suitability of these
membranes as polymer electrolytes for fuel cell applications. In this
section, the description of the experimental procedure considered for the
polyelectrolyte validation is reported.

2.6.1. Ethanol permeability

The ethanol permeability of the membranes was evaluated by means of a
glass diffusion cell with two reservoirs, each of 1 L capacity, as shown in
Figure 2.22. Membranes were sandwiched between the two modules that
contained deionised water and 2 M ethanol solution, respectively.
Permeability was indirectly measured from conductivity variation of both
solutions. The signals were processed with the LabView software as a
function of time. Measurements were carried out under magnetic stirring
and thermostatically controlled at 40 °C.

Figure 2.22. Ethanol permeability measure setup.

2.6.2. Swelling and solution uptake

The study of the membrane swelling and the solution uptake was
performed in the polyelectrolyte membranes, as it may give valuable
information about the membrane hydration ability in contact with the fuel.
This solution uptake is closely related to the proton conductivity and
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subsequently influences the Grotthuss and vehicular conductive
mechanisms [42], [43].

A typical swelling test consists in submerging the polymer sample into a
given solution and studying the solvent absorption as a function of the time.
The absorption of the solvent into the polymer is monitored gravimetrically
by the mass difference between the exposed samples (m¢) and the dry
sample (mo), and normalized respect to the dry sample, as shown in
Equation 2.7.
meg—mg .
mg(%) = T x 100 (Equation 2.7)

In this study, the samples were cut in a rectangular shape (4x1 cm?) and
dried at 40 °C under vacuum for 24 h prior to the analysis to remove
remnant humidity into a Heraeus Vacutherm 6025, shown in Figure 2.23.
Then, the samples were immersed in test tubes containing 20 mL of
solution and kept into Selecta Unitronic isothermal baths at 60 °C. The
samples were periodically removed from the liquid, the surface dried with
a tissue, and quickly weighed on a Mettler Toledo XS105 precision
balance. Then the samples were re-immersed in the liquid and the process
was repeated over different time intervals. The solution uptake was
measured gravimetrically until saturation (ms), when no further gain weight
was perceived. The setup for the swelling and solution uptake
measurements is shown in Figure 2.23.

Figure 2.23. Heraeus Vacutherm 6025 (left) and isothermal Selecta Unitronic bath
(right).

2.6.3. Behaviour under simulated service conditions

The evaluation of the stability of the membrane during service conditions
is essential for a satisfactory application as polyelectrolyte. For this reason,
the physico-chemical changes occurred in the polyelectrolytes when
submitted to simulated service conditions were assessed as a function of
the immersion time. For this assay, the setup utilised for the study of
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swelling and solution uptake was extended, and long-term extractions were
considered.

As in the swelling conditions described above, the temperature was set at
60 °C and the aqueous solution was replaced after each interval to preserve
it fresh. The samples were removed after 7, 14, 28, 56 and 100 days, and
dried under vacuum at 30 °C for 48 h. The changes after immersion were
characterised in terms of the variation of the macro and microscopic
appearance, the thermal properties and the thermo-oxidative stability. As
well, the proton conductivity was measured after immersion.

2.6.4. Direct ethanol fuel cell (DEFC) test

The direct ethanol fuel cell (DEFC) performance tests of the membranes
were conducted with a single cell F-107 from H-TEC with diffusing layers.
The membranes were previously equilibrated with a 2 M ethanol solution
during 24 h to ensure their fully hydrated state, and were sandwiched
between two electrode catalysts sheets of platinum (Pt). The active area of
the single cell was approximately 4x4cm?. The gas flow rates of the 2 M
ethanol solution as fuel and oxidant humid air stream were kept constant at
0.250 L-min and 1.6 L-min™, respectively.
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2.7. VALIDATION OF SCAFFOLDS FOR
TISSUE ENGINEERING

The validation of the scaffolds for biomedical applications can be evaluated
from several perspectives. These include the analyses of diverse functional
features such as the interaction of the scaffolds within aqueous solutions in
terms of hydrophilicity, the biocompatibility evaluation when in contact
with cells and living tissues, the electric conductivity that may stimulate
the cell spreading, as well as the in vitro degradation behaviour when
submitted to physiologic conditions. In this section, the description of the
experimental procedure considered in this thesis for the scaffold validation
is reported.

2.7.1. Hydrophilicity. Contact angle

The contact angle is one of the most common methods to evaluate the
wettability of a given surface. The contact angle (6) is defined as the angle
formed by the intersection of the liquid-solid interface and the liquid-
vapour interface and is geometrically acquired by applying a tangent line
from the contact point along the liquid-vapour interface in the droplet
profile, as shown in Figure 2.24.

Figure 2.24. Contact angle measurement for hydrophobic (left) and hydrophilic
(right) surfaces.

When water is used as the liquid to be deposited onto a solid surface, the
hydrophilicity can be evaluated. On the one hand, high values of water
contact angle (>90°) suggest weak water-solid interactions, so that the fluid
will minimise its contact with the surface and form a compact liquid
droplet, i. e. hydrophobic behaviour. On the other hand, low values of water
contact angle (<90° point out a strong water-solid interaction, i. e.
hydrophilicity. In this case, the fluid tends to spread over a large area of the
surface. A zero contact angle indicates complete or perfect wetting.

The water wettability measurements of the membranes were performed in
collaboration of the Institute of Polymer Science and Technology (ICTP-
CSIC). The analysis were performed at room temperature using a KSV
Theta Optical Tensiometer, equipped with a CCD camera connected to a
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computer, as shown in Figure 2.25. A drop of distilled water (2 uL) was
deposited onto the sample surface at five different sites and the average of
measured values was taken as a representative value.

|l
|

Figure 2.25. KSV Theta Optical Tensiometer, equipped with a CCD camera.

2.7.2. Biocompatibility

The biocompatibility studies were conducted in collaboration with the
Cardiac Regeneration and Transplantation Group (RETRACAR) of the
Sanitary Investigation Institute La Fe (1IS La Fe).

The scaffold biocompatibility was studied in terms of the cellular adhesion,
the cells morphology and proliferation, the inflammatory profile, and the
effect of the scaffold degradation compounds on the cell viability. These
studies were assessed by means of immunofluorescence, critical point
drying (CPD) and field-emission scanning electron microscopy (FE-SEM),
methyl tetrazolium (MTT), and pyrogen assays by means of real-time
polymerase chain reaction (RT-PCR), respectively.

Cell culture

Several cell culture lines were seeded, according to specific tissue
engineering applications, as gathered in Table 2.6 and described below.
All the cellular culture was performed at 37 °C in asaturated
humidity atmosphere containing 95% O, and 5% CO..

Table 2.6. Cell culture lines seeded.

Cell family Application Scaffold type

Human fibroblasts
Human keratinocites (HaCaT)

Skin tissue engineering PLGA

Mice cardiomyocytes (HL-1) Cardiac tissue engineering PCL/Ge

On the one hand, human fibroblasts were cultured in high-glucose
Dulbecco’s Modified Eagle’s Medium supplemented with 10% of foetal
bovine serum (FBS), penicillin (100 U-mL?) and streptomycin (100
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ug-mL1) Human keratinocytes were cultured in low-glucose Dulbecco’s
Modified Eagle’s Medium supplemented with 10% of chelated FBS,
penicillin (100 U-mL1) and streptomycin (100 pg-mL1).

On the other hand, HL-1 cells were plated at 4-10* cells-cm? onto scaffolds
in Claycomb medium containing 10% foetal bovine serum and 1% L-
Glutamine. Proliferation was measured after 48 h and 96 h by MTT assay.
Absorbance was measured at 550 nm using a Perkin-Elmer Victor3 1420
Multilabel Counter microplate reader.

Cell-adhesion corroboration. Immunofluorescence

In order to evaluate the cell attachment to the scaffolds, 40000 cells were
plated onto 1 cm? of the polymer sheet in triplicates. Cells were allowed to
attach for 30 min and then cultured in the appropriate medium for 48 and
96 h. Thereafter, scaffolds were washed with cold phosphate buffer saline
solution (PBS) and fixed for 20 min with 2% PFA at room temperature,
then washed again and finally stained with 4',6-diamidino-2-phenylindole
(DAPI) for 10 min at room temperature. Images were acquired in a Leica
DM2500 fluorescence microscope shown in Figure 2.26.

!‘_..‘\Ir

Figure 2.26. Leica DM2500 fluorescence microscope.

Cell adhesion morphology. Critical point drying (CPD) and field-
emission scanning electron microscopy (FE-SEM)

For a deeper characterisation of the cell attachment and morphology, field-
emission scanning electron microscope images were acquired. Briefly,
seeded scaffolds were fixed with 3% glutaraldehyde solution during 60 min
at 37 °C and subsequently critical point dried (CPD). This procedure
removes liquids from the specimen and avoids surface tension effects, by
never allowing a liquid/gas interface to develop [44]. The CPD protocol
considered was dehydration through a graded series of ethanol (10%, 20%,
30%, 50% and 70%, once for 10 min at each step), and then immersed in
100% ethanol twice for 30 min each. The tissues were then transferred to a
Leica CPD300 critical point dryer shown in Figure 2.27, using liquefied
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carbon dioxide as transitional fluid. Finally, samples were sputter-coated
and analysed according to the protocol described in section 2.4.2.

Figure 2.27. Leica CPD 300 critical point dryer.
Toxicity of the scaffolds. Methyl tetrazolium (MTT) assay

The toxicity of the scaffolds was assessed by means of the methyl
tetrazolium (MTT) test. Human fibroblasts were plated at a density of
40000 cell-cm? onto the scaffolds. Proliferation was measured in
triplicates after 48 and 96 h using thiazolyl blue tetrazolium bromide (MTT
assay), following the manufacturer's instructions. Absorbance was
measured at 550 nm using a plate reader Dynamica Scientific Halo Led 96,
shown in Figure 2.28. The obtained absorbance values indicated the cell
viability.

Figure 2.28. Dynamica Scientific Halo Led 96 plate reader.

Toxicity of the degradation compounds. Methyl tetrazolium (MTT)
assay

The evaluation of the toxicity of the compounds released during the
scaffold degradation was performed. For this purpose, different
concentrations of monomers were tested (mM): 0, 10, 20, 30, 40, 50 and
60. Fibroblast and keratinocytes were seeded (10000 cells per well of a 96
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well plate) and incubated during 24 h with the determined monomer
solutions in the described concentrations. Then, the methyl tetrazolium
(MTT) test was performed, as described in the previous section.

Inflammatory response. Pyrogen test and real-time polymerase chain
reaction (RT-PCR)

The inflammatory response was assessed by means of the pyrogen test. For
this purpose, blood was obtained from the Valencian Blood Tissue Bank
after informed consent and was processed as described previously [45].
Briefly, peripheral blood mononuclear cells (PBMCs) were isolated by
Ficoll density gradient centrifugation and incubated in triplicates with the
scaffolds during 5 h at a density of 6-10° cells-mL?t. Poly(3-
hydroxybutyrate) (PHB) scaffolds were used as positive control. Once
incubated, the RNA of the cells was obtained using QIAzol Lysis Reagent
and purification was carried out with a Qiagen RNeasy Plus Mini Kit. RNA
was quantified by spectrometry using a NanoDrop ND-2000, shown in
Figure 2.29.

Figure 2.29. NanoDrop ND-2000 spectrometer.

In order to assess the inflammatory response, cells were studied by means
of the reverse transcription and real-time polymerase chain reaction (RT-
PCR). For this purpose, cDNA was synthesized from 1 pg of total purified
RNA using the Applied Biosystems High-Capacity cDNA Reverse
Transcription kit. Primers were designed [45] and RT-PCR was performed
as previously described [46]. The following pro-inflammatory cytokines
were analysed: I1L-1p, IL-6, IL-10 and TNF-a, while the gene expression
levels were normalised to the human housekeeping actin-beta (ACTB).
Data was represented as the average from triplicate samples.

Scaffold subcutaneous implantation

Adult C57BL6J mice from Charles River Laboratories (n=18) were
maintained under pathogen-free laboratory conditions. Prior to
implantation, mice were anesthetized with isofluorane. Subsequently, a 2
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cm? subcutaneous pocket was made at the dorsal region. Then, scaffold
material (1 cm?) was implanted subcutaneously placed on top of the
muscular fascia and the skin was sutured with B/Braun Monosyn 3/0. All
animals survived the surgical procedure. Grafts were examined after 15
days. 3 mice used for each scaffold composition. Following sacrifice, the
grafts were excised and processed for histology. All animal procedures
were approved by institutional ethical and animal care committees.

Histology

Skin sections were fixed with ethanol, embedded in paraffin and 5-10
transverse sections of 5 um at the area of implantation were stained with
haematoxylin/eosin (H/E). Images were acquired with a digital
microimaging device Leica DMD108 shown in Figure 2.30.

Figure 2.30. Microimaging microscope Leica DMD108.
2.7.3. Invitro hydrolytic degradation in physiologic conditions

The in vitro hydrolytic degradation was performed under simulated
physiologic conditions in phosphate buffer saline solution (PBS),
according to the international norm ISO 10993-13:2010, method 4.3 [47].
As well, ultra-pure water was considered as the elementary hydrolytic
media for intrinsically evaluation of the changes in the scaffolds as well as
comparison purposes.

The initial electrospun scaffolds were cut into rectangular specimens with
a mass around 10 mg. The specimens were weighed (mo) and placed in a
previous weighed vial (myia). Then, 10 mL of degradation medium were
introduced, the vials were sealed with polytetrafluoroethylene (PTFE)
threaded plugs and placed in a Heraeus Function Line thermostatically
controlled incubator at 37 °C, as shown in Figure 2.31. The pH of the PBS
solution was adjusted to 7.4 with NaOH 1 M. In order to monitor the
process, the samples were withdrawn from the solutions by triplicate after
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certain periods. A number of extractions were considered along the
hydrolytic degradation as a function of the immersion time, which varied
from several tens up to hundreds of days. Solid and liquid fractions were
separated. The liquid fraction was analysed immediately after extraction,
while the solid fraction followed a washing-drying-keeping procedure
before further analysis. Actually, those specimens coming from the saline
buffer were washed with deionised water and then, along with specimens
coming from water environment, were dried under vacuum at 37 °C to
constant mass into their degradation vials (mgry) and saved for further
analysis.

Figure 2.31. Heraeus Function Line thermostatically controlled incubator

The in vitro hydrolytic degradation was preliminarily monitored from the
residual mass of the samples and the pH and the conductivity of the
hydrolytic media. The remnant mass of the scaffolds was determined by
the Equation 2.8,

% mass = W X100  (Equation 2.8)
0

where mo and myia are the initial mass of the specimen, and the empty vial,

respectively; and mgry is the mass of the vacuum dry assembly sample-vial

after degradation.

The pH and conductivity of the degradation media were measured at room
temperature by means of Crison pH25 and Crison CM35 devices, shown
in Figure 2.32. Three buffer solutions from Crison were used to calibrate
the pH-meter: pH 4.01 (phthalate buffer solution), pH 7.00 (phosphate
buffer solution), pH 10.01 (borate buffer solution). Different KCI solutions
(0.1 M, 0.01 M and 0.001 M) with conductivities of 12.88 mS-cm*, 1413
puS-cm?t and 147 pS-cm?, respectively, were used to calibrate the
conductometer. Measurements were carried out in three different
specimens per sample and the averages were taken as representative values.
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Figure 2.32. Crison pH25 (left) and Crison CM35 (right) devices.

Finally, the degradation of the scaffolds was physico-chemically
characterised in terms of the molar mass, surface morphology, thermal
properties and chemical structure, as described in section 2.4.
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3.1. POLYOLEFIN DEGRADATION:
POLYPROPYLENE (PP) AS A MODEL CASE

The degradation of polymers is defined as a set of chemical and physical
transformations, which lead to the loss of their properties [1]. Therefore,
their stabilisation against degradation agents is a field of great interest in
the material science. The durability of polymers when exposed to outdoor
conditions is a key factor to take into account during the design stage for a
given application.

Among the polyolefin family, the polypropylene (PP) is one of the most
used polymers for outdoor applications [2]. The PP is a thermoplastic
polymer, partially crystalline, obtained from the polymerisation of
propylene (or propene). The chemical name according to IUPAC is poly(1-
methylethylene) and its repeating unit can be seen in Figure 3.1.

n

Figure 3.1. Constitutional repeating unit of the polypropylene (PP).

The PP molecules are composed of a main chain of carbon atoms bonded
together, from which methyl groups (—CHs) hang on either side of the
chain. Due to the presence of the methyl group, the PP molecule can have
several configurations, namely, isotactic, syndiotactic and atactic. When
all the substituent groups of the main chain are above or below the plane
of the main chain it is called isotactic. If the substituent groups are
alternately above and below the plane, the configuration is called
syndiotactic, while the random sequence corresponds to the atactic
configuration. The type of configuration also conditions the behaviour of
the material. Isotactic polypropylene is the most interesting from an
industrial point of view due to its better mechanical properties, derived
from its crystallinity.

The virgin polypropylene obtained from a commercial process is very
susceptible to UV irradiation and oxidation. Although saturated polymers
such as PP do not contain UV sensitive groups in their structure, the photo-
sensitising action of impurities such as double bonds, traces of catalyst,
hydroperoxides and structural irregularities plays a key role in the
susceptibility to photo-degradation [3]. If non-stabilised, the durability,
strength and physical properties of the PP products can undergo rapid
deterioration over a period of weeks or months [4]. In this sense, the
conditions to which it is subjected such as the temperature, the available
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oxygen and the intensity of the UV radiation are very important factors [5],
[6].

The degradation of the PP polymer leads to a reduction in its molar mass,
which in turns, leads to a change in many of its properties [7], [8]. One of
the most damaging changes is the loss of ductility, and therefore a drastic
decrease in the toughness of the polymer [9]. In addition, the chain scission
and oxidation processes produce crystallisation and formation of extra
chemical groups, as hydroperoxides and carbonyl species such as ketones,
esters and acids that cause a change in the colour of the polymer and
adversely affect the durability of the final products of PP [10].

In the solid form, PP is a semicrystalline polymer with a crystalline content
between 30% and 60%. The crystalline regions are essentially
impermeable to oxygen, so oxidation occurs mainly in the amorphous
regions. Moreover, due to the slow rate of the diffusion of oxygen in
comparison to the reaction rate, the oxidation process can be considered as
a superficial phenomenon [11].

The majority of polyolefin degradation reactions can be associated with a
reverse process of vinyl polymerisation, with four stages: radical initiation,
depropagation, chain branching under oxidising conditions, and radical
termination [12]. Except for the initiation, the thermal, photolytic and
radiolytic degradation processes are similar in many aspects and can be
described by the same reaction scheme [13].

The cleavage of the covalent bond, with formation of free radicals, is the
initiation process of the chemical degradation of PP. The mechanisms of
initiation depend on the structure of the polymer, the presence of both
internal and external impurities, and degradation conditions [12]. This
primary event requires energy, which can be supplied by heat (thermal
degradation), by UV photons (photo-degradation), by mechanical forces
(mechano-chemical degradation) and chemical reagents (solvolysis,)
among others, as schematised in Figure 3.2.

120



Photo-stabilised polyolefins for outdoor applications

Temperature
Radiation (Thermal) Humidity

(Hydrolytic)

(Physical)

v I
\A4
uv MW
Lk ”
® )6 v
%5l olymer products
#§ (-

(Biological) J (Chemical)

Mechanic and electric stress

(Fatigue)

Figure 3.2. Several factors affecting the degradation of polymers.

The photo-degradation mechanism involves the presence of chromophore
groups in the polymer able to interact with the photons and oxygen
molecules and give as a result new radicals. The rate of this process is
strictly correlated to the nature of the polymer, the thickness, the
crystallinity, the oxygen solubility and the irradiance degree [14]. Although
the mode of initiation may vary during the course of the reaction, in the
presence of oxygen, the formation of hydroperoxides followed by their
decomposition quickly becomes the predominant mode of initiation [7],
[8].

RH + O — Re + HOO-

Re + HOO* — ROOH

where RH are polypropylene molecules, Re is an alkyl radical, HOOe is a
peroxide radical and ROOH hydroperoxide.

The propagation of degradation is mainly produced by a serial auto-
oxidative scheme as represented below. In the formation of peroxide
radicals (ROOe) and hydroperoxide (ROOH), the Re macroradicals, which
appeared at initiation, can easily react with oxygen molecules to give ROO
peroxide radicals, which can pick up hydrogen from other polymer
molecules to form polymeric hydroperoxides [15].

Re + O, — ROO®
ROO- + RH — R+ + ROOH
R++RH — RH +R"
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The branching of the chain is produced by the decomposition of
hydroperoxides of the polymer. From small fragments of free radicals,
which are very active, they contribute to the propagation of the degradation
through the following two reactions.

RH +HOO+ — R+ + H202
RH +HO+ — Re + H,0

The last step of the degradation process is the termination, where the
radicals are extinguished. The number of radicals can be reduced by
combining two radicals to form a non-radical product. However, several
reactions can result in termination, as described below [16].

Re++R'->R-R

RO +++R — ROR
2RO0 * — ROOR + O
2RO + — ROOR

Several protective measures have been thus proposed to increase stability
against sunlight irradiation and different kinds of additives have been
considered along the last decades [17], [18]. Therefore, the addition of
appropriate stabilisers is necessary to convert PP into a durable and useful
material for outdoor applications [19], [20].
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3.2. ULTRAVIOLET STABILISATION OF
POLYPROPYLENE (PP)

Given the high susceptibility of the raw polymers to degradation, the
success of these materials, depends to a large extent on the performance of
the stabilisers, 70% of which are used for polyolefins [21]. In general,
additives are auxiliary materials that are physically dispersed in a
polymeric matrix, without affecting its molecular structure. The
incorporation of additives to plastics can significantly improve the
properties of the material [22].

The ideal protection agents against photo-oxidation should efficiently
absorb UV light and present good dissipation properties of energy, be
stable to UV light action and present low optical absorption on the visible
domain [3], [23].

According to their protection activity, polymer stabilisers are
conventionally classified as radical scavengers, hydroperoxide
decomposers, deactivators. UV light absorbers and UV light screeners
[19], [20], [24].

3.2.1. Radical scavengers

Since the degradation of the polymer is initiated by free radicals, one of the
most effective way for UV stabilisation is to reduce the number of species
of reactive radicals [25].

Antioxidant radical scavengers

The secondary aromatic amines and the substituted phenolic derivatives
are among the most used radical scavenger stabilisers. The stabilising
action of these compounds is based on the formation of aminoxy and
phenoxy radicals, respectively, which can compact the propagation of the
radicals formed during degradation. The amine additives are converted into
conjugated by-products that absorb visible light [26]. For this reason,
hindered phenols are preferred in applications where discoloration is
undesirable [27]. Typical phenolic antioxidants are protected with bulky
alkyl substituents at positions 2, 4 and 6 positions to reduce the reactivity
of phenoxy radicals to the hydrogen atom abstraction reactions. The main
mode of action of phenols with steric hindrance is the transfer of a
hydrogen atom to the propagation of alkyl radicals (Re) and alkylperoxid
radicals (ROOQOe), as shown in Figure 3.3. Phenoxy radicals have a
relatively long duration and can undergo self-dissolution, recombination
with alkylperoxid radicals, or isomeric rearrangement followed by
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recombination. The resulting compounds may have some stabilising
activity [28]. However, the most conventional phenolic antioxidants suffer
from limitated photostability and cannot be used for long-term
photostabilisation [29].

X X
ROO* + HO K}— R — ROOH + -0 g} R'
7~ 7~

Figure 3.3. Phenolic radical elimination.
Hindered amine light stabilisers (HALYS)

The hindered amine light stabilisers (HALS) were introduced more than 25
years ago and they led to a considerable improvement of polyolefin light
stability based on radical scavenging [30].

There are several generation of HALS. The first stabilizer HALS-1 was
based in bis (2,2,6,6-tetramethyl-4-piperidinyl) sebacate. Then, the HALS-
2 was developed as the polymeric form of the dimethyl ester of butyric acid
with 4-hydroxy-2,2,6,6-tetramethyl pyridine and the HALS-3 was based in
poly[[6-[1,1,3,3-tetramethylbutyl)amino]-1,6-hexandiyl[(2,2,6,6-

tetramethyl-4-piperidinyl)imino]]. Other hindered amines used with good
results in the photo-stabilisation of polyolefin are derivatives of piperidine.

The HALS have been successfully used for the light stabilisation of many
polymers, especially in polyolefin, polyamides and polyurethanes due to
their competitive costs and high performances [31], [32]. HALS have been
also recognised as long-term heat stabilisers [33], which mechanism of
action is controversial [34].

The basic nature of HALS, however, intrinsically possess some drawbacks.
The effect of temperature along with some acidic substances have a large
negative effect on their effectiveness. The HCI, HBr or HNO;z and, in
general, the acid rain that takes place in the atmosphere of developed
countries due to contamination can deactivate the protective capacity of
HALS [35]. As well, the effectiveness of HALS decrease along their
service life, given the consumption of the radical scavenger molecules.
Moreover, antagonism between phenolic antioxidants has been found in
the literature [36], [37].

3.2.2. Hydroperoxide decomposers
The peroxides are the responsible for the self-acceleration stage during the

oxidative degradation of the polymers. Hydroperoxide decomposers,
which cause the reduction of hydroperoxides to alcohols, comprise two
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main chemical classes: organic compounds of sulfur and trivalent
phosphorus, which are generally used in combination with phenolic
antioxidants [28]. The mechanism of decomposition is complex and
involves radical and non-radical processes. During the course of the
decomposition, a mixture of oxidation products is formed, generally
endowed with additional properties [12].

3.2.3. Deactivators/energy quenchers

The deactivators are used to neutralise the excess energy of excited
chromophores and dissipates it as vibrational energy, before that
degradation reactions could be initiated [38]. These deactivators must have
excited stages with energies of activation lower that the excited state of
polymer molecule. Once energy is transferred, the additive returns to its
natural state by means of the emission of heat, fluorescence or
phosphorescence [39].

The most effective deactivators are based on nickel complexes (phenolate,
dithiocarbamate, dithiophosphate) and are used almost exclusively in
polyolefins at a concentration of 0.2 to 0.5%. The nickel complexes confer
a green coloration to the plastic products [40].

3.2.4. UV light absorbers

The UV light absorbers are additives considered to prevent photo-
degradation and can be used alone or in combination with other light
stabilisers. The UV absorbers absorb harmful UV light more efficiently
than the polymer and can transform the excess of energy as heat or less
harmful radiation.

One of the most efficient stabilisers is the carbon black [41]. However, the
blackish coloration and the generation of heat that may cause thermal
degradation in the polymer have prevented its extended use as UV absorber
[42].

Most commercial UV absorbers are derivatives of benzophenone,
benzotriazole, triazine, oxanilide, or cyanoacrylate with aromatic
substituents. All have a highly delocalised mt-electron structure with a high
molar attenuation coefficient in a wavelength close to the UV region (290-
350 nm). The molar attenuation coefficient, an intrinsic property of a given
substance, is a measurement of how strongly a molecule attenuates light at
a given wavelength.

The essential difference between the UV absorbers and the energy
quenchers is based on the protection mechanism: while UV absorbers
directly protect the polymer by absorbing UV light, the quenchers
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deactivate the excited states of the polymer molecules. However, in reality,
it was shown that the UV absorbers can perform also as quenchers [3].

3.2.5. UV light screeners

The best and most effective mode to avoid photo-degradation is to prevent
the photons from reaching the polymer either by applying a paint, coating
the surface or by mixing the polymer with particles that screen light [23].

The UV light screeners operate by absorbing the incident radiation
preventing it from reaching the bulk of the polymer and reflecting or
scattering the received radiation. In particular, the addition of substances
as UV light screeners involves the mirroring of the UV light and the
incidental interaction of light with polymer molecules in a lower
proportion. The addition of TiO. particles or aluminium, along with
pigmentation has been proposed in this field [3]. However, several adverse
factors such as colouring, dispersion concerns or changes in electrical and
mechanical properties have been reported. An important disadvantage of
UV absorbers is the fact that they need a certain absorption depth to provide
good protection to a polymer. In addition, an excess of the UV light
reflectors such as the TiO, nanoparticles can cause photocatalytic
degradation of polyethylene, polypropylene or epoxy resins, among others
[43].
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3.3. SILICON MICROPARTICLES AS NOVEL
ULTRAVIOLET STABILISERS

The outdoor use of the polymeric materials is subjected to the direct
incidence of radiation, which is one of the most decisive factors of the
polymer degradation [44]. In line with the proposed UV light absorbers and
screeners, a novel micro-sized material has been recently developed which
can improve significantly resistance to photo-degradation when added to a
polymeric matrix in comparison with conventional screeners, preventing
from harmful drawbacks.

Silicon nano and microparticles obtained either by chemical methods [45]-
[47] or through milling process [48], may absorb efficiently sun radiation
in the whole UV-visible range and reflect infrared radiation. This
protective mechanism is due to the huge value of the refractive index much
larger than that for any other material, as titanium dioxide, used for light
protection [47].

On the one hand, the silicon colloids consists of almost perfect spheres in
the micro-scale range (0.5 to 5 um) with a very smooth surface, as shown
in Figure 3.4. These colloids are obtained by chemical vapour deposition
techniques. Under conditions of controlled chemical reaction, silicon
colloids nucleate and grow in disilane gas similar to the process of
obtaining silica colloids in a liquid solution containing appropriate
precursors [49]. In gas, colloidal particles become highly spherical thanks
to surface tension forces. The particles diffuse into the gas and produce
"rain™ of spheres of micrometric size that are deposited on the walls of the
gas reactor or on any substrate previously introduced in the reactor [47].

On the other hand, the polydisperse silicon milled microparticles are
usually obtained from highly pure metallurgical grade silicon powder
through a process of grinding until achieving particles with low
polydispersity in size and smaller than 2 um, as shown in Figure 3.4. With
a low cost of production, these particles may bring protection in a wide
range of electromagnetic radiation. Indeed, they have been reported as UV-
visible radiation absorbers and IR radiation reflectors [48].
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Figure 3.4. Silicon colloid microparticle (left) and silicon milled microparticle (right).

The main application of the silicon particles is in photonics due to its
optical properties [47]. Moreover, they can be used as a UV stabilisers to
prevent ageing of polymers due to their ability to trap light very efficiently
in a wide wavelength range that covers from the visible to the far infrared
regions [46]. Although both silicon colloids and milled microparticles
confer a dark coloration, they can be effective when dispersed into a
polymer matrix to prevent photo-degradation and improving the
mechanical properties.

The combination of a polymer matrix and metallic microparticles gives as
a result a polymer composite. In order to avoid problems derived of phase
separation between matrix and particles, some additives acting as coupling
agents can be added to the composite. For the case of study of PP, maleic
anhydride (MAH) grafted PP, shown in Figure 3.5, has been proved to be
an effective functional molecule for the reactive coupling between
polypropylene (PP) and other polymers [50], [51] and charges [52]-[56].

CH3

CHs ™
0™ g~ =0
Figure 3.5. Maleic anhydride grafted PP.

Therefore, a composite of grafted MAH-PP blended with non-additivated
raw PP and silicon microparticles may bring new solutions in the
stabilisation of polymers against photo-degradation field.
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3.5. CONTRIBUTIONS OF CHAPTER 3

The oxidation of polyolefins by sunlight irradiation is a significant
limitation for their use in several applications, particularly those in outdoor
environment. Given the wide application of polypropylene (PP) in
applications exposed to sunlight irradiation, such as automotive parts or
wires, it was chosen as polymer matrix. With the aim of inducing photo-
stabilisation, in this functionalisation strategy, novel silicon microparticles
(Si) were added to raw polypropylene (PP) in different compositions —3
and 5 %wt.— with maleic anhydride (MAH) as coupling agent. Composites
were prepared by hot melt extrusion and compression moulding and
subjected to accelerated sunlight irradiation tests for validation. The
stability of thermal properties, mechanical performance and thermal
decomposition behaviour of composites showed the potential of silicon
microparticles to protect PP from degradation when exposed to an
accelerated sunlight irradiation procedure, in terms of preservation of
appearance and performance. Particularly, the addition of silicon particles
in a 5 %wt. provided a suitable protection against sunlight irradiation.

Figure 3.6 shows the sequence approach for the functionalisation strategy,
characterisation and validation of the photo-stabilised polypropylene for
outdoor applications.

Photo-stabilised polypropylene for outdoor
applications

PP/Si composites

Composite preparation: melt-extrusion, palletisation,
compression moulding

Physico-chemical monitoring: macroscopic
appearance, thermal properties, thermal stability,
mechanical properties

Validation under accelerated irradiation conditions:
thermal properties,

Figure 3.6. Sequence approach for the functionalisation strategy, characterisation and
validation of the photo-stabilised polypropylene for outdoor applications.

The results of this research line were reported in:

Contribution 3.1. Novel silicon microparticles to improve sunlight
stability of raw polypropylene.
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Novel silicon microparticles to improve sunlight stability of
raw polypropylene

O. Gil-Castell, J. D. Badia, R. Teruel-Juanes, I. Rodriguez, F. Meseguer,
A. Ribes-Greus

Abstract

Oxidation of polyolefins by ultraviolet/visible irradiation is a significant
limitation for their use in several technological applications. The use of
high-tech additives such as silicon microparticles becomes a compositing
strategy that can improve the performance of these materials at long-term
service conditions. Silicon particles were added to non-additivated raw
polypropylene (PP) prepared by hot melt extrusion and subjected to
accelerated sunlight irradiation tests. The stability of thermal properties,
mechanical performance and thermal decomposition behaviour of
composites was evaluated by differential scanning calorimetry, dynamic
mechanical-thermal analysis and thermogravimetry. This paper shows the
potential of silicon microparticles to protect PP from degradation during
both processing and accelerated sunlight irradiation. The addition of
polydisperse silicon microparticles to the raw polypropylene preserved the
appearance and improved the thermal behaviour, mechanical properties
and thermal stability. It was found that silicon particles at 5 %wt. provided
a suitable protection of raw non-additivated PP against sunlight irradiation.

Graphical abstract
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Keywords

Silicon microparticles, polypropylene, polyolefin, composite, sunlight
irradiation, photo-degradation, thermal analysis, plastic additives, near-IR
reflective pigment
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1. Introduction

Polypropylene (PP) is one of the most extensively used polymers in several
industrial sectors due to its attractive properties such as suitable
processability, feasible mechanical properties, low price and low weight,
among others [1]. Wiring, construction, automotive and packaging are
some of the main areas. Therefore, the stabilization against different factors
which cause polymer degradation such as UV-radiation, temperature,
stress loading, water absorption and weathering, among others, is
considered crucial for long-term applications.

It is well known that the main effects of photo-oxidation of polypropylene
consist in the reduction in molecular size, crystallisation and formation of
extra chemical groups, as hydroperoxides and carbonyl species such as
ketones, esters and acids [2]-[6]. Several protective measures have been
thus proposed to increase stability against sunlight irradiation and different
kinds of additives have been considered.

Hindered amine light stabilizers (HALS) were introduced more than 25
years ago and they led to considerable improvement of polyolefin light
stability based on radical scavenging in which nitroxides play a key role
reacting with alkyl radicals and forming amino ether, but some drawbacks
have been also observed [7]-[9]. The basic nature of HALS causes that
some acidic substances have a large negative effect on its effectivity. Thus,
high temperatures along with HCI, HBr or HNO3 and, in general, acid rain
which are present in the atmosphere of developed countries due to pollution
may deactivate the protective capability of HALS [10].

UV-absorbers used solely or in combination with other light stabilizers are
considered other group of additives to prevent photo-degradation.
Combinations with nickel derivatives were used, especially for the
stabilization of polyethylene films applied in agriculture and horticulture
[11]. These substances absorb the harmful UV light more effectively than
the polymer and can transform the excess of energy as heat or less-harmful
radiation. A main disadvantage of UV absorbers, however, is the necessity
of certain sample thickness that permits a proper absorption depth [9], [12]
[13]. Moreover, as well as described below for HALS, UV absorbers
possess an intrinsic durability which can turn in a considerable drawback.
Sun irradiation near-IR reflective pigments, based on light scattering like
titanium dioxide, zinc oxide or light absorption as carbon black have been
considered to prevent polymers from photo-degradation [14]-[18].
Nevertheless, the majority of these systems consist in the addition of
nanoparticles, which can provoke toxicity and harmful effects when
inhaled or ingested by living organisms [19]. In this line, a novel micro-
sized material has been recently developed which can improve
significantly resistance to photo-degradation when added to a polymeric

140



Photo-stabilised polyolefins for outdoor applications

matrix in comparison with conventional screeners, preventing from
harmful drawbacks. Silicon nano and microparticles obtained either by
chemical methods [20]-[22] or through milling process [23], block very
efficiently sun radiation in the whole UV, visible and infrared regions when
coated on a surface. A 20 um thick coating of silicon microparticles is able
to block 99% of the whole sun radiation. This protective mechanism is due
to huge value of the refractive index much larger than that for any other
material, as titanium dioxide, used for light protection [20].

The aim of the present study concerns determining the capability of the
polydisperse silicon microparticles for sunlight protection when added to a
non-additivated raw polypropylene matrix. In order to avoid problems
derived of phase separation between matrix and particles, some additives
acting as coupling agents can be added to the composite. Maleic anhydride
(MAH) grafted PP has been proved to be an effective functional molecule
for the reactive coupling between polypropylene (PP) and other polymers
[24], [25] and loadings [26]-[31]. Concretely, for silicon microparticles the
use of MAH prevented the composites from the phase separation and
conglomeration of silicon domains. Moreover, the inclusion of micron-
sized particles usually affects polymer properties and behaviour, as
crystallisation process, melt processing, thermal stability or mechanical
properties, which have to be studied [32]-[35]. Therefore, a composite of
grafted MAH-PP blended with non-additivated raw PP and silicon
microparticles was considered for the study. For this purpose, an initial
characterisation of the materials prior to the exposition should be
accurately considered. Then, in order to determine how these particles
avoid the degradation process, a monitored accelerated sunlight irradiation
procedure was carried out.

2. Experimental procedure
2.1 Materials description and sample preparation

Polydisperse silicon microparticles were obtained from metallurgical grade
silicon powder (Silgrain® with 99.5% of purity from Elkem), through a
process of grinding. Screening of the particles was performed achieving
that the 98% were smaller than 2 um (see Figure 1) [23].

Unstabilised isotactic PP ISPLEN PP040 G1E (MFI 3 g/10 min at 230 °C)
was supplied by Repsol YPF (Spain) as pellets. Maleic anhydride grafted
polypropylene (MAH-PP) from Eastman (Tennessee, USA), coded as G-
3003 with a maleic anhydride content of 1%, a molecular weight of 52000
g/mol and a viscosity of 60000 cP (measured at 190 °C) was used to ensure
coupling of the polypropylene matrix with Si microparticles.

PP, MAH-PP and Si were mixed considering different compositions and
resulting specimens were labelled as follows: PP (raw polypropylene), PP-
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MAH (PP mixed with a 3 %wt. of MAH-PP), and PP-MAH-3Si and PP-
MAH-5Si (PP-MAH mixed with 3 %wt. and 5 %wt. of Si, respectively).
Mixtures were prepared in a laboratory-scale co-rotating extruder working
at 40 rpm and a temperature program of 185-190-195 °C from feeder to die.
Afterwards, 200 um thick probes were obtained by hot compression
moulding at 190 °C, following a force (kN) — time (min) program of (i) 0-
20, (ii) 440-3, (iii) 660-3 and (iv) 880-4, followed by a quenching step to
room temperature through water immersion.

2.2 Accelerated sunlight irradiation procedure

Accelerated sunlight irradiation was carried out by exposing the samples
to controlled cycles of intense light into an Atlas Suntest XLS+ Xenon
Exposure equipment (Illinois, USA) with black panel temperature of 50°C
and irradiance of 600 J-s*-m in the UV-visible range wavelength (A =
280-800 nm). Several irradiation stages were considered at 250, 750, 1500,
2250 and 3000 h. Even though such testing cannot reproduce all the
elements of weathering and exactly predict the performance of these
samples in a real outdoor exposure, some meaningful relative comparisons
can be done. As a reference, the data at Jacksonville, Florida (USA), with
an annual total radiant energy of 5800 MJ-m? (A = 280-3000 nm) are
considered. According to bibliography [36], this total radiation in the UV-
visible range (A = 280-800 nm) would correspond to 3248 MJ-m. Thus,
the equivalence of 1 hour of simulated irradiation would be equivalent to
5.83 hours of real exposure in Jacksonville, Florida. Table 1 shows the
equivalence for the different stages of irradiation.

Table 1. Approximated real exposure for Jacksonville, Florida (USA) of the
considered irradiation stages in the UV-visible wavelength range.

Simulated exposure AEPTORTREES| (el

Stage exposure
(hours) (months)
A 250 2.02
B 750 6.07
C 1500 12.14
D 2250 18.21
E 3000 24.27

2.3 Analytical techniques

Particles morphology and size distribution profile were assessed by
Scanning Electron Microscopy (SEM) and Dynamic Light Scattering
(DLS) respectively. Thermal properties and stability as well as mechanical
properties were characterised by differential scanning calorimetry (DSC),
dynamic mechanical-thermal analysis (DMTA) and thermogravimetric
analysis (TGA) to study both the effect of the addition on the initial
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properties of PP and on its durability along exposure to UV-visible
irradiation.

2.3.1. Scanning Electron Microscopy (SEM)

Scanning electronic Microscopy images were taken on a Jeol JSM-6300
scanning electronic microscope after a gold sputtering of the samples
deposited on SEM mounts. Accelerating voltages of 20 kV were employed.

Composite polymers were cut perpendicularly to the lamellar direction in
order to examine particles distribution inside the samples and to obtain a
cross section view of the specimens.

2.3.2 Dynamic Light Scattering (DLS)

Particle size distribution profile was obtained by a Mastersizer 2000
(Malvern) based on dynamic light scattering technique.

2.3.3 Differential scanning calorimetry (DSC)

Calorimetric experiments were carried out by means of a Mettler-Toledo
DSC 820 series (Columbus, USA), previously calibrated by In and Zn
standards. Samples of ~4 mg were analysed between 20 and 200 °C with a
heating/cooling/heating rate of 10 °C-min under a nitrogen flow of 50
ml-min. The specimens were characterized at least by triplicate and the
averages of temperatures and enthalpies were taken as representative
values. The melting and crystallisation peak temperatures (Tm, Tc,) were
determined from their peaks in thermograms and the enthalpies associated
to those events (4hm, 4hc) were determined using constant integration

limits. The degree of crystallinity (Xc) was calculated by Equation 1.
L_2hm 100 (Equation 1)

€7 (1-mp) Al

where Ahmo is the melting enthalpy for a 100% crystalline PP (207 J-g*
[37]), and (1 — mp) is the weight fraction of PP. The lamellar thickness
distribution was calculated [38]-[40] by applying the Thomson-Gibbs
equation (Equation 2),

lc(Ty) = [( —T—m) -Ahmv]_l (Equation 2)

%) 20,

where Tm is the melting temperature; Tn is the equilibrium melting
temperature of an infinite crystal (187.7 °C); o is the surface free energy
of the basal plane where the chains fold (49.6-102 J-m™); and Ahny is the
melting enthalpy per volume unit (1.34-108 J-m3) [41].

2.3.4 Dynamic-mechanic-thermal analysis (DMTA)

Dynamic mechanic thermal analyses were conducted in a small clamping
assembly in tension mode, with 5 mm of effective length between clamps,
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by means of Mettler-Toledko DMA861le (Columbus, USA). The
displacement was checked before all the experiments. The deformation
force was set at 0.1 N. Experiments at 1 Hz were carried out during heating
from 35 to 130 °C with isothermal steps of 1 °C. Analyses were performed
at least three times per sample to ensure reproducibility.

2.3.5 Thermo-gravimetric analysis (TGA)

Thermal stability was studied by thermogravimetric analysis by means of
a Mettler-Toledo TGA 851 series (Columbus, USA). Samples with a mass
of 4 mg were introduced in perforated alumina crucibles with capacity of
70 uL, and analysed by a linear heating rate of 10 °C-min? in the
temperature range of 25-800 °C, under a flow rate of 50 mL-min- of argon.
The onset degradation temperature (Tonset) Was considered as the point in
which sample weight decreased 5%. Main peak degradation temperature
(Tpeak) Was taken as the minimum of the first-derivative thermogravimetric
curve. Experiments were repeated at least three times and the averages
were considered as representative values.

3. Results and discussion

The discussion of results is structured in two main sections. Firstly, the
effect of the addition of maleic anhydride and Si microparticles to raw PP
matrix is reported. Afterwards, the potential of improvement of sunlight
protection by Si microparticles for raw PP is considered in terms of
mechanical performance and thermal stability.

3.1 Preparation of composites: effect of Si microparticles and MAH
coupling agent

3.1.1. Dispersion of Si microparticles

SEM image and particle size distribution profile of the employed silicon
microparticles can be seen in Figure 1a and Figure 1b respectively. The
SEM image of the transversal view (Figure 1c) as well as a top view optical

microscopy image (Figure 1d) of the composite PP-MAH-5Si reveal that
silicon microparticles are quite well dispersed inside the polymer matrix.
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Figure 1. SEM image (a) and size distribution profile (b) of the employed silicon
microparticles. SEM cross section view (c) and optical top view image (d) of the
composite PP-MAH-5Si.

3.1.2 Morphology and thermal processing windows

Figure 2 shows the thermograms of first heating, cooling, and second
heating scans for raw PP, PP-MAH and PP-MAH-Si composites. In
general, the addition of a low amount of MAH and the inclusion of Si
scarcely modified the crystallisation and melting behaviours of PP. It
suggests that the same technological specifications to process PP could be
extended to process PP-Si composites.
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Figure 2. DSC thermograms of 1t heating (a), cooling (b), and 2™ heating scans (c)
for raw PP, PP-MAH and PP-MAH-Si composites.

A particular study of the first heating scan (Figure 2a) showed that raw PP
displayed a single melting peak, characteristic of quenched polypropylene
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[42], [43]. PP-MAH and PP-MAH-Si composites displayed the same
behaviour: PP-MAH due to the low MAH content and the high molecular
weight of the PP [25]; and composites due to the nucleating ability of Si
microparticles [44], [45]. Both components tended to co-crystallize and
melt in a single peak, at slightly higher temperatures values in the case of
composites. Table 2 shows the peak temperatures, enthalpies and average
lamellar thickness obtained from the first heating scan. After quenching
procedure, the addition of MAH and Si barely modified the content of
crystalline fraction, whereas it promoted the growth of crystals thickness
(Ic) (Figure 3a). The peak of the distribution increased from ~14.6 for raw
PP to ~15.1 nm for PP-MAH, and ~15.6 nm for PP-MAH-3Si and 5Si.
Unimodal curves indicated a single population of crystalline domains in
each case.
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Figure 3. Lamellar thickness distribution for raw PP, PP-MAH and PP-MAH-Si
composites in the 1%t heating (a) and 2" heating (b) scans.

Concerning the cooling scan (Figure 2b), a single crystallisation peak T
for all materials is shown. Figure 8 contains the peak temperatures and
enthalpies of this process. The presence of MAH induced an increment of
~1.9% of T.. A further addition of 3 %wt. and 5 %wt. of Si gave out an
increase of ~6.8% and ~7.5% of T, respectively, taking PP-MAH as
reference, as reported by other authors [46].

Regarding the second heating scan (Figure 2c), similar Ty, was found for
all materials once the thermal history has been removed. Moreover, Ahn
decreased for composites. Although this lower melting enthalpy is traduced
in lower crystalline degree, Figure 3b shows that the average Ic remained
constant. In addition, it is important to remark that, for composites, the
crystalline population was narrowed. Table 3 shows the peak temperatures,
enthalpies and average lamellar thickness for all materials.
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3.1.3 Mechanical properties of neat PP-Si composites

Figure 4 shows the storage modulus (E’) values that were recorded through
dynamic-mechanical thermal analysis at 1 Hz as a function of temperature
for PP and composites. According to calorimetric results, the slight
nucleating ability of MAH to induce the formation of crystalline fraction
was traduced in an increase of ~8% in E’. When Si microparticles were
added to the coupled PP matrix, E” increased ~85% for a 3 %wt. of Si and
arrived to a ~115% for a 5 %wt. of silicon microparticles. Those results
were in agreement with other reports combining PP with particles such as
zinc oxide [15], clay [26], calcium carbonate [26], [47] or silica [48]. It was
remarkable that this increment in modulus was not linked to the crystalline
nucleation or growth induced by the presence of Si. Indeed, as shown in
the inset of Figure 4, similar slopes suggested that the silicon particles did
not affect the profile of viscoelastic behaviour of PP, but just being
displaced to higher E’ values. There was therefore effective stress transfer
from the PP matrix to Si particles due to entanglement of the polymer
chains with the filler, increasing the stiffness of the segments in the
surroundings of the particles [48], [49].
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Figure 4. Storage modulus (E’) values recorded at 1 Hz and 35 °C for raw PP, PP-
MAH and PP-MAH-Si composites. Inset: Storage modulus (E’) profiles recorded at 1
Hz as a function of temperature.

3.1.3 Thermal stability

The thermal stability was assessed by means of thermogravimetric
experiments under inert atmosphere. Results are gathered in Figure 5, in
terms of thermogravimetric and first-derivative thermogravimetric curves
(Figure 5a), as well as an evolution of peak and onset temperatures
(Figures 5b and 5c, respectively). Neither the addition of MAH nor the
addition of Si particles modified the mass-loss profile which took place
through a single stage. However, the effect of MAH into the PP improved
its thermal stability, as shown by slightly higher onset Tonset and peak Tpeak
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temperature [48]. Due to the addition of Si, a considerable increase in Tonset
and slight increase in Tpeak Was found, being superior for PP with a 5 %wt.
of Si. This demonstrated the thermal stabilization by increasing the Si
content, as reported using similar particles [33], [50].

As observed in decomposition curve for the composites, silicon
microparticles became the remaining residue after combustion of the PP-
matrix, remarking the possibility of recovering them at end of life after
though a hypothetic energetic valorisation procedure. Thus, this additive
can be reused after further purification if necessary, increasing its added-
value.
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Figure 5. (a) Thermal decomposition profiles and derivative curves, (b) peak
decomposition temperature (Tpeak), and () onset degradation temperature (Tonset) for
raw PP, PP-MAH and PP-MAH-Si composites.

3.2 Durability of composites of PP filled with Si particles under sunlight
radiation

Figure 6 shows the appearance of raw PP, PP-MAH and PP-MAH-Si
composites after 250, 750, 1500, 2250 and 3000 h of irradiation in the UV-
visible wavelength range (A = 280 — 800 nm). For PP and PP-MAH,
samples become semi-opaque after 250 h of irradiation due to the
generation of new crystalline domains by chemi-crystallisation [51], [52]
[53]. After 750 h, transparent samples turned entirely opaque and whitish.
Disintegration took place after 1500 h of irradiation due to the advance of
chain scission [15], [54], [55] and the effect of chemi-crystallisation, which
is responsible of the surface cracking by contraction of surface layers,
causing grave weakening in different properties of the samples after short-
term exposures [54], [55].

In contrast, PP-MAH-3Si and PP-MAH-5Si after 250 and 750 h of
irradiation showed an apparently similar state than that prior to the
exposition. After 1500 h, the sample surface slightly changed, being easily
scratched during manipulation, detaching a fine powder. After 2250 h of
exposition, the composite films turned slightly brittle and surface appeared
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to be rougher. Finally, after 3000 h, composites with 3 %wt. of Si were
delicate to handle and apparently more degraded than those with 5 %wt. of
Si particles. Thus, a deep study in order to understand the mechanisms and
determine the durability of the quality of composites was carried out by
thermal analysis [56].

PP PP MAH PP MAH 38i PP-MLAH- 58i

Nonirradiated

A-250h

B-750h

C- 1500 h

-2250h

D

E - 3000 b

Figure 6. Appearance of raw PP, PP-MAH and PP-MAH-Si composites after 250,
750, 1500, 2250 and 3000 h of irradiation in the UV-visible wavelength range (A =
280 — 800 nm).
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3.2.1 Impact of sunlight radiation on morphology and thermal
performance

Figure 7 shows the thermograms of first heating, cooling, and second
heating scans for raw PP, PP-MAH and PP-MAH-Si composites after 250,
750, 1500, 2250 and 3000 h of irradiation in the UV-visible wavelength
range (A = 280 — 800 nm) obtained by differential scanning calorimetric
analysis (DSC). Table 2 and Table 3 show the main temperatures,
enthalpies of melting and crystallisation events as well as degree of
crystallinity and lamellar thickness values corresponding to the heating
scans of the Figure 7.

TSN TSI A

Figure 7. Thermograms of 1% heating, cooling, and 2" heating scan for raw PP, PP-
MAH and PP-MAH-Si composites irradiated in the UV-visible wavelength range (A =
280 — 800 nm).

In the first heating run, single melting peaks are generally found for PP and
PP-MAH. The effect of degradation produced a significant decrease in the
melting temperature of the unimodal peak. The addition of silicon particles
promoted the apparition of a double-melting behaviour. The original
unimodal melting peak remained in the same position, around 165 °C and
a new melting peak appeared after 750 h of irradiation.
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Once the effect of thermal history has been removed during the first heating
run, the study of the cooling scan indicated that PP and PP-MAH showed
a crystallisation peak (T¢) at lower temperatures the higher the exposure to
sunlight irradiation was, as shown in Figure 8a. This reduction was barely
more significant for PP than for PP-MAH. Conversely, the addition of Si
drove the main crystallisation events, giving unaltered Tc. The presence of
a 5 %wit. of Si prevented the crystallisation of weaker crystalline domains,
being the exotherm almost unimodal. Moreover, in Figure 8b the evolution
of crystallisation enthalpy is represented. As occurred with peak
temperature, enthalpy decreased along irradiation for PP and PP-MAH,
whereas for PP-MAH-3Si it decreased in last stages of irradiation and for
PP-MAH-5Si it remained almost constant. These facts reinforced that
irradiation was attacking the amorphous fraction of PP and generated
chemical irregularities that difficult the crystallisation process and delayed
it [57]-[59].
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Figure 8. Crystallisation temperature (Tc¢) (2) and crystallisation enthalpy (Ahc) (b) for
the cooling run for raw PP, PP-MAH and PP-MAH-Si composites irradiated in the
UV-visible wavelength range (A = 280 — 800 nm) (Stages: A=250h; B=750h; C =
1500 h; D = 2250 h; E = 3000 h).

The study of the second DSC heating run shed light on understanding the
bi-modal melting process of materials. Many explanations have been
suggested for this phenomenon, such as the presence of different crystalline
structures [60], [61]; crystal transformation during heating [62], [63];
reorganisation during heating [43], [64]; or segregation of molecules with
low molecular weight which form crystals with lower Tr, [65]. A deep study
by Rabello and White [57] concluded that degraded molecules form
relatively unstable crystals during rapid cooling segment which melt, then
re-crystallize into a more stable phase that afterwards melts at a higher
temperature, leading to a double melting peak. Indeed, all materials showed
a bi-modal melting as a result of a balance of low-T and high-T crystalline
populations.

Figure 9 shows that raw PP effectively showed high extent of degradation
with a continuous decrease of melting temperatures, moving the balance of
initial high-T crystalline populations towards low-T domains [66]-[70].
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This behaviour also appeared but slightly retarded by the addition of MAH.
Concerning the stabilizing effect of Si microparticles, they retained the
initial higher lamellar thicknesses around 15 nm, regardless the advance of
irradiation, being this influence more relevant for samples loaded with a 5
%wit. of Si.
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Figure 9. Lamellar thickness distributions for raw PP, PP-MAH and PP-MAH-Si
composites in the 2" heating scan irradiated in the UV-visible wavelength range (A =
280 — 800 nm) (Stages: A =250 h; B =750 h; C = 1500 h; D = 2250 h; E = 3000 h).

Figure 10 plots the evolution of the crystalline degree (Xc) for all materials
along the sunlight irradiation tests. Raw PP showed a first increasing X
tendency with irradiation, ascribed to the chemi-crystallisation of freed
segments from chain scission up to 750 h of irradiation [51]-[53], [71]-
[76]. Further exposure provoked a decrease due to massive chain scission.
In contrast, PP-MAH did not showed the X; decrease at longer times of
irradiation, thus stabilizing PP due to the chemical bonding of PP and
MAH, which let less liable sites for degradation. The addition of Si
microparticles hindered chain scission and thus subsequent chemi-
crystallisation of low-T crystalline domains, keeping the size of high-T
populations, being this effect more relevant with PP loaded with 5 %wt. of
Si. Therefore, the crystalline degree is maintained and even increased
regardless the irradiation time.
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Figure 10. Degree of crystallinity (Xc) for raw PP, PP-MAH and PP-MAH-Si
composites irradiated in the UV-visible wavelength range (A = 280 — 800 nm), as
calculated from for the 2" heating scan (Stages: A =250 h; B = 750 h; C = 1500 h; D
= 2250 h; E=3000 h).

Si microparticles affected the crystalline fraction, but more than a matter
of the effect of irradiation on the degree of crystallinity [77], it was about
the distribution of this crystalline phase in the polymer matrix. In fact, a
competitive behaviour seems to take place. On the one hand, the natural
sunlight degradation profile of PP, which drove the crystalline domains to
lower sizes and the stabilizing effect of Si particles, which retains the initial
higher lamellar thicknesses around 15 nm, regardless the advance of
irradiation. This effect was more relevant for samples loaded with a 5 %wit.
of Si.

As suggested by Zhao et al. [15], the non-significant variation in X. for the
composites may be due to lower extent of photo-degradation, as a
consequence of the effective protection and stabilisation function of the Si
particles against irradiation, which hindered the chemi-crystallisation
phenomenon.

High refractive index microparticles scatter light very efficiently,
especially at wavelength values of the order of the particles size [78].
Theory predicts that silicon microparticles can block light up to ten times
the size of the particles for wavelength values of the Mie resonances.
Although the blocking effect is restricted to a narrow wavelength region, a
polydisperse suspension of silicon particles ranging between 0.1 and 2 um
would block very efficiently the whole sun radiation spectrum.
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Table 2. Main parameters of calorimetric analysis along the 1% heating scan for raw PP, PP-MAH and PP-MAH-Si composites irradiated in the UV-
visible wavelength range (A = 280 — 800 nm).

1% heating Exposition Ahp Tmi T Xe lci leu
Material (stage - h) J-gh (°C) (°C) (%) (nm) (nm)
PP 0 66.43 +0.22 - 163.63 +0.64 3178 +0.11 - 1226 £1.82
A-250 76.42 +1.39 - 158.16 +0.68 36.56 +0.67 - 11.60 +1.83
B -750 8457 +0.36 - 141.04 +0.18 4046 +0.17 - 733 +182
C-1500 59.95 +0.48 - 130.08 +0.27 2868 +0.23 - 593 +182
D - 2250 4713 143 - 126.67 +0.59 2255 +0.68 - 560 +1.82
E — 3000 - - - - -
PP-MAH 0 69.54 +1.08 - 164.00 +0.93 3327 +0.52 - 1448 +£1.83
A-250 7392 194 - 157.90 £0.29 3537 093 - 1150 +1.83
B -750 80.12 +0.58 - 14241  +0.00 3822 +0.28 - 755 +1.82
C-1500 81.60 +3.02 - 14049 +1.43 3909 =144 - 724 +1.83
D - 2250 7776  +0.50 - 137.58 +0.39 3721 +0.24 - 6.83 +1.82
E — 3000 - - - -
PP-MAH-3Si 0 62.17 +0.09 - 165.03 +0.52 29.75 +0.04 - 1515 +£1.83
A-250 66.74 +0.34 15855 +1.12 16458 +0.48 3193 +0.16 11.76 +1.83 1485 +1.82
B -750 7370 +0.92 14454 +£041 163.86 +0.31 3526 =044 793 +182 1439 £1.82
C-1500 69.38 +0.87 14253 +0.08 163.23 +0.22 3320 =041 758 +1.82 1402 £1.82
D - 2250 7242 +0.56 14065 =+0.56 162.34 +0.06 3465 +0.27 727 +£1.82 1353 +1.82
E — 3000 70.66  +0.70 14353 +1.54 162.23  +0.11 3381 +0.33 775 +1.83 1347 £1.82
PP-MAH-5Si 0 61.83 +0.81 - 165.44 +0.15 29.58 +0.39 - 1542 +1.82
A-250 70.71  +0.70 159.57 +0.00 164.10 +0.36 3383 +0.33 1219 +1.82 1455 +1.82
B -750 6740 +0.33 14581 +0.40 164.00 +0.42 3225 +0.16 817 +182 1448 £1.82
C - 1500 66.14 +2.52 14442 +0.33 163.37 +0.16 3164 +1.20 791 +1.82 1410 +1.82
D - 2250 68.49 +0.31 14243 +0.51 163.91 +0.08 3277 +0.15 756 +1.82 1443 +1.82
E — 3000 66.83 +0.31 133.30  +3.65 164.07  +0.36 3198 +0.15 8.08 +1.83 1453 £1.82
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Table 3. Main parameters of calorimetric analysis along the 2" heating scan for raw PP, PP-MAH and PP-MAH-Si composites irradiated in the UV-
visible wavelength range (A = 280 — 800 nm).

2" heating Irradiation Ahm T T Ic' Ic"
Material (stage - h) J-gh (°C) (°C) (nm) (nm)

PP 0 66.23 +0.70 - 162.88 +0.83 - 1383 £1.83
A-250 7470 £1.13 151.72 +£0.40 159.01 +0.44 952 +1.82 1195 +1.82
B -750 7091 +1.03 136.89 +1.18 14419 +1.40 940 +1.83 787 +1.82
C-1500 5139 +0.44 - 127.11 +0.18 - 564 +1.82
D - 2250 43.83 +0.61 - 12195 +£0.25 - 519 £1.82

E — 3000 - - - - -
PP-MAH 0 6335 *0.72 - 162.36 +0.74 - 1354 £1.83
A-250 68.83 *2.63 15129 +0.91 158.73 +£0.77 940 +1.83 11.84 +1.83
B -750 6294 177 137.61 +0.80 14550 +0.52 6.83 +1.83 811 +1.82
C-1500 66.71 =177 136.54 +1.34 14414  +1.49 6.68 +1.83 7.85 +1.83
D - 2250 55.99 +2.58 - 13223 +1.22 - 6.16 +1.83

E — 3000 - - - - -
PP-MAH-3Si 0 63.17 +0.25 - 163.37 +0.43 - 141 +182
A-250 76.16 +0.39 - 162.26 +£0.32 - 1348 +1.82
B -750 7439 048 14232 +0.28 160.17 +0.87 754 +182 12.46 +1.83
C-1500 66.96 +1.26 136.54 +0.58 159.04 +0.10 6.69 +1.82 1196 £1.82
D - 2250 7196 +0.27 136.07 +0.14 156.07 +0.19 6.62 +1.82 1083 +1.82
E — 3000 66.60 +2.81 132.66  +2.54 159.56 +2.48 621 +184 12.18  +1.84
PP-MAH-5Si 0 62.45 £1.10 - 163.56 +0.29 - 1422 +1.82
A-250 7163 *1.63 - 161.67 +0.23 - 1318 +1.82
B -750 7201 *0.66 14234 +0.09 161.01 +0.49 754 +182 1285 £1.82
C - 1500 66.58 +2.78 137.94 +0.16 160.00 +0.16 6.87 +1.82 1238 +1.82
D - 2250 7771  £0.30 13593 +0.17 161.38 +0.07 6.60 +1.82 13.03 +1.82
E — 3000 78.87  +0.77 136.28 +0.61 16241 +0.25 6.65 +1.82 1357 £1.82
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3.2.2 Improvement of storage modulus

Figure 11 shows the storage modulus (£') values recorded at 35 °C from
DMTA analyses at 1 Hz for irradiated raw PP, PP-MAH and PP-MAH-Si
composites. Due to effect of irradiation, the storage modulus could not be
measured in PP and PP-MAH owing to the brittleness and the reduced
thickness of the samples. In contrast, composites loaded with a 3 %wt. and
5 %wt. of Si particles showed similar profiles of reduction of E’
Degradation is supposed to have affected the polymer matrix due to
sunlight irradiation, but mechanical stresses were supported by the
presence of Si in their compositions. In particular, the addition of 5 %wt.
of Si permitted to obtain significantly high E’ values after 3000 h of
irradiation, at higher levels than those shown by the composites with a 3
%wt. of Si.
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Figure 11. Storage modulus (E’) values recorded at 35 °C and 1 Hz for raw PP, PP-
MAH and PP-MAH-Si composites irradiated in the UV-visible wavelength range (A =
280 — 800 nm) (Stages: A =250 h; B =750 h; C = 1500 h; D = 2250 h; E = 3000 h).

3.2.3 Thermal decomposition behaviour

Thermograms of thermal decomposition along with their first-derivative
curves are shown in Figure 12 for irradiated raw PP, PP-MAH and PP-
MAMH-Si composites. Figure 13 displays the evolution of their thermal
decomposition onset (Tonset) (Figure 13a) and peak (Tpeak) temperatures
(Figure 13b) along irradiation. Despite Tpeax is usually taken as indicator
of degradation, the use of Tonset is More sensible and it provides results at a
technological context [79]-[81]. The initial decomposition process, which
consumed around a 10-20% of mass, was enough to trigger the main
decomposition process, which was widened in temperature the longer the
irradiation was [15]. The most irradiated raw PP started decomposition at
temperature immediately above the melting process (~165 °C), due to the
weakened structure. The addition of MAH had no stabilizing effect at this
stage and similar profiles than those shown by raw PP were found, even
showing fairly similar percentages of reduction in onset and peak
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temperatures. In contrast, the addition of Si retarded the starting of the first
decomposition process, thus preventing the main decomposition up to 750
h of exposition for the case of a 3 %wt. of Si and keeping the onset of
decomposition within a range of control of ~12.5% up to 3000 h of
exposition for the case of a 5 %wt. of Si. Thus, the effectiveness of Si
particles to stabilize PP along irradiation was shown.
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Figure 12. Thermal decomposition profiles and derivative curves (inserted) for raw
PP, PP-MAH and PP-MAH-Si composites irradiated in the UV-visible wavelength

range (A = 280 — 800 nm).
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Figure 13. Thermal decomposition onset (a) and peak (b) temperatures (Tonset and
Tpeak) for raw PP, PP-MAH and PP-MAH-Si composites irradiated in the UV-visible
wavelength range (A = 280 — 800 nm) (Stages: A =250 h; B=750h; C=1500h; D =
2250 h; E = 3000 h).
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4, Conclusions

This paper shows the potential of novel patented high-tech silicon
microparticles to protect polypropylene from degradation during both
processing and accelerated sunlight irradiation. Silicon colloids provided
UV-protection, which hindered the chemi-crystallisation phenomenon.
Preservation of appearance, thermal, structural and mechanical properties
as well as thermal decomposition behaviour were found. The stabilization
of PP was more relevant for samples loaded with 5 %wt. of Si.

The addition of silicon microparticles to coupled raw polypropylene matrix
did not significantly alter the thermal processing conditions. It just slightly
reduced the time of crystallization upon cooling and offered similar
crystalline populations, with close lamellar thickness distributions,
regardless the amount of Si microparticles. Similar thermal decomposition
profiles were also found. Finally, mechanical properties were affected by
increasing the dynamic storage modulus up to a 115 %, result which was
independent form the nucleation effect of Si to grow crystal fractions in the
PP matrix.
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4.1. PROTON EXCHANGE FUEL CELLS FED
WITH ALCOHOLS

Fuel cells are among the most promising energy storage and conversion
electrochemical systems. A typical fuel cell is composed of two electrodes
(anode and cathode) that produce the oxidation of hydrogen and the
reduction of oxygen, by means of an electrolyte membrane that favours the
exchange of ions generated between both reactions. Fuel cells offer electric
power with a high efficiency and without polluting emissions during its
operation.

Nowadays, one of the most relevant fuel cell systems are the so-called
proton exchange membrane fuel cells (PEMFCs) whose schematic diagram
is shown in Figure 4.1. The PEMFCs consider the proton H* as the mobile
ion and are composed of the electrolyte or membrane, the anode and the
cathode electrodes, usually coated with a catalyst that promotes and
enhances the separation of protons and electrons from the fuel, and the gas
diffusion layers. The operation of PEMFCs results in the generation of
water, electricity and heat. The electrochemical half-reactions and the
overall reaction in these fuel cells are:

Anode: H, » 2H* + 2e~
Cathode: - 0, + 2H* + 2e™ - H,0
Overall reaction: H, +% 0, - H,0

Electric current
pe

Unused fuel H, ﬁ
Ful H, J

Figure 4.1. Proton exchange membrane fuel cell (PEMFC) scheme.

H+

Polymer electrolyte
membrane
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In a PEMFC, the fuel is oxidised at the anode electrode-membrane
interface in the presence of the catalyst. Then, the protons travel through
the membrane to the cathode, while the electrons travel through the
external circuit to the cathode where they combine with the protons and
oxygen in the catalyst to form water and close the cycle.

The combination of the anode/membrane/cathode is called the membrane
electrode assembly (MEA). To complete an electrochemical cell, the MEA
is sandwiched between gas diffusion layers and the gas flow fields
distributed by the reactants to the electrodes. PEMFCs are compact,
lightweight, and especially suitable for portable applications. Although
PEMFCs work with an efficiency of 60%, a single cell usually generates a
potential inferior to 1 V. For this reason, several cells, in series or parallel,
are commonly required to generate a suitable tension, forming a stack.

Among other requirements, the electrolyte must allow only the transport of
protons, while being a complete insulator to the electrons, since it would
reduce the decrease of the electronic flow through the external circuit and
causing voltage losses. Moreover, the electrolyte must be perm-selective
to the fuel. The fuel crossover from the anode to the cathode would result
in the substantial reduction of the fuel cell performance. The use of a solid
polymer as an electrolyte (PEM) has some advantages such as avoiding the
corrosion and the increased versatility. PEMs offer the possibility of high
functionalisation and operate at low temperature, avoiding the need for
thermal insulation [1].

The proton conductivity in polyelectrolyte membranes is known to be
closely related to the hydration degree, since water act as the medium to
promote the proton mobility via the Grotthuss and the vehicular
mechanisms [2]-[4].

In the Grotthuss mechanism, the proton mobility takes place through an
interconnected network of hydrophilic ionic clusters, in which the protons
hops from one ionic site to another by the formation and destruction of
hydrogen bonds. This mechanism is strictly related to the water that
remains in the structure of the polyelectrolyte, also known as bounded
water.

In the vehicular or diffusion mechanism, the free volume and the mobile
water molecules are the key factors to guarantee proton transport. The
proton aggregates, carrying one or more molecules of water, diffuse to the
cathode through the free volume pathways. These water molecules have
the ability to move and displace into the polyelectrolyte and are considered
as free water molecules.

Moreover, other mechanisms such as the direct transport via polymer chain
segmental motions have been proposed [5]. However, this type of proton
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transport is restricted to polymers with amorphous morphology, in which
especially the side chains are able and free to move, thus reducing the
distance between chains for proton conduction. In this sense, proton
conduction through this mechanism is only available above the glass
transition temperature of these polyelectrolytes.

The commented proton transport mechanisms are schematised in Figure
4.2, as proposed by Gao and Lian [5].

(a)

y 0 v%o&?f‘*‘%
OE e ® %ﬂ?&%& o

ijs - 1

Figure 4.2. Schematic representation of the main proton conducting mechanisms: (a)
Grotthuss mechanism, (b) vehicular mechanism, and (c) direct transport via polymer
chain segmental motions.

Polymer electrolytes have been deeply studied and optimised for PEMFCs.
At the moment, some polyelectrolytes are commercially available such as
the Nafion, the Dow membranes and the perfluorinated ionomer
membranes [6]. Although these membranes showed extraordinary
properties, such as high proton conductivity and high chemical inertness,
the temperature-related limitations, the safety concerns due to the
formation of toxic and corrosive gases above 150 °C and the high cost have
prevented the general implantation of these fuel cells. Moreover, PEMFCs
require a pure hydrogen input stream to avoid the poisoning of the catalysts
that would decrease the overall performance. On the other hand, the
transport and storage of hydrogen is still dangerous and sometimes a reason
of controversy. In last decade, the development of alternative cells with
easy to handle fuels has gained considerable attention. For this reason,
different fuels such as methanol and ethanol have been proposed in the so-
called direct alcohol fuel cells (DAFCs).

In DAFCs, the alcohol is oxidised to protons, electrons and carbon dioxide,
as represented in Figure 4.3. Then, the electrons flow through the external
circuit towards de cathode and the protons diffuse through the electrolyte
membrane. Finally, at the cathode, the protons react with the oxygen and

167



the electrons to form water, as represented in the following half-reactions
and overall reaction, considering ethanol as fuel:

Anode: C,HsOH + 3H,0 - 2C0, + 12H" + 12e~
Cathode: 30, + 12H* + 12e~ - 6H,0
Overall reaction: C,Hs;OH + 3H,0 + 30, — 6H,0

Electric current
pe

H+

Fuel 1
Polymer electrolyte
C,H.OH +H,0 J membrane

Figure 4.3. Proton exchange membrane fuel cell (PEMFC) scheme.

The transport and storage of ethanol and methanol makes them more
suitable for portable technological applications, given that they are liquid
in the temperature ranges from -114 to 78 °C and from -97 to 64 °C at
atmospheric pressure, respectively. Moreover, the existing technology for
traditional fuels can be used with these alcohols.

Unfortunately, currently developed electrolytes have high permeability to
alcohols, resulting in low performance, sensitivity to impurities, as well as
high cost. The polymer electrolytes used in traditional PEMFCs present the
fuel crossover effect, in which the fuel passes through the polyelectrolyte
membrane, highly decreasing the efficiency and increasing the fuel cell
temperature, that prevent its use with alcohols. These limitations are
currently under study to find new technologies and adequate materials for
the manufacture of polyelectrolyte membranes for fuel cells fed with
alcohols (DAFCs). Among the main strategies, the development of new
polymer electrolytes with suitable proton conductivity and selective to the
diffusion of alcohols is one of the main approaches.

The polyelectrolyte membrane, as the key component in the fuel cell, has
been studied and optimised to improve the performance in terms of
profitability, efficiency, durability and cost that may boost its
commercialisation in the market. However, the accomplishment of the
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strict requirements to become the ideal membrane are still under
investigation.

Mainly, polyelectrolytes for DAFCs must possess high proton
conductivity, while being an electronic insulator, so that the circuit is
externally closed generating electrical current. In addition, low fuel
permeability is required to avoid potential drops or crossover, hydrolytic,
thermal and dimensional stability, hydration capacity and low production
cost [7]. Among these required features, the proton conductivity is essential
to achieve the desired fuel cell performance. Indeed, the mass and energy
transfer processes may be optimised to guarantee the optimum operation
of the fuel cell. The progress in the performance of proton conducting fuel
cells are thus closely related to the progresses in the polyelectrolyte
development. Some reviews have been proposed in the literature along the
last decades for the polyelectrolyte membranes for proton transport fuel
cells [8]-[16].

Several polymeric families have been proposed as polyelectrolytes, such
as the fluorinated polymers, the non-fluorinated hydrocarbon polymers or
the acid-base complexes. More specifically, proposed polyelectrolytes
could be classified according to the polymer type, as Nafion-like, modified
Nafion-based, polystyrene-based, sulfonated polyimide-based,
polyphosphazene-based, polybenzimidazole-based, poly(arylene ether)-
based, polysulfone-, polysulfone-ether- and polyphenylsulfone-based and
natural polymer-based membranes.

Moreover, different fabrication approaches such as the preparation of
random copolymers, graft copolymers, block copolymers, blends,
impregnated membranes, coated membranes, layered membranes and
composite membranes have been studied [9].

In recent years, the development of alternative polymeric membranes as
electrolytes for fuel cell applications has gained great attention. Such is the
case of the poly(vinyl alcohol) (PVA) based polyelectrolytes for DAFCs,
due to its promising intrinsic features and low production cost [6].
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4.2. POLY(VINYL ALCOHOL) (PVA)-
BASED POLYELECTROLYTE MEMBRANES

Poly(vinyl alcohol) (PVA) is a water-soluble, atactic, semicrystalline
synthetic polymer with the constitutional repeating unit shown in Figure
4.4, The PVA was first discovered by Fritz Klatte in 1912, obtained by the
hydrolysis in basic medium of the polyvinyl acetate. In 1924, Herman and
Haehnel obtained PVA through the hydrolysis of polyvinyl acetate in
ethanol with potassium hydroxide. Currently, the commercial production
of the PVA is based on the hydrolysis of acetate by ester exchange with
methanol in the presence of sodium hydroxide [6]. In terms of
microstructure, it is mainly composed of 1,3-diol linkages, but it may
contain a few extent of 1,2-diols depending on the polymerisation
conditions [17]. Accordingly, it may have different hydrolysis degree,
because of the replacement of acetate groups by hydroxyl groups.

OH "

Figure 4.4. Constitutional repeating unit of the fully hydrolysed PVA.

The PVA can be described as an odourless, non-toxic, translucent, white
or cream granular powder. The main manufacturers of PVA are DuPont
(Evanol®), Celanese (Sevol™ Premiol), Kuraray Co. (Exceval™ and
Poval™), and Nipon Gohsei (Hi-Selon®). It is a biodegradable polymer
easily obtainable, with low cost and distinguished for its good chemical
stability, good mechanical properties, high functionalisation capability and
good hydrophilicity. Moreover, it is recognised as a high oxygen, aroma
and alcohol barrier. Actually, it has been widely considered for the
pervaporation of alcohol/water mixtures. This high alcohol selectivity
makes this polymer interesting for the fabrication of polymer electrolyte
membranes that reduce the fuel crossover in DAFCs [18].

Regarding its application in polyelectrolyte development, PVA requires
functionalisation to induce proton conductivity as well as crosslinking to
reduce its intrinsic water solubility. The modification of the PVA can be
performed according to different strategies, such as the copolymerisation,
the polymer grafting, the crosslinking or by means of the combination with
inorganic particles to form composite materials, among others [6]. The
selection of the PVVA as the base material resides in its versatility and ability
to be functionalised to accomplish the required features as proton
conducting polyelectrolyte membranes.
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For the proton conductivity enhancement, the inclusion of sulfonic groups
by attachment to the side chains is a good alternative. In this sense,
concentrated sulfuric acid, sulfophthalic acid, sulfoacetic acid and
chlorosulfonic acid have been considered in the literature [6]. In addition,
PVA can be modified by copolymerisation with other monomer units. PVA
has been copolymerised with polyaniline (PAni), sulfonated poly(ether-
ether-ketone) (SPEEK), Nafion®, polystyrene (sulfonic acid) (PSSA),
polystyrene (sulfonic acid-co-maleic acid) (PSSA-MA) or poly(3,4-
ethylenedioxythiophene) (PEDOT), among others [6], [19], [20].

If these functionalisation agents contain two or more reactive functional
groups they can also induce PVA chemical crosslinking [21]. The
crosslinking of the PVA is essential not only to improve the hydrolytic
stability, but also to improve the thermal stability and the mechanical
strength. At the same time, the crosslinking may reduce the water uptake
ability that can compromise the structural stability, may increase the
selectivity to alcohols permeation and, depending on the type of
crosslinking agent, enhance the proton conductivity capacity [16], [22].
PVA has been crosslinked with sulfusoccinic acid (SSA) [21]-[25],
glutaraldehyde (GA) [26]-[29], poly(acrylic acid) (PAA) [30], [31],
poly(methacrylic acid-2-acrylamido-2-methyl-1-propanesulfonic acid-
vinyltriethoxysilicone) (PMAV) [32], polystyrene(sulfonic acid co-maleic
acid) (PSSA-MA) [33], [34], chitosan (CS) [35], [36] or glyoxal [37],
among others [6]. Among the most interesting crosslinking agents for fuel
cell application, the sulfusoccinic acid (SSA) presents reactive groups in
its molecular structure such as carboxylic acids that can react with the
hydroxyl groups of PVA and give a crosslinked structure, providing an
improvement in their properties in terms of hydrothermal, mechanical and
thermal resistance. Moreover, the presence of the sulfonic groups of the
SSA molecules may provide adequate proton conductivity of the PVA
based polyelectrolytes. The chemical structure of the SSA molecules is
shown in Figure 4.5.
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Figure 4.5. Sulfosuccinic acid (SSA) chemical structure.

However, the membranes based on functionalised and crosslinked PVA
still show some drawbacks in their operation, which could be solved with
the combination or synergy of the different methods of functionalisation
commented above, as well as through the combination with inorganic
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materials dispersed in the matrix to improve the performance of the
membrane [38], [39]. These multicomponent systems can present a
cumulative behaviour and develop an adequate synergy that optimise their
properties. In addition, the charges or reinforcements included in the
polymer matrix can provide an improvement in the barrier effect to
methanol, thus reducing the crossover through the membrane.

The functionalisation strategy of the PVA therefore consists in an
improvement of the protonic conductivity induced through the
modification of its structure, through the chemical cross-linking reaction,
as well as through the combination with other polymers or inorganic
materials in composite membranes [6].

4.2.1. Nanocomposite PVA-based polyelectrolytes

Several strategies have been proposed for improving the proton
conductivity, the mechanical stability, and the operational consistency of
the polyelectrolyte membranes. The preparation of ionically-functionalised
crosslinked structures or the formation of composite polyelectrolytes by
the combination of polymer matrices with inorganic nanoparticles or
polymer nanofibres have been reported as feasible alternatives that favour
the formation of ion-conductive domains in the PEM matrix, that increase
the proton conductivity of the membranes. For the case of the PVA-based
polyelectrolytes, the crosslinking and the incorporation of nanofillers,
whether nanoparticles or nanofibres, is essential not only for improving the
proton conductivity, but also for reducing the fuel crossover and enhancing
the service stability.

Composite membranes with nanoparticles

The incorporation of functionalised nanoparticles aims to combine the
advantages of inorganic materials, such as the thermal and dimensional
stability, and those of polymers, such as conductivity and flexibility [40].
The objective of the development of nanocomposite membranes is the
production of polyelectrolytes that overcome the existing limitations with
lower cost and high functional performance.

In general, the combination of polymers and inorganic particles results in
poor surface adhesion, since their surfaces are of different chemical nature.
Accordingly, the interfacial morphology determines the resulting general
electrochemical and mechanical properties. The dispersion of the particles
governs the optimisation of the characteristics of the membrane, i.e. the
proton conductivity, the water absorption behaviour and the fuel
permeability [39], [41]. The main factors that affect the dispersion of
particles are the dimensions of the particle —size, shape, and porosity—,
surface chemistry —polarity and reactivity— and manufacturing parameters
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—temperature or solvent—. Some strategies used to avoid the consequences
of a feeble polymer-charge interaction consist in carefully selecting the
starting materials and studying their intrinsic properties, choosing the
adequate solvent or adding a coupling agent that facilitates the chemical
interactions between them. In addition, there are external manufacturing
processes to improve the dispersion of particles such as sonication to
increase interfacial adhesion. There is also the possibility of
functionalisation of both polymers and nanoparticles to incorporate
functional groups that facilitate a strong covalent bond between them.

The inorganic phase strongly influences the general characteristics of the
membrane. On the one hand, at high temperatures, the inorganic particles
that are proton conductors embedded into the polymer matrix increase their
conductivity and, when the matrix is properly hydrated, these conductive
particles act as a bridge to connect adjacent ionic groups [41], [42]. That is
the reason why the inorganic particles must not agglomerate forming
blockages in the hydrophilic channels. On the other hand, the incorporation
of nanoparticles to the membrane may reduce the fuel crossover. The fuel
permeation is produced by diffusion through pores or holes as well as
through hydrophilic channels. The addition of inorganic particles that
block the holes or transport routes intends to reduce the fuel permeability
and subsequent crossover. In this way, a suitable balance between good
proton conductivity and low fuel permeability can be achieved [40].

The chemical structure of the polymer brings most of the electrochemical
properties of the membrane. As well, the molar mass of the polymer is
responsible for its behaviour, morphology, mechanical and thermal
stability. However, the polymer molar mass, which will determine to a
greater extent its intrinsic viscosity, can influence the agglomeration of the
inorganic phase and, therefore, result in poor dispersion of the particles into
the polymer matrix.

The selection of inorganic materials as nanoparticles for proton conducting
polyelectrolytes must consider the hygroscopic capacity, the specific
surface and the compatibility with the matrix. The materials most
commonly used as nanofillers in nanocomposite protonic conductive
polyelectrolytes are metal oxides (SiO [43]-[45], TiO: [46]-[48], Al.O3,
ZrO; and SnO; [6]), clays [49], [50], silicates [51], heteropolyacids (HPA)
[52], metal phosphates [53], [54] and advanced materials such as carbon
nanotubes (CNT) [55] or graphene oxide (GO) [7], [56].

Graphene oxide (GO) has recently received considerable interest because
of having a unique two-dimensional structure with excellent dimensional,
chemical, thermal and mechanical stability, low permeability, low cost,
surface functionality and minimum thickness [7]. One of the keys of the
GO is that it can be produced from graphite using several oxidation routes
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in a relatively easy way [57]. The GO structure consists of carbons
connected to each other by covalent bonds and interconnected to hydrogen
and oxygen, to form a structure stratified with epoxy, hydroxyl and
carboxyl groups in the basal plane and at the edge for providing a high
specific surface area, as shown in Figure 4.6. The presence of such groups
provides the structure with high functionality and excellent capacity to
interact with various materials. The GO oxygen polar groups make it
strongly hydrophilic, which provides good dispersion in water and
improves interfacial adhesion between the GO and the hydrophilic matrix.
In addition, the GO is characterised by being an electronic insulator,
justified by the presence of oxygen in its structure. That is why it is
considered the best candidate to reinforce a hydrophilic polymers such as
the PVA [46], [58], [59].

s COOH COOH OH

HO

Figure 4.6. Graphene oxide (GO) chemical structure.

The GO has gained interest over the past decade for applications in fuel
cells. It has been shown that the incorporation of GO into a polymeric
matrix can have an excellent potential application in PEMFCs [7], [56]. By
introducing these nanoparticles into an ion-conducting polymer, it
increases the tortuosity in the advance of the fuel and improves the barrier
effect.

There are also some strategies and techniques for composite membrane
production that allow controlling the interfacial morphology to prevent the
agglomeration of particles. These techniques include dissolution-discharge
[60], deposition layer by layer [61], coating by immersion [40], phase
inversion, infiltration, solvent-casting and electrospinning [62], among
others [63].

One of the most common methods for the incorporation of GO is the
combination with a polymeric matrix in solution, followed by a process of
dispersion and sonication and subsequent pouring into a mould and
evaporation of the solvent for film formation. There are several
investigations in this regard where the incorporation of GO in the polymer
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matrices was carried out, obtaining high performance polyelectrolytes with
a high fuel barrier capacity and good results in terms of proton conductivity
[56], [64], [65].

Composite nanofibrous membranes

The development of nanofibrous structures based on polymeric materials
for their application as components of polyelectrolyte membranes in fuel
cells is currently under study [66]. Electrospinning is one of the main
approaches to obtain functionalised nanofibrous mats, including
homopolymers, blends or composites [67].

Given the wide versatility of the electrospinning technique, allowing the
preparation of nanofibres of controlled size and morphology, the
possibility of development of functionalised polyelectrolytes for fuel cell
applications has been explored [68].

As mentioned above, the poly(vinyl alcohol) (PVA) is one of the most
widely used materials in this field. Apart from the crosslinking reaction to
give stability to the electrospun nanofibrous structure, the nanofibres can
be functionalised by the addition of other agents or fillers, giving rise to a
nanocomposite nanofibre. Indeed, PVA-based composite nanofibres have
been proposed as a good alternative for the development of new
nanofibrous polyelectrolytes with improved functionality [69]. The
incorporation of inorganic particles such as graphene oxide (GO) in the
PVA solution prior to electrospinning, would result in PVA/GO
nanocomposite nanofibres. There are some studies in the literature in which
PVA/GO nanocomposite nanofibres have been obtained using the
electrospinning technique [20], [35], [46], [59], [62], [70].

As occur with other polymers, the morphology, the microstructure and the
physico-chemical properties of the electrospun PVA nanofibres is highly
dependent on the experimental conditions. Given the good water solubility,
aqueous solutions are frequently considered for PVA electrospinning.
However, due to the high viscosity of the PVA solution at low
concentrations, especially those of high molar mass, it is sometimes
required the presence of a surfactant to reduce the surface tension to
guarantee effective electrospinning. In this sense, several type of
surfactants such as cationic quaternary ammonium, non-ionic
polyoxyethylene-polyoxypropylene-ether or amphoteric lauryl betaine
[71]. Moreover, other types of surfactants have been used in the PVA
electrospinning such as the Triton X-100 [58] or the sodium dodecyl sulfate
(SDS) [46].

Nanofibre reinforced composite membranes

As introduced above, the production of polymer nanocomposites by means
of the combination of polymer matrices with inorganic particles, showed
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interesting improvement in the mechanical and thermal properties, as well
as in the proton conductivity for fuel cell applications. Although this
approach is quite novel, there are some studies in the literature that
combined nanofibrous mats with polymeric matrices. To accomplish this
strategy, the use of consolidated methods for the union and compatibility
of the nanofibrous structures with polymeric matrices is required. Such is
the case of thermocompression, impregnation or dip coating, among other
processing approaches.

Processing methods such as the thermo-compression provide some
advantages in terms of thickness control, processing speed and good
physical interaction between components, given by the effect of pressure
and temperature [72]. Other methods, such as dip coating or impregnation,
have advantages in terms of good chemical interaction between the phases
with no delamination [73]. However, it requires a matrix with high
resistance to be manipulated. It is considered that the combination of
several of these processing techniques is necessary to obtain a membrane
with the optimal properties to be used in fuel cells. That is the reason why
the definition of a clear and simple process is essential for the development
of self-reinforced nanocomposite membranes with nanofibres for
application in proton exchange fuel cells (PEMFCs).

For example, the combination of both impregnation and subsequent drying
and crosslinking by thermo-compression, was effective for obtaining,
generating nanofibre reinforced nanocomposite membrane [72]. The
results showed a good interaction between fibres and matrix. The use of
this new technique would generate positive effects in the composite
membranes by incorporating nanofibres that act as mechanical
reinforcement and may increase the proton conductivity, allowing
establishing a more favourable route of proton conduction.

Several studies in the literature proposed the fabrication of nanofibre-based
composite polyelectrolytes for fuel cell applications. Some of them
considered the combination of the nanofibres with Nafion® with promising
results [73], [74]. Other composite nanofibres were studied, based in
sulfonated polyimide nanofibre framework [75], [76], sulfonated
poly(arylene ether sulfone) [77], sulfonated polysulfone [78] or
polybenzimidazole [79], among others.

Some poly(vinyl alcohol) based nanofibrous composites have been
proposed in the literature, such as the nanocomposite membranes with
SPEEK-PVB nanofibres and a SPEEK-PVA polymer matrix [72] or the
highly conductive quasi-coaxial quaternised polyvinyl alcohol nanofibres
and composite electrolytes [80]. In these studies, the nanofibres and the
matrix were based in the same polymeric material, and self-reinforced
composite polyelectrolyte membranes would be produced [81], [82].

176



Polyelectrolyte membranes for fuel cells

4.2.2. Blended PVA-CS polyelectrolytes

The preparation of blended membranes can combine and show interesting
synergistic properties of both individual polymers [83]. Cost-effective and
eco-friendly polymer electrolytes from renewable sources can become a
promising substitute for synthetic polymers for use in electrochemical
devices involving energy generation and storage. Among natural polymers,
polysaccharides are among the best candidates due to their abundance in
environment [84].

In the literature, various PVA-based polymer blend membranes with
natural polysaccharides have been prepared [85]-[87]. Particularly, good
results have been obtained by mixing chitosan (CS) with poly(vinyl
alcohol) (PVA) [88]-[90]. CS and PVA are miscible in one another, and
compatible for blending [91]. The effect of strong hydrogen bonding
between the hydroxyl groups in CS and the hydroxyl groups in PVA as a
result of blending may provide good mechanical properties [92].

Chitosan (CS), as a polysaccharide bio resource, is one of the promising
membrane materials and has been studied widely. CS is the N-deacetylated
derivative of chitin (CH) which is naturally abundant polysaccharide and
the supporting material of crustaceans, insects, etc. Chitin is easily obtained
from crabs or shrimp shells and fungal mycelia. Chitosan is inert,
hydrophilic and is insoluble in water, alkali and organic solvents. Its
solubility in dilute organic acids allows for gel formation in various
configurations. CS is presented as an odorless, translucent, white granular
powder, with the chemical structured shown in Figure 4.7.
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Figure 4.7. Chitosan (CS) chemical structure.

Free amine and hydroxyl functional groups on the chitosan backbone
enable various chemical modification of chitosan to tailor it for specific
applications such as polymer electrolyte membrane in different
applications [93]. Membranes based on natural low-cost CS are easily
formed and have high hydrophilicity, good chemical and thermal
resistance.

CS is a potentially useful membrane material for DAFCs due to its non-
permeability to alcohols. However, in its native state, CS films exhibit very
low conductivities and high degrees of swelling [94]. Although high
swelling levels in the membrane are a prerequisite for reaching high proton
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conductivities, they are also usually related to a decrease of the membrane
performance, in terms of methanol permeability, dimensional and thermal
stability. To solve the low conductivity and high swelling problems, CS is
usually either ionically crosslinked [95], blended with other polymers [84],
or reinforced [96]. Different chitosan-based PEMs have been studied and
have showed promising properties for application in the field of PEMFCs
[89], [971, [98].
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4.4. CONTRIBUTIONS OF CHAPTER 4

The polyelectrolyte membranes, as the key component in the fuel cell, have
been largely studied to improve the performance in terms of efficiency,
durability and cost. However, the accomplishment of the strict
requirements to become the ideal membrane are still under investigation.
The preparation of specific matrices and nanofibres based on similar
polymers stand out as suitable ingredients for the future development of
self-reinforced nanocomposite membranes. For this functionalisation
strategy, the development of new polyelectrolyte membranes was assessed
considering the crosslinking reaction between poly(vinyl alcohol) (PVA)
and sulfosuccinic acid (SSA) as the base scenario for functionalisation and
modification with polysaccharides such as chitosan or nanoparticles such
as grapheme oxide (GO). The global structure of this research line is
summarised in Figure 4.8.

Self-reinforced nanocomposite crosslinked | Blended crosslinked .
membranes membranes
PVA/SSA/GO PVA/SSA/GO .
PVA/SSA/SGO SPVA/SSA/GO FVASSAICS
Nanofibrous

Film morphology by
solvent-casting

Film morphology by

; morphology by
solvent-casting b

electrospinning

Figure 4.8. Sequence approach for the functionalisation strategy, characterisation and
validation of the polyelectrolyte membranes for fuel cells.

Firstly, the combination of PVVA with graphene oxide (GO) and sulfonated
graphene oxide (SGO) in several percentages ranging from 0.25 % to 1.00
% by weight were considered. The PVA/SSA/GO and PVA/SSA/SGO
based membranes were obtained by means of a solvent-casting procedure
with an homogeneous and regular morphology and controlled thickness.
The crossover of the ethanol solution was reduced by the addition of GO
and SGO. This reduction was more significant for the SGO functionalized
membranes. Membranes subjected to service conditions were stable after a
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long-term evaluation. Although the proton conductivity decreased due to
the probable deprotonation during immersion, the addition of GO and SGO
particles allowed to keep similar values to that found prior to immersion.
In this sense, the addition of SGO was more effective.

In parallel, nanofibrous structures based on polymeric materials were
proposed as components of polyelectrolyte membranes. Electrospinning
allowed obtaining functionalised nanofibrous mats with controlled size and
morphology. Nanofibrous crosslinked PVA/SSA/GO and SPVA/SSA/GO
based nanocomposite membranes were developed. The GO contributed to
strongly retain humidity, which significantly influenced the proton
conductivity of the nanofibres. As well, the developed nanofibres were
found to be electric insulators, essential for some polyelectrolyte
applications. As well, the crosslinked nanofibrous membranes were found
to be stable after an accelerated hydrothermal assay. In general, the
developed composite nanofibres can be considered as good candidates for
being exploited as valuable components for the preparation of ionic
polyelectrolyte membranes.

Subsequently, the functionalisation of PVA-based membranes with
polysaccharides, such as chitosan, was performed, due to the large number
of chemical sites for functionalisation and/or crosslinking. Functionalised
chitosan/poly(vinyl alcohol) CS/PVA-based membranes were successfully
obtained by means of the combination with sulfosuccinic acid (SSA) as
crosslinking and sulfonating agent, and glycerol (GL) to promote
flexibility to favour the manageability of the membranes. The combination
of solvent-casting and thermal-crosslinking permitted to obtain
homogeneous membranes with controlled morphology. In general terms,
all CS/PVVA membranes showed a synergetic increase of thermal stabilities,
absorption and diffusion of ethanol and proton conductivity, in contrast to
those of neat CS or crosslinked PVA. The ranges of thermal stability, the
electrical insulating behaviour, and the ethanol absorption capabilities,
were appropriate to be used in typical service conditions of fuel cells.

The results of this research line were reported in:

Contribution 4.1. Functionalised poly(vinyl alcohol)/graphene oxide
membranes for energy applications.

Contribution 4.2. Crosslinked sulfonated poly(vinyl alcohol)/ graphene
oxide electrospun nanofibres as polyelectrolytes.

Contribution 4.3. Crosslinked chitosan/poly(vinyl alcohol)-based
membranes for proton exchange polyelectrolytes.
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Contribution 4.1.

Functionalised poly(vinyl alcohol)/graphene
oxide membranes for energy applications

O. Gil-Castell, R. Teruel-Juanes, R. Cerver6, J. D. Badia, A. Ribes-Greus.
Functionalised poly(vinyl alcohol)/graphene oxide membranes for energy
applications. Short manuscript presented at the International Conference
on Materials and Energy (ICOME), San Sebastian, Spain (3 April — 4™
May 2018).
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Functionalised poly(vinyl alcohol)/graphene oxide
membranes for energy applications

0. Gil-Castell, R. Teruel-Juanes, R. Cervero, J. D. Badia, A. Ribes-Greus

Abstract

In this study, PVA composite membranes were developed as an alternative
to polymer electrolyte membranes for low temperature fuel cell
applications in direct ethanol fuel cells (DEFC) to avoid the crossover
phenomenon. The influence of the addition of graphene oxide (GO) and
sulfonated graphene oxide (SGO) as well as the crosslinking with
sulfosuccinic acid (SSA) to the PVA matrix was assessed in simulated
service conditions. GO and SGO contributed to reduce the ethanol
crossover and improved the stability after long-term immersion.

Keywords

Proton exchange membranes; Poly(vinyl alcohol); Direct methanol fuel
cells; Sulfonated graphene oxide; Graphene oxide; Stability; Proton
conductivity
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1. Introduction

Composite materials have received great attention as feasible alternative
with great potential for application as polymer electrolyte membranes in
direct ethanol fuel cells (DEFCs). The cross-linked poly(vinyl alcohol)
(PVA) with sulfosuccinic acid (SSA) is one of the best candidates for
polymer electrolyte fabrication due to its environmentally friendly
preparation, low price and non-toxicity and its barrier effect to ethanol
crossover. As well, PVA is frequently filled with organic or inorganic
particles to reduce the ethanol crossover. The addition of graphene oxide
(GO) and sulfonated graphene oxide (SGO) was assessed in terms of the
fuel uptake ability and ethanol crossover of these polyelectrolytes. The
macroscopic appearance, the thermo-oxidative stability, the thermal
properties and the proton conductivity were evaluated as a function of the
immersion time in simulated working conditions.

2. Materials and methods
2.1. Materials

Poly(vinyl alcohol) (PVA) (99% hydrolysed, My, = 130000 g-mol*) and
70% sulfosuccinic acid (SSA), was purchased from Sigma Aldrich;
absolute ethanol (C2HsOH) from Scharlau. Ultra-pure water was obtained
from an ultra-filtration/ion-exchange procedure. Graphene oxide (GO) and
sulfonated GO (SGO) were obtained by the modified Hummers method
[1], and functionalised [2].

2.2. Membrane preparation

The membranes were obtained by means of a solvent-casting procedure
and further crosslinked by compression moulding at 120 °C to achieve
dimensional control. For this purpose, a PVA solution was prepared
(15%wt) at 90 °C for 6 h. Then, 30%wtpva Of SSA was added and,
afterwards, sonicated GO and SGO solutions were incorporated to the
membranes to achieve concentrations, ranging from 0.25 to 1.00 %wtpya.

2.3. Fourier Transformed Infrared Spectroscopy (FTIR)

The chemical structure of membranes was evaluated by means of a Thermo
Nicolet 5700 in a attenuated total reflectance (ATR) setup. The IR spectra
was assessed between 4000 and 400 cm™ with a resolution of 4 cm™ along
64 accumulations.

2.4. Differential Scanning Calorimetry (DSC)

DSC was performed into a Mettler Toledo DSC 822¢ equipped with a
cooling system. Samples between 3 and 5 mg were placed into 40 pl
aluminium crucibles. Three consecutive heating-cooling-heating segments
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from 50 °C to 250 °C with a heating/cooling rate of 10 °C-min were
performed under inert N, atmosphere at a flow rate of 50 ml-min.

2.5. Thermogravimetry (TGA)

The samples, with a mass between 3 and 5 mg, were introduced into 70 pl
alumina capsules. The samples were then placed in the Mettler Toledo
TGA 851 analyser and subjected to a dynamic test, from 25 °C to 800 °C
with a heating rate of 10 °© C-min%. The tests were carried out under an O
atmosphere with at a flow rate of 50 ml-min-t.

2.6. Field Emission Scanning Electron Microscopy (FE-SEM)

The surface topology of the specimens was analysed by means of a Zeiss
Ultra 55 field emission scanning electron microscope (FE-SEM). The
samples were cut into small pieces and dried at 50 °C in a vacuum oven for
24 h and then kept in a desiccator during 48 h. Afterwards, the specimens
were mounted on metal studs and sputter-coated with a platinum layer
during 15 s using a Leica EM MEDOQ20 sputter coater. FE-SEM images
were taken at 22 °C with a 2 kV voltage.

2.7. Ethanol permeability

The ethanol permeability of the membranes was evaluated by means of a
glass diffusion cell with two reservoirs, each of 1 L capacity. Membranes
were sandwiched between the two modules that contained deionised water
and 2 M ethanol solution, respectively. Permeability was indirectly
measured from conductivity variation of both solutions. The signals were
processed with the LabView software as a function of time. Measurements
were carried out under magnetic stirring and thermostatically controlled at
40 °C.

2.8. Ethanol solution uptake

Membrane samples about 1x1 c¢cm? were immersed into 20 mL of 2 M
ethanol solution and placed in a Selecta Unitronic Bath at 40 °C. Water
absorption was monitored gravimetrically up to 120 h of immersion.

2.9. Hydrolytic stability

The hydrolytic stability of the membranes was studied after immersion for
several long-term stages. Accordingly, samples were removed after 7, 14,
28, 56 and 100 days, and dried under vacuum at 30 °C for 48 h. The ethanol
solution was replaced once a week in order to preserve it fresh. The changes
after immersion were characterised in terms of the variation of the macro
and microscopic appearance, the thermal properties (DSC) and the thermo-
oxidative stability (TGA). As well, the proton conductivity was measured
after 100 days of immersion.
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2.10. Proton conductivity

Proton conductivity (oprot) Was measured in an alpha mainframe frequency
analyser in conjunction with an active cell (Concept 40, Novocontrol
Technologies BmgH & Co.). The response was measured from 1072 to 107
Hz, at room temperature (25 °C). The sample electrode assembly (SEA)
consisted in two stainless steel electrodes filled with the polymer. The
diameters of the electrodes were 20 mm and the thickness was kept around
30 um. The membranes were fully hydrated with ultra-pure water for 24 h.
The aprot (S-cm?) of the membranes was calculated according to

l
Oprot = A_RO

where | is the thickness of the conducting membranes in cm, A the area of
the electrode in contact with the membrane in cm?, and Ry the protonic
resistance taken from the Bode plot at high frequencies in ohms (Q) [3].

3. Results and discussion
3.1. Physico-chemical characterisation

The obtained membranes were initially characterised in terms of the
chemical structure, thermo-oxidative stability, thermal properties and
proton conductivity. Regarding the chemical composition, GO, PVA,
PVA/SSA and PVA/SSA/GO(SGO) composites were assessed. FTIR
spectra are plotted in Figure 1.

Absarbance (%)

PYARSANG (075}

PYASSAGO (100}

—— ; - :
4000 3500 3000 25000 MK 150 1000 SUH}
Wavelength fem™y

Figure 1. FTIR spectra.

PVA membranes showed a broad band between 3400 and 3000 cm?,
associated to the hydroxyl group stretching (—OH) of intra and
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intermolecular interactions and retained water molecules. Moreover, the
peaks between 3000-2800 cm™ and 15001300 cm™ corresponded to the
stretching and bending of the —CH>— of the PVA backbone [4]. The
addition of SSA was perceived in the 1780 and 1710 cm™ bands associated
to the carboxyl (-COOH) and acetate groups and corroborated in the peak
at 1040 cmL, correlated with sulfonic groups (~SO3H) [5]. GO showed the
characteristic peaks at 3450, 1720, 1600, 1400 and 1100 cm, which can
be correlated to hydroxyl stretching (-OH), carboxyl stretching (C=0),
backbone of non-oxidised graphite and C=C bond, and bending of (O—H)
and (C-O) of hydroxyl groups, respectively [6]. However, due to the low
concentration of GO in the composites, the bands of these particles were
overlapped in the PVA/SSA/GO membranes. The absence of the GO peaks
can be associated to a satisfactory particle dispersion.
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Figure 2. Derivative thermo-gravimetric curve.

The study of the thermo-oxidative stability of the pure PVA membrane
revealed the typical two-step mass loss behaviour, as shown in Figure 2.
The first step, until 200 °C, involved the free water evaporation (~5%).
Then, the degradation of side groups from the main chain and the loss of
bound water was observed between 230 and 400 °C. This stage involved
the elimination of bound water and hydroxyl groups (—OH) that promote a
polyene structure, chain scission and cyclization reactions. Finally, above
400 °C, the degradation of the polymer backbone took place [5]. In the
PVAJ/SSA based crosslinked membranes, a multi-stage decomposition
behaviour was perceived. Free water was released between 50 and 100 °C,
followed by the release of bound water, and also water produced by further
esterification reactions between 100 and 230 °C. Then, the sulfonic group
(-SO3H) decomposition and ester bond scission was found between 230
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and 350 °C. Finally, above 400 °C, the decomposition of the PVA backbone
was observed [7]. If compared to pure PVA, this stage was more
pronounced for the PVA/SSA based membranes and moved towards higher
temperatures. Moreover, residual mass values increased from ~2 to ~15%.
These changes can be explained by the highly crosslinked structure of these
materials [5]. For PVA/SSA/GO and PVA/SSA/SGO composites, similar
TGA curves were perceived. The effect of the small amount of GO or SGO
particles (<1%) was irrelevant regarding the thermo-oxidative stability of
these materials.
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Figure 3. Calorimetric thermograms of the first heating scan.

The thermal properties were evaluated from calorimetric traces of the first
heating scan, as plotted in Figure 3. Pure PVA showed a wide endotherm
from 40 to 80 °C that involved the release of free water. Then, around 210
°C, amelting peak of the crystalline structure of PVA molecules was found.
However, for crosslinked PVA/SSA based membranes, a wide bimodal
endotherm from 40 to 180 °C was observed. These peaks can be correlated
to those observed in the prior TGA analysis. The first peak, around 90 °C,
is ascribed to the free water release. Accordingly, the peak around 160 °C
involved the release of bound water and water produced by esterification
reactions. The addition of GO and SGO particles, slightly moved these
events towards higher temperatures (1-2 °C). Given this behaviour, it seems
that thermal properties were unaltered by the addition of GO and SGO
particles. From the second heating scan, immediately after a controlled
cooling in the DSC equipment, it was found a glass transition for pure PVA
around 123 °C, that increased with crosslinking in PVA/SSA to 134 °C and
disappeared with the addition of GO and SGO. This phenomenon may
suggest an even more compacted and crosslinked structure of PVA, SSA
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and GO or SGO that prevented the PVA molecules from having the glass
transition [8].

Table 1. Proton conductivity.

Gprot PVA/SSA
(mS-cm?) 0.5861
PVA/SSA/GO PVA/SSA/SGO
0.25 0.4691 0.0715
0.50 0.1459 0.4406
0.75 0.0520 0.1146
1.00 0.0915 0.1347

The proton conductivity of the membranes was assessed at 25 °C, which
results are gathered in Table 1. The increase of the GO content reduced the
proton conductivity. GO particles seemed to have hindered the proton
transport pathways. However, when SGO was added, the proton
conductivity moderately decreased. The contribution of the sulfonic groups
grafted to the GO particles may have regulated the decrease of the proton
conductivity. Overall, the proton conductivity values were lower to that
reported in the literature. Although the proton conductivity measurements
were carried out after 24 h of immersion into water to guarantee proper
hydration, the low thickness of the studied membranes, around 30 um, may
have resulted in lower hydration degree and high desorption rate of swelled
humidity, which is crucial for proton transport through the membrane [9],
[10].
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Figure 4. Relative variation of the conductivity of the water reservoir for the 2 M and
4 M ethanol solution.
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3.2. Ethanol permeability

The ethanol permeability was evaluated from the relative conductivity
variation of the water reservoir as a function of time, as plotted in Figure
4 for a 2 M ethanol solution. As observed, the relative conductivity
remained constant. It slightly increased due to the ambient CO; diluted in
the reservoir along the experiment. Given these results, membranes seemed
to be impermeable to ethanol under the selected conditions, in comparison
to Nafion 117 membrane (dash line). Composite membranes behaved
similar to PVA/SSA.

3.3. Ethanol solution absorption

Membranes submitted to 2 M ethanol solutions at 40 °C swelled as a
function of the immersion time. The ethanol solution penetrated into the
membranes and the mass increased. The mass variation until saturation is
plotted in Figure 5. PVA/SSA membrane swelled up to 40% of ethanol
solution. As GO content increased, solution uptake decreased. GO may
have hindered the advance of penetrant along the membrane, which will
contribute to reduce ethanol crossover. Moreover, the functional groups of
GO may have interacted with PVA and SSA molecules, giving raise to a
more solid structure with less free volume available for the penetrant.
When SGO was incorporated to the membranes, this behaviour was
emphasised, and solution uptake decreased even more.
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Figure 5. Ethanol solution absorption profiles.
3.4. Hydrolytic stability

The characterisation of the stability of the membranes against the
immersion into 2 M ethanol solution, is closely related to the performance
of these materials for application as electrolytes in fuel cell applications.
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For this reason, membranes were evaluated after long-term stages of
immersion. The blackish original membranes turned into a clearer
appearance after 100 days of immersion. This change was more
perceivable for PVA/SSA membrane and those that contained SGO, as
shown in Table 2.

Table 2. Macroscopic appearance after 100 days of immersion.

GO PVA/SSA
Yowt Day 0 Day 100

. i

PVA/SSA/GO PVA/SSA/SGO
Day0 Day 100

0.25

0.50

0.75

1.00

However, the microscopic surface of the membranes seemed to remain
unaffected, as exposed in Figure 6.

Time PVA/SSA/GO
davs PVA/SSA 1.00
0
100

Figure 6. Microscopic appearance after 100 days of immersion (500x).

The thermo-oxidative stability analyses revealed that the peak associated
to the release of bound water and water molecules generated by the
esterification reaction lost importance and moved towards higher
temperatures along immersion in all cases. On the one hand, residual
esterification reactions may have been completed during immersion, which
contribution during the TGA analysis disappeared. On the other hand,
higher immersion time may have promoted better water-polymer
interaction that needed more temperature to be released. This observation
was also visible in the calorimetric results. Moreover, the thermo-oxidative
stability evaluation showed the considerable reduction of the desulfonation
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peak in the DTG curve. Unreacted SSA molecules may have leached from
the membrane to the surrounding media. This observation was perceivable
from the first stage of immersion. Finally, the peak that involved the
backbone decomposition of the PVA decreased as a function of the
immersion time. Highly swelled membranes after 100 days of immersion
may have left more free volume through which oxygen molecules diffused
and promoted lower thermo-oxidative stability. As an example of these
observations the thermo-gravimetric and its derivative curves, along with
calorimetric thermograms are shown in Figure 7 as a function of the
immersion time for the PVA/SSA/GO 0.75 membrane. The behaviour was
similar, regardless the presence of GO or SGO in the membranes.
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Figure 7. Calorimetric, TGA and DTG traces as a function of the immersion time.

Table 4. Proton conductivity after 100 days of immersion.

PVA/SSA
(mgf’g’;n 1) 0.0004
PVA/SSA/GO PVA/SSA/SGO
0.25 0.0032 0.0044
0.50 0.0410 0.0684
0.75 0.0388 0.0741
1.00 0.0131 0.0193
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The proton conductivity was assessed in the membranes after being
submitted to 100 days of immersion in 2 M ethanol solution and results are
gathered in Table 4. Conductivity decreased after immersion in all cases.
While this decrease was dramatic for PVA/SSA, membranes containing
0.50 and 0.75% of GO and SGO, showed similar conductivity than before
immersion. The crosslinking between PVA, SSA and GO particles may
have contributed to preserve the proton conductivity after immersion.

4, Conclusions

The combination of a solvent-casting and thermal crosslinking procedure
resulted in an effective mode to produce functionalised PVA/SSA/GO and
PVA/SSA/SGO composite membranes. Although the addition of GO and
SGO reduced proton conductivity, a reduction of the ethanol solution
swelling and crossover was found. This behaviour was more significant for
SGO functionalized membranes, which showed high barrier effect against
ethanol crossover. The membranes submitted to service conditions were
found to be stable after long-term evaluation. Although the proton
conductivity decreased due to the probable deprotonation during
immersion, the addition of GO and SGO particles permitted to retain
similar values to that found prior to immersion. In this sense, the addition
of SGO was more effective.
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Crosslinked sulfonated poly(vinyl alcohol)/graphene oxide
electrospun nanofibres as polyelectrolytes

O. Gil-Castell, D. Galindo-Alfaro, R. Teruel-Juanes, J.D. Badia, A.
Ribes-Greus

Abstract

Nanofibrous structures based on polymeric materials have been recently
proposed as components of polyelectrolyte membranes. Electrospinning
allows obtaining functionalised nanofibrous mats with controlled size and
morphology. Among other materials, the poly(vinyl alcohol) (PVA) has
raised as a feasible alternative with low cost and high capability of
functionalisation for polyelectrolyte development. In this sense, the
crosslinking of the PVA macromolecules with agents with specific ionic
groups such as the sulfosuccinic acid (SSA), the addition of functional
groups by means of grafting strategies such as the PVA sulfonation
(SPVA) and the combination with inorganic particles such as graphene
oxide (GO) may bring new possibilities in this field. In this study,
nanofibrous crosslinked PVA/SSA/GO and SPVA/SSA/GO based
nanocomposite membranes were developed, which were found to be highly
stable. The chemical composition was ascertained and the presence of the
sulfonic groups in the crosslinked structure was corroborated. The GO
contributed to strongly retain humidity, which significantly influenced the
proton conductivity of the nanofibres. As well, the developed nanofibres
were found to be electric insulators, essential for some polyelectrolyte
applications. As well, the crosslinked nanofibrous membranes were found
to be stable after an accelerated hydrothermal assay. In general, the
developed nanofibrous composite membranes can be considered as good
candidates for being exploited as valuable components for the preparation
of ionic polyelectrolyte membranes.

Keywords

Poly(vinyl alcohol) (PVVA), graphene oxide (GO), crosslinked, nanofibres,
proton conductivity
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1. Introduction

The development of nanofibrous structures based on polymeric materials
for their application as components of polyelectrolyte membranes is a topic
of interest in different fields of application [1].

Electrospinning is one of the main approaches to obtain functionalised
nanofibrous mats, including homopolymers, blends or composites [2]-[4].
Given the wide versatility of the electrospinning technique, allowing the
preparation of nanofibres of controlled size and morphology, the
possibility of development of functionalised polyelectrolytes has been
explored [5].

Many materials have been considered for the production of nanofibrous
polyelectrolytes such as the poly(vinyl alcohol) (PVA) [6]-[8],
polyvinylidenefluoride (PVDF) [9], polystyrene (PS) [10], polysulfone
(PSU) [11], sulfonated poly(ether sulfone) (SPES) [12], sulfonated
poly(ether ether ketone) (SPEEK) [13], poly(vinyl butyral) (PVB) [14] or
sulfonated polyimide (PI) [15]. Among them, the use of poly(vinyl alcohol)
(PVA) has been considered as an economically feasible alternative with
promising results in terms of cost, versatility, processability and capability
of functionalisation [16].

Regarding its application in the development of polyelectrolytes, PVA
requires functionalisation to induce specific ionic properties as proton
conductivity, for instance. As well, some other properties such as
mechanical, hydrolytic and chemical stability may be enhanced. In this
sense, the crosslinking strategy of the PVA macromolecules with agents
containing two or more reactive functional groups has been proposed [17],
[18]. The PVA chemical crosslinking may not only improve the stability,
but also regulate the water uptake ability, the selectivity or the ionic
transport capacity [19], [20]. PVA has been crosslinked with sulfusoccinic
acid (SSA) [17], [20]-[23], glutaraldehyde (GA) [24]-[27], poly(acrylic
acid) (PAA) [28], [29], polystyrene(sulfonic acid co-maleic acid) (PSSA-
MA) [30], [31], chitosan (CS) [32], [33] or glyoxal [34], among others [35],
[36]. Among the most interesting crosslinking agents, the sulfusoccinic
acid (SSA) presents carboxylic acid reactive groups in its molecular
structure that react with the hydroxyl groups of PVA. Moreover, the
presence of the sulfonic groups of the SSA molecules may provide
adequate ion conductivity of the PVA-based polyelectrolytes.
Complementarily, the sulfonation of the PVA may be also reached by
means of the grafting of sulfonic groups at the hydroxyl side group of the
polymer macromolecules [37], [38].

The modification of PVA can be also performed according to different
strategies, such as the copolymerization, the polymer grafting, or by means
of the combination with inorganic particles to form composite materials
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[35]. These multicomponent systems can present synergic properties that
optimise their performance [39], [40]. The charges or reinforcements
included in the polymer matrix can provide an improvement in the barrier
and selectivity effect to the diffusion of determined substances through the
membrane [41]. The incorporation of functionalised nanoparticles aims to
combine the advantages of inorganic materials, such as the thermal and
dimensional stability, and those of polymers, such as functionalisation
versatility to overcome the existing limitations with lower cost and high
functional performance [41].

The selection of inorganic materials as nanoparticles for proton conducting
polyelectrolytes must consider the specific surface and the compatibility
with the matrix. The most commonly used nanofillers in PVA-based
nanocomposite polyelectrolytes in bulk are metal oxides (SiO. [42]-[44],
TiO, [45]-[47], Al:O3, ZrO, and SnO; [35]), clays [48], [49], silicates [50],
metal phosphates [51], [52] and advanced materials such as carbon
nanotubes (CNT) [53] or graphene oxide (GO) [54], [55]. Graphene oxide
(GO) has recently received considerable interest because of its unique two-
dimensional structure with excellent dimensional, chemical, thermal and
mechanical stability, low permeability, low cost, surface functionality and
minimum thickness [54]. One of the keys of the GO is that it can be
produced from graphite using several oxidation routes in a relatively easy
way [56]. The GO structure consists of carbons connected to each other by
covalent bonds and interconnected to hydrogen and oxygen, to form a
structure stratified with epoxy, hydroxyl and carboxyl groups in the basal
plane and at the edge for providing a high specific surface area. The GO
oxygen polar groups make it strongly hydrophilic, which provides good
dispersion in water and improves interfacial adhesion between the GO and
hydrophilic polymer matrix such as PVA [45], [57], [58].

PV A-based composite nanofibres have been proposed as a good alternative
for the development of new nanofibrous polyelectrolytes with improved
functionality [59]. Specifically, some studies in the literature assessed
PVA/GO nanocomposite nanofibres obtained using the electrospinning
technique [8], [32], [45], [58], [60], [61]. In this study, the design of
nanofibres of poly(vinyl alcohol) (PVA) and sulfonated PVA (SPVA)
combined with graphene oxide (GO) nanoparticles and crosslinked with
sulfosuccinic acid (SSA) was performed. The obtained crosslinked
nanocomposite nanofibres were evaluated as potential candidates for the
development of polyelectrolyte membranes.

2. Materials and methods
2.1. Materials

Non-ionic surfactant Triton® X-100 and 1,3-propanesultone 97% were
purchased from Acros Organics; 70% sulfosuccinic acid (SSA) in water,
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95% dry sodium hydride (NaH), poly(vinyl alcohol) (PVA) (99%
hydrolysed, My 130000 g-mol*) and 99.5% sodium nitrate (NaNO3) from
Sigma Aldrich; 37% hydrochloric acid (HCI) from Panreac; absolute
ethanol (C2HsOH), extra pure potassium permanganate (KMnQ,), 95-98%
sulphuric acid (H2S0O4), and 30% hydrogen peroxide (H20>) from Scharlau.
Ultra-pure water was obtained from an ultra-filtration/ion-exchange
procedure.

2.2. Sulfonation of poly(vinyl alcohol)

The sulfonation of poly(vinyl alcohol) (PVA) was performed by the use of
1,3-propanesultone as a precursor for the introduction of sulfonic groups
into its structure. The sulfonation reaction was carried out in two stages,
the preparation of the sulfonated sodium salt and the protonation process
[62]. In the first step, 10 g of PVA were added to 250 mL of ethanol. Then,
4.8 g of sodium hydride (NaH) was added slowly to the PVA/ethanol
mixture under magnetic stirring. Next, 5 g of propane-sultone was added
after heating at 40 °C, adding dropwise to the mixture. This mixture was
allowed to react at 80 °C with magnetic stirring for 24 h. In the second
stage, a washing procedure during 12 h was performed with 100 mL of 0.5
M HCI in order to replace the Na* by H*. Thereafter, the reacted PVA was
filtered and washed with ethanol. Finally, the sulfonated PVA (SPVA) was
dried for 4 h in a vacuum oven at 50 °C.

2.3. Obtaining of graphene oxide

Graphene oxide (GO) was obtained by the modified Hummers method
[56]. 2 g of graphite powder and 1 g of NaNO3s were mixed in 46 mL of
concentrated H.SO4 under continuous stirring at 0 °C, for safety purposes.
After 5 min, 6 g of KMnO4 were carefully added to the suspension at 20
°C. The temperature of the slurry was kept at 35 °C for 30 min. The
obtained solution was diluted in 92 mL of distilled water under continuous
stirring for 1 h at 35 °C. Then, 280 mL of distilled water were slowly added
under stirring to the obtained paste, causing violent effervescence and
temperature raised to 98 °C. After 30 min, the solution was filtered and
treated with a 30% aqueous solution of H»O, to reduce the residual
permanganate and the MnO; to soluble manganese sulphate. This
suspension was filtered while the slurry was still hot to avoid precipitation
of the slightly soluble salt of methyl acid formed as a secondary reaction.
The resulting product was then washed with HCI and then with ethanol
until the pH reached the value 7. Finally, the GO powder was dispersed in
distilled water for 3 h by sonication, filtered and dried in a vacuum oven
for 12 h.
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2.4. Obtaining of nanofibres
2.4.1. Dissolution preparation

A main aqueous solution of 8%wt of PVA in 50 mL of deionized water
was prepared and left at 90 °C for 6 h, together with a reflux system and
temperature control. After that, a 0.25%wtpyva Of Triton® X-100 non-ionic
surfactant was added to reduce the surface tension of the solution [6], [63].
To achieve crosslinking and increase the proton conductivity of the
developed nanofibres, sulfosuccinic acid (SSA) as a crosslinking agent was
added in 30%wtpva [20], [35]. This solution was stirred for 24 h to achieve
good homogenization before adding the GO to the mixture.

Simultaneously, the GO solutions were prepared with a concentration of
0.25, 0.50, 0.75 and 1.00%wstpva in 10 mL of deionized water to achieve a
good dispersion. These GO solutions were sonicated for 30 min in an ATU
ATM40-2LCD ultrasonic bath. Subsequently, the GO solutions were
added to the PVA dissolution and stirred for 30 min. Taking into account
the addition of the 10 mL of the GO solution to the mixture of
PVA/Triton®/SSA, the concentration of the latter was adjusted to achieve
the desired final concentrations. The same process was repeated for the
case of sulfonated PVA (SPVA), with the same concentrations of Triton®,
SSA and GO defined for PVA.

2.4.2. Electrospinning

The electrospinning process was carried out by means of a Bioinicia
Fluidnatek LE-10 equipment. The solutions cited in the previous section
were taken and filled into a Becton Dickinson Plastic syringe (5 mL) with
a diameter of 11.99 mm. The distance from the tip of the needle to the flat
collector was set as 17 cm. Electrospinning was carried out with a variable
feeding rate between 300 and 800 pL-h* and a voltage ranging from 16 to
18 kV. The time of electrospinning varied as a function of the flow rate, in
order to obtain the same quantity of electrospun material in all the samples,
and varied between 2 and 3 h. A nanofibrous mat of 4x4 cm? surface with
a thickness of approximately 20 um was obtained. The equipment was
cleaned before and after each experiment, using hot deionized water as
solvent. Figure 1 summarises the designation of the nanofibres obtained in
the present study. Once obtained, they were protected in plastic bags and
stored into a desiccator at room temperature for subsequent steps.

2.4.3. Nanofibre crosslinking

PVA-based nanofibres obtained by electrospinning were subjected to a
crosslinking reaction with the molecules of the SSA, to prevent the
nanofibres from being diluted in contact to aqueous environments and
improve their thermal stability, as well as providing sulfonic functional
groups that improve the proton conductivity. The obtained nanofibres were
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placed between two sheets of Teflon® reinforced with glass fibre and, in
turn, placed between two metallic disks to ensure the crosslinking reaction
in a planar arrangement. The entire assembly was then introduced into a
Heraeus UT-6060 convection oven at 110 °C for 2 h. Finally, the
crosslinked nanofibres were stored in zip bags and placed into a desiccator
at room temperature.

2.5. Analytical assessment
2.5.1. Field-emission scanning electron microscopy (FE-SEM)

Field-emission scanning electron microscopy was performed by means of
a Zeiss Ultra 55 microscope. Nanofibres were mounted into sample holders
and sputter coated into a Mitec K950 Sputter Coater device under inert
atmosphere and vacuum conditions. Samples were platinum coated during
15 s. The micrographs were taken with a working distance of 7 mm and a
voltage of 2 kV at different degrees of magnification. The diameter of the
nanofibres was measured from the average of 100 measurements by means
of the Image J software.

2.5.2. Fourier-transformed infrared spectroscopy (FT-IR)

The infrared spectroscopy was performed into a Thermo Nicolet™ 5700
FT-IR spectrometer, equipped with a total attenuated reflectance (ATR)
module, specific for the measurement of solid samples. The IR spectrum
was taken between 4000 and 400 cm* and a resolution of 4 cm™* along 64
scans. Five assays were performed from different points in the same sample
and the mean spectra were taken as representative.

2.5.3. Thermogravimetry (TGA)

Thermogravimetric assays were performed by means of a Mettler Toledo
TGA 851 analyser. The samples (5-8 mg) were introduced into 70 pL
alumina capsules. Then, they were subjected to a dynamic test, based on a
heating segment of 25 °C to 800 °C with a heating rate of 10 °C-min. The
tests were carried out under an oxygen oxidative atmosphere with an O
feeding rate of 50 mL-min-t. Samples were studied in triplicate and the
averages were taken as representative values.

2.5.4. Differential scanning calorimetry (DSC)

Differential scanning calorimetry was performed into a Mettler Toledo
DSC 822¢ equipped with a cooling system and previously calibrated
following the In and Zn method. The samples (3-5 mg) were placed into
40 pL aluminium crucibles. The method of analysis consisted in different
consecutive heating/cooling/heating segments between 50 °C and 250 °C
with a heating/cooling rate of 10 °C-mint. The assays were carried out
under inert atmosphere at a flow rate of 50 mL-min* N,. Samples were
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studied in triplicate and the averages and deviation were taken as
representative values.

2.5.5. Dielectric Thermal Analysis (DETA)

Proton conductivity (oprot) Was measured in dielectric thermal analyser
(DETA) composed of an alpha mainframe frequency analyser in
conjunction with an active cell Concept 40, Novocontrol Technologies.
The response was measured from 1072 to 107 Hz, at room temperature (25
°C). The sample electrode assembly (SEA) consisted in two stainless steel
electrodes filled with the polymer. The diameters of the electrodes were 20
mm and the thickness was kept around 30 um. The membranes were fully
hydrated with ultra-pure water for 24 h. The aprot (S-cm™) was calculated
according to Equation 1.

l .
Tprot = 7 (Equation 1)

Where | is the thickness of the conducting nanofibrous membranes in cm,
A is the area of the electrode in contact with the sample in cm?, and Ry is
the protonic impedance taken from the Bode plot at high frequencies in
ohms (Q) [64].

The electrical conductivity (celec) Was measured at room temperature using
the same equipment. The electric conductivity (oelec) Was considered at low
frequencies, where the measured real part of the conductivity (¢”) reaches
a plateau that is strictly correlated to the DC conductivity (oo).

2.5.6. Immersion in simulated service conditions

The characterization of the stability of the nanofibres under simulated
service conditions was assessed by means of the immersion of the
nanofibres into ultra-pure water, which can be correlated to the
performance of these materials for application as polyelectrolytes in fuel
cells [65]. For this purpose, samples with a surface of 4x4 cm? were
introduced in test tubes filled with deionized water and placed in a Selecta
Unitronic Bath at 60 °C during 120 h. After reaching the proposed time
limit, they were removed from the test tubes, the surface water was
removed with the aid of a dry cloth, and dried under vacuum at a
temperature of 30 °C for 48 h. The changes after immersion were
characterised in terms of the variation of the nanofibre morphology by
means of field emission electron microscopy (FE-SEM).

3. Results and discussion

In this section, the effect of the presence of SSA, the crosslinking reaction,
the sulfonation of the PVA matrix and the addition of GO nanoparticles
was assessed, as summarised in Figure 1. The discussion is given in terms
of the surface morphology, the chemical composition, the thermal
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properties, the thermo-oxidative stability, the stability when submitted to
simulated service conditions and the proton conductivity of the electrospun
nanofibres.

Sulfonation
PVA 1 [ SPVA
(“rmslmkmo agent (SSA) ; J
PVA/SSA-NC { SPVA/SSA-NC
Crosslinking reaction
PVA/SSA [ SPVA/SSA

: : i Nanoparticles (GO) :

PVA/SSA/GO (0.25) { SPVA/SSA/GO (0.25)

PVA/SSA/GO (0.50) [ SPVA/SSA/GO (0.50)

PVA/SSA/GO (0.75) [ SPVA/SSA/GO (0.75)

PVA/SSA/GO (1.00) [ SPVA/SSA/GO (1.00)

"

Figure 1. Fibre composition and studied effects on the physico-chemical properties:
matrix sulfonation, addition of SSA, crosslinking reaction and addition of
nanoparticles. (NC stands for non-crosslinked)

3.1. Surface morphology

The surface morphology of the obtained PVA/SSA/GO and
SPVA/SSA/GO composite electrospun nanofibres was characterised by
means of field emission scanning electron microscopy (FE-SEM). The
obtained electronic micrographs along with fibre diameter histograms are
gathered in Figure 2. Smooth electrospun nanofibres without significant
defects were obtained in all cases.

The plain PVA nanofibres showed an average diameter around 350 nm.
However, for plain sulfonated PVA (SPVA), the average diameter was
found to be around 200 nm. The SPVA-based nanofibres showed, in
general, histograms displaced towards lower values in comparison to those
of PVA, which can be correlated to the higher conductivity of the SPVA
solution during electrospinning [62]. As occurred with SPVA, the addition
of the sulfonic groups of the SSA molecules also reduced the fibre
diameter. This effect was especially perceivable for the PVA/SSA non-
crosslinked nanofibres.

The crosslinking effect was assessed for the PVA/SSA and SPVA/SSA
nanofibres. A 10% reduction of the nanofibre diameter was perceived in
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both cases. After the crosslinking treatment, the average fibre diameter
decreased, which may suggest a more compact structure due to the intra
and inter-molecular chemical interactions between the PVA polymer
chains and the SSA crosslinking agent that reduced the free volume into
the fibres. As well, the feasible release of water molecules during the
crosslinking reaction at 110 °C may have contributed to the reduction of
the fibre diameter.

The addition of the GO nanoparticles slightly modified the nanofibre
diameter. The low content of GO below 1% was found to be too low to
significantly influence the diameter of the electrospun nanofibres, which is
relevant for the design of dimensionally stable polyelectrolytes.
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Figure 2. Surface morphology (10000><) and flbre diameter histograms of the
nanofibres of PVA and sulfonated PVA and their corresponding GO-based
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3.2. Chemical composition

The analysis of the chemical composition was assessed by Fourier
transformed infrared spectroscopy (FT-IR), which is considered as a useful
method for the study of the crosslinking in a polymeric structure, as well
as to evaluate the effect of the sulfonation of PVA and the addition of GO
to the electrospun nanofibres. The FT-IR spectra studied for all the
obtained compositions are plotted in Figure 3. As well, the spectra for the
GO, the PVA and the SPVA were included, so that the effect of each
component could be properly compared and evaluated.

- M
TVASSA SPVASSA

PVASSAGO (0.25) SPYASSAGO (0.25)

Absorbance (%)

PVASSAGO (1.30) SPVASSAGO (0.50)

PV ASSSAGO (0.73)

SPVASSAGO (0.75)

PVASSAGO (LOOY SPVA/SSAGO (1.00)

T — T T T — T T T T 7
4000 3500 3000 2500 2000 1500 1000 300 4000 3500 3000 2500 2000 1500 1000 300
Wavelegth (em™) Wavelegth (cm™)

Figure 3. Infrared absorbance spectra of the GO, nanofibres of PVA and sulfonated
PVA and their corresponding GO-based composites. (NC stands for non-crosslinked)

Both in PVA and SPVA based nanofibres, a wide absorption band between
3000 and 3400 cm! associated to the stretching of ~OH groups was shown,
belonging to different intra or intermolecular contributions inherent of the
structure of PVA. The peaks between 1660 and 1640 cm™ are correlated to
the —OH bending of the H.O molecules retained into the material, due to
its high hydrophilicity. The peaks between 2800 and 3000 cm™ and
between 1300 and 1500 cm™ corresponded to the stretching and
deformation vibrations of the —CH>— groups of the PVA molecule,
respectively [62]. The peak around 1080 cm™ can be associated to the
vibration stretching of the C—O bonds of the PVA [66]. For the SPVA, an
intense peak around 1040 cm associated with the presence of sulfonic
groups (SOsH) was observed, confirming the effective sulfonation strategy
for this material [17].
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When SSA was added to the nanofibres, an increase of the bands associated
with the carboxyl (-COOH) and acetate (—COO-) groups was observed
between 1780 and 1710 cm. Then, a widening of the band between 2500
and 3000 cm'! of the vibration of stretching the O—H bond of the carboxyl
groups was observed. As well, an increase in the peak intensity of 1040
cm® associated with the stretching of the sulfonic groups (SOsH) was
perceived [17], [67]. The crosslinking strategy resulted in the reduction in
the intensity of the stretch vibration signal of the —OH group, given its
reaction with the SSA molecules [62].

The GO spectrum is characterised by peaks at 3450, 1720, 1600, 1400 and
1100 cmt, assigned to the —OH group stretching vibrations, stretching
vibrations of C=0 groups, skeletal vibrations of non-oxidized graphite
domains and C=C bonds, and to deformation vibrations of the O-H and C—
O bonds, respectively [57], [68]. In the nanocomposite nanofibres of
PVA/SSA/GO and SPVA/SSA/GO, given the low percentage of GO, the
representative peaks of the nanoparticles were overlapped. This absence
may be correlated to a good dispersion of the GO into the PVA matrix.

3.3. Thermal properties

The thermal properties of the developed nanofibres were studied by means
of differential scanning calorimetry (DSC), which can bring valuable
information about the microstructure and morphology of polymer based
materials [69]. For this purpose, a first heating segment was carried out to
evaluate the thermal history of the material, then a cooling segment was
performed and finally another heating segment was carried out to
intrinsically evaluate the material. The thermograms obtained for all the
studied nanofibres are shown in Figure 4. The effect of the addition of
SSA, the crosslinking, the sulfonation of the PVA and the addition of GO
were studied.

In the first heating scan, pure PVA nanofibres showed an endothermic peak
between 50 and 100 °C associated to the evaporation of free water followed
by an endothermic peak at 229 °C due to the melting of crystalline domains.
In the cooling scan, a crystallization peak was shown with its maximum
located at 191 °C. Finally, in the second heating, once removed the water
content during the first scan, only a melting peak was observed with its
maximum at 220 °C. These results corroborated the typical semicrystalline
morphology of the pure PVA [23].

In contrast, sulfonated PVA (SPVA) nanofibres showed an endothermic
peak between 150 °C and 200 °C, which was associated with the release of
bound water. Given the absence of melting and crystallization peaks in the
subsequent heating and cooling segments, the sulfonated SPVA was
revealed as an amorphous material. The formation of hydrogen bonding
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between the PVA molecules and the sulfonic groups may have prevented
the crystallisation of this material [62].
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Figure 4. Calorimetric thermograms of the first heating (left), cooling (centre) and
second heating (right) scans of the nanofibres of PVA and sulfonated PVA and their
corresponding GO-based composites. (NC stands for non-crosslinked)

For all the studied nanofibres containing the crosslinking agent (SSA),
regardless the crosslinking reaction, the sulfonation of the PVA and the
addition of GO, two broad endothermic peaks were observed in the first
heating scan, the first between 60 °C and 110 °C and the second between
130 °C and 210 °C. The characteristic values of the peak temperatures are
shown in Table 1. According to literature, these endothermic peaks would
correspond to free water and bound water release processes, respectively,
both from the PVA matrix and from the SSA molecules. The free water is
simply retained physically inside the nanofibres, while the bound water is
chemically linked to the hydroxyl groups of the PVA and to the SSA
molecules by hydrogen bonding [21], [42]. Moreover, the water release
peaks may have overlapped a change in the baseline of the thermograms in
the range of 80 to 90 °C that could be associated with a glass transition of
the PVA/SSA based material, given the amorphous morphology reported
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for PVA with a concentration greater than 15% of SSA [21], [23], [42].
This phenomenon is correlated to the absence of melting and crystallisation
peaks in the subsequent cooling and heating scans.

The effect of the crosslinking was perceived as a decrease in the
temperature of water release, especially those related to the bound water.
The crosslinked material may have a more compact structure, with less
space available for the free water presence. In addition, once the PVA and
SSA molecules reacted and crosslinking reaction is completed, the
hydroxyl groups in the matrix as well as the carboxyl groups of the
crosslinking agent, available to interact with water molecules considerably
decreased, reducing the capacity of the material to interact with water
through hydrogen bonding [21], [42].

The presence of the GO nanoparticles in the nanofibres resulted in a slight
increase in the temperatures of the water release peaks. This observation
can be attributed to the huge amount of hydroxyl groups in the surface of
the GO nanoparticles able to strongly interact with the water molecules,
slightly increasing the release temperature of bound water. In this sense,
GO holds the water into the nanofibres.

Table 1. Calorimetric temperatures of the release of free (Tfree psc) and bound (Thound
psc) Water. Standard deviation between 1 and 2% omitted for the sake of clarity.

Water release

Ttree DSC Thound bsc
(°C) ()

PVA 70.72 -

PVA/SSA-NC 87.04 176.07
PV/SSA 70.80 162.77
PVA/SSA/GO 0.25 70.45 169.40
PVA/SSA/GO 0.50 69.93 171.05
PVA/SSA/GO 0.75 63.31 170.97
PVA/SSA/GO 1.00 62.84 170.36
SPVA 70.59 179.23
SPVA/SSA-NC 89.42 169.53
SPV/SSA 62.90 166.05
SPVA/SSA/GO 0.25 65.17 167.18
SPVA/SSA/GO 0.50 71.21 167.73
SPVA/SSA/GO 0.75 71.46 169.65
SPVA/SSA/GO 1.00 72.22 170.02

3.4. Thermo-oxidative stability

The thermo-oxidative stability was assessed by means of
thermogravimetric analysis (TGA), which may bring valuable information
about the effect of the composition and the crosslinking procedure in the
nanofibres. The thermogravimetric curves (TG) along with the first
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derivative thermogravimetric curve (DTG) obtained under oxidative
atmosphere for all the developed nanofibres are plotted in Figure 5. The
thermo-oxidative stability was characterised in terms of the mass loss from
the TG curves and the characteristic temperatures from the peaks of the
DTG curves for each stage. These results are gathered in Table 2.

Neat PVA nanofibres underwent two stages of mass loss in the assessed
temperature range. The first stage between 100 and 200 °C with a mass loss
around 33% comprised mainly the gradually loss of free and bounded
water, respectively. The second degradation process between 250 °C and
300 °C, was dominated by the cleavage reactions of the ~OH groups of the
PVA molecules and represented around 61% of mass loss [18].

The decomposition of the neat SPVA nanofibres resulted in a curve with
different stages. The first step, with a peak in the DTG curve at 178 °C is
associated with the loss of bounded water. Then, around 300 °C, the
decomposition of the —SOsH groups was found [21], [38]. Both stages
showed a mass loss around 25%.

In general, the TG curves for the nanofibres containing SSA showed a
thermo-oxidation behaviour in multiple stages. When non crosslinked, a
first stage with a mass loss of around 10% was observed from 50 to 100
°C, attributed to the loss of free water. In the second stage, between 100
and 230 °C, a mass loss of 20% took place, attributed to the bounded water
molecules. In this case, water molecules are assumed to be bonded to the
polymer chains in the hydroxyl groups (~OH) or to the sulfonic (—-SO3zH)
and carboxylic (-COOH) groups of the SSA molecules by hydrogen
bonding [42]. Overall, a mass loss of about 30% correlated to water was
found. Once crosslinked, the overall water release decreased to around
25%. The third region of mass loss from 230 to 350 °C was associated with
the desulfonation process, the degradation of hydroxyl groups and
breakage of crosslinking ester bonds [21]. Finally, from 350 °C onwards,
the degradation of the polymeric backbone of the PVA took place.
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Table 2. Temperatures of the release of free (Ttree Tca) and bound (Thound TGa) Water
and thermo-oxidative decomposition peak of the —OH (T+-or) and —SOsH (Ta-sosz)
groups along with the mass-loss associated with each stage. Standard deviation
between 1 and 2% omitted for the sake of clarity.

Water release Decomposition

Thound Mass- Tio Tus0s Mass-
TGA loss FoH LASSOSH - [oeg

¢C) (C) (%) (C) (¢C) (%)

Tree TGA

PVA 123.28 5.06 280.10 60.89
PVA/SSA-NC 56.49 172.01 3289 27113 313.12 60.85
PVA/SSA 5452 15858 2289 27141 320.16 51.29

PVA/SSA/GO 0.25 5454 15925 2388 27113 320.69 50.23
PVA/SSA/GO 0.50 56.36 17492 2630 268.21 320.89 51.80

PVA/SSA/GO 0.75 53.30 190.31  26.19 - 32040  57.59
PVA/SSA/GO 1.00 55.28 197.78  24.16 - 322.84 5581
SPVA - 17775 2470 - 300.44  25.34
SPVA/SSA-NC 65.62 17237 3461 - 31291  60.66
SPVA/SSA 51.31 16759 3021 - 31524  60.19
SPVA/SSA/IGO 0.25 56.28  162.87  27.66 - 320.37  60.12
SPVA/SSA/IGO 0.50 5469 16151  26.86 - 32046 61.11
SPVA/SSA/GO 0.75 5528 169.72 27.84 - 32145  59.20
SPVA/SSA/GO 1.00 5311 17115  26.50 - 320.19  60.44

Regarding the composite nanofibres containing GO, although the mass of
the water release stage remained almost constant, the bound water release
temperature increased as a function of the GO content. The functional
groups of the GO nanoparticles available to interact with water molecules
may have formed stronger hydrogen bonds. Moreover, the presence of the
GO nanoparticles may have increased tortuosity and have hindered the
release of water during the assay.

In general, if compared PVA and SPVA based nanofibres, those based on
SPVA revealed slightly higher mass loss during the desulfonation process
from 320 °C onwards (5-10% more), given the presumably greater amount
of sulfonic groups in these materials [70].

3.5. Dielectric properties

The protonic (opror) and electric (oelec) conductivity of the nanofibres were
assessed by means of a dielectric thermal analyser (DETA) composed of
an alpha mainframe frequency analyser in conjunction with an active cell
at 25 °C through a single sweep procedure in a wide frequency range from
102 to 107 Hz.

The electric conductivity (oelec) Was considered at low frequencies, where
the measured real part of the conductivity (¢") reaches a plateau that is
strictly correlated to the DC conductivity (go). The Figure 6 plots the
electric conductivity as a function of the frequency. The celec Was found in
the range between 107 and 108 S-cm! for all the developed nanofibres.
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Therefore, they can be considered as good insulators that prevent the flow
of electrons through them, which is especially relevant for some
polyelectrolyte applications, such as membranes in fuel cells [12].
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Figure 6. Electric conductivity (oelec) as a function of frequency of the nanofibres of
PV A and sulfonated PVA and their corresponding GO-based composites.

Regarding the protonic conductivity, there are two main proton conduction
pathways in the PVA/SSA and SPVA/SSA based membranes [17], [36].
On the one hand, the groups of protons may interact with others through
the jump mechanism (Grotthus) due to the sulfonic groups both from the
SSA crosslinking agent and from the sulfonation procedure of PVA. On
the other hand, they can use the vehicle mechanism through the hydroxyl
and carboxyl groups of the structure of PVA, SSA and GO, which may
interact with water molecules, boosting the proton conductivity. Thus, the
proton conductivity strongly depends on the degree of hydration of the
material. For this reason, the nanofibres were measured after being
subjected to a hydration process through immersion for 24 h into distilled
water. Afterwards, the effect of the incorporation of sulfonic groups on the
sulfonation of the PVA, the addition of SSA, as well as the incorporation
of GO with respect to the protonic conductivity was studied. Figure 7
represents the Bode diagram, showing the real part of the impedance and
the phase angle as a function of the frequency at the selected temperature
of 25 °C. It was observed that the real impedance reached a constant value
and the phase angle reached a maximum close to zero for high frequencies.
The protonic conductivity (oprot) values, as calculated by means of
Equation 1, are shown in Table 3.

The proton conductivity of the PVA/SSA/GO nanofibres increased as a
function of the GO content, from values of 0.250 mS-cm™ to 0.436 mS-cm-
L for the nanofibres containing 1.00% of GO. In contrast, for
SPVA/SSA/GO nanofibres, slightly dissimilar results were observed. In

226



Polyelectrolyte membranes for fuel cells

this case, the proton conductivity was reduced by the presence of 0.25% of
GO from 0.333 to 0.187 mS-cmL. Then, it increased from 0.187 to 0.428
mS-cm for 0.75% of GO. Finally, for 1.00% of GO it decreased again.
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Figure 7. Bode diagrams for the PVA/SSA (left) and SPVA/SSA (right) based
composite nanofibres.

Table 3. Proton conductivity (oprot) Of the nanofibres of PVA and sulfonated PVA and
their corresponding GO-based composites.

Gprot

(mS-cm?)
PV/SSA 0.250+0.013
PVA/SSA/GO 0.25 0.268+0.021
PVA/SSA/GO 0.50 0.375+0.026
PVA/SSA/GO 0.75 0.385+0.019
PVA/SSA/GO 1.00 0.436+0.017
SPV/SSA 0.333+0.027
SPVA/SSA/GO 0.25 0.187+0.019
SPVA/SSA/GO 0.50 0.226+0.014
SPVA/SSA/GO 0.75 0.428+0.021
SPVA/SSA/GO 1.00 0.111+0.058

Regarding the designing strategy, the PVA/SSA based crosslinked
nanofibres combined with GO allowed to better control the proton
conductivity, in comparison to the use of SPVA/SSA based composite
nanofibres. In general, it can be considered that, given the small thickness
of the nanofibrous membranes, they showed relatively high proton
conductivity values [10], [35], [71].

3.6. Hydrothermal stability

The evaluation of the long-term behaviour when exposed to service
conditions is essential for the corroboration of the suitability a polymeric
material for a given application [72]-[75]. Polyelectrolytes require being
stable when subjected to service conditions. Most of them are used under
aqueous or humid environments and should retain its nanofibrous
morphology during application [65]. For this reason, the hydrothermal
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stability of the nanofibres was evaluated through the immersion in distilled
water at 60 °C for 120 h, as a comparative accelerated procedure. The
stability was assessed in terms of the change of the nanoscaled surface
morphology and the average diameter of the nanofibres. The surface
micrographs, along with the histograms of diameter of nanofibres are
shown in Figure 8. Likewise, the average diameter of the nanofibres prior
to and after immersion are gathered in Table 4.

Both PVA and SPVA based non crosslinked nanofibres completely lost the
nanofibrous morphology after immersion. Fibres swelled until
coalescence, which is completely undesirable for application as
polyelectrolyte membranes.

The crosslinked nanofibres retained their fibrous morphology after the
hydrothermal treatment in all cases. A general increase in the average fibre
diameter was observed, caused by swelling due to the water absorption.
The largest increase in diameter was perceived for the PVA/SSA and
SPVA/SSA nanofibres. The presence of GO in the nanofibres resulted into
a more compact structure, with less swelling capacity. In addition, the
added GO, could have established hydrogen bonds with the PVA
molecules, as well as with the remnant water molecules prior to immersion.
This would result in a lower amount of hydrophilic groups available for the
incorporation of water into the structure [65]. It can be stated, therefore,
that the crosslinked nanofibres have a good hydrothermal stability when
submitted to simulated service life conditions
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Figure 8. Surface morphology and fibre diameter histograms of the nanofibres of
PV A and sulfonated PVA and the GO-based composites prior to and after immersion
at 60 °C for 120 h. (C stands for crosslinked and NC for non-crosslinked)
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Table 4. Average diameter of the nanofibres of PVA and sulfonated PVA and their
corresponding GO-based composites prior to and after immersion at 60 °C for 120 h.
(NC stands for non-crosslinked)

Average fibre diameter (nm) Variation
Initial Final (%)

PVA 354 £ 120 X X

PVA/SSA-NC 207 £ 60 X X

PV/SSA 198 + 59 347 £ 69 +75.25
PVA/SSA/GO 0.25 229+ 78 274 +53 +19.65
PVA/SSA/GO 0.50 241+ 74 275 + 60 +14.10
PVA/SSA/GO 0.75 249 £ 66 288 + 58 +15.66
PVA/SSA/GO 1.00 238+ 85 255 + 86 +7.14
SPVA 200 +66 X X

SPVA/SSA-NC 189 + 48 X X

SPV/SSA 182 + 33 233 + 88 +28.02
SPVA/SSA/GO 0.25 186 + 64 220 + 49 +18.27
SPVAJ/SSA/GO 0.50 212+ 42 219455 +3.30
SPVAJ/SSA/GO 0.75 201 +50 217+ 61 +7.96
SPVAJ/SSA/GO 1.00 183 + 58 199 + 52 +8.74

4, Conclusions

Nanofibrous  crosslinked PVAJ/SSA/GO and  SPVA/SSA/GO
nanocomposite membranes were developed by means electrospinning and
processing conditions were accordingly optimised.

The combination of PVA and SPVA with SSA as crosslinking agent and
subsequent crosslinking reaction resulted in highly stable composite
nanofibrous membranes. The chemical composition was ascertained and
the presence of the sulfonic groups in the crosslinked structure was
corroborated.

The evaluation of the thermal and thermo-oxidative behaviour revealed the
effect of the GO nanoparticles, which shown a good interaction within the
PVA/SSA and SPVA/SSA matrices. As well, the GO contributed to
strongly retain humidity, essential for some polyelectrolyte membrane
applications.

With regards to the dielectric properties, the developed nanofibres were
found to be electric insulators and proton conductors, which is specially
relevant for some polyelectrolyte applications. The PVA/SSA based
crosslinked nanofibres combined with GO allowed to better control the
proton conductivity, in comparison to that of SPVA/SSA based composite
nanofibres.

Finally, the crosslinked nanofibrous membranes were found to be stable
after an accelerated hydrothermal assay. Although fibre diameter increased
after immersion, the presence of GO contributed to higher diameter
stability.
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In general, the developed nanofibrous composite membranes are good
candidates for being exploited as polyelectrolyte membranes. They could
be considered as valuable components for the preparation of ionic
polyelectrolyte membranes used in proton exchange fuel cells.
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Crosslinked chitosan/poly(vinyl alcohol)-based membranes
for proton exchange polyelectrolytes

O. Gil-Castell, R. Teruel-Juanes, F. Arenga, A. M-Salaberria, M. G.
Baschetti, J. Labidi, J. D. Badia, A. Ribes-Greus

Abstract

The preparation of cost-effective and eco-friendly membranes based in
crosslinked poly(vinyl alcohol) (PVA) and chitosan (CS) was considered
as a feasible alternative to develop highly functionalised polyelectrolyte
membranes that would improve the massive application of the proton
exchange fuel cell technologies. CS/PVA-based membranes were
combined with sulfosuccinic acid (SSA) as crosslinking and sulfonating
agent, and glycerol (GL) to promote flexibility to favour the manageability
of the membranes. The chemical stability, thermo-oxidative behaviour,
ethanol solution absorption profiles, electric and proton conductivity and
performance on direct ethanol fuel cells (DEFC) were assessed. In general
terms, all CS/PVA membranes showed a synergetic increase of thermal
stabilities, absorption and diffusion of ethanol and proton conductivity,
with appropriate performance to be used in typical service conditions of
fuel cells. The incorporation of GL in the CS/PVA membranes reacted with
SSA, reducing the ethanol absorption, diffusion coefficient and proton
conductivity, but in turn acted as a plasticiser that increased the ductile
manageability of membranes to be mounted on the membrane-electrode
assemblies (MEAS). The crosslinked membrane 40CS/PVA/20GL, which
contained a 40 %wt.. of CS referred to PVA, and a 20 %wt.. of GL referred
to CS, showed the best behaviour in the DEFC test, with a value of Prax of
746.79 mW. The higher the presence of chitosan and the higher the
proportion of glycerol was in the membrane, the closer to the behaviour of
Nafion® 117 was that of the CS/PVA membranes in the DEFC, showing
similar profiles at low intensities.

Keywords

Polyelectrolyte, DEFC, proton exchange membrane, poly(vinyl alcohol)
(PVA), chitosan, sulfosuccinic acid (SSA)
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1. Introduction

A proton exchange fuel cell (PEFC) is a device that converts the chemical
energy of hydrogen into electricity through an electrochemical reaction,
producing water and heat as by-products, and can be considered as
promising power generation system [1]. Although fuel cell technology has
substantially matured over the past decades, technological barriers, such as
the hydrogen storage and transport infrastructure, lifetime and fuel cell
component costs, still delay their commercialisation in many applications.
Among the most investigated polyelectrolytes, solid polymer-based
membranes offer advantages such as high efficiency and high energy
density. Furthermore, the applicability of bio-fuels as methanol or ethanol
has been considered in direct alcohol fuel cells (DAFCs). In this sense, the
most important component of a DAFC is the polymer electrolyte
membrane (PEM) [2]. Nafion®, as the most common and commercially
available PEM for DAFCs, possess ideal properties for being used with
hydrogen, such as high proton conductivity and good chemical,
mechanical, and thermal stability. Despite their favourable features, these
membranes have several intrinsic disadvantages, e.g. high cost, and
shortcomings when used with alternative fuels such as fuel permeability,
or instability and dehydration at temperatures above 80 °C [3]. Therefore,
there is a need to develop less expensive new materials in order to improve
fuel-cell performance.

In recent years, there has been extensive research on the development of
high performance, cost-effective and eco-friendly polymer electrolytes.
Among the novel proposed materials for polyelectrolyte development, the
biomass-derived resources have received increasing attention due to due to
their renewable origin, suitable properties, high availability and low cost
[4]. In this context, polysaccharides can be considered as candidates, due
to their abundance in the environment. Particularly, chitosan (CS), as a
polysaccharide bioresource, is one of the promising polyelectrolyte
membrane materials [5]. It is the N-deacetylated derivative of chitin (CH),
which is a naturally abundant polysaccharide, easily obtained from crabs
or shrimp shells and fungal mycelia.

Chitosan (CS) is inert, hydrophilic and insoluble in water, alkali and
organic solvents. Its solubility in diluted organic acids allows for the gel
formation in various configurations [6]. Free amine and hydroxyl
functional groups on the chitosan backbone enable various chemical
modifications to tailor it for specific applications [7]. CS is a potentially
useful membrane material for PEMs due to its non-permeability to alcohol
[8]. However, in its native state, CS films exhibit very low proton
conductivities and high degrees of swelling [9]. Although high swelling
levels in the membranes are a prerequisite for reaching high proton
conductivities, they are also usually related to a decrease of the membrane
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performance in terms of alcohol permeability, dimensional and thermal
stability. To solve the low conductivity and high swelling problems, CS
was usually either ionically crosslinked [10], blended with other polymers
[5], or reinforced [11]. Different chitosan-based PEMSs, blended with
poly(acrylic acid), poly(ether sulfone) and poly(vinyl alcohol), for
instance, have been studied and have showed promising properties for their
application in the field of PEMFCs [12]-[15].

CS-based blended membranes are a feasible alternative to improve the
shortcomings of this renewable material [16]. In the literature, various
chitosan-based polymer blend membranes were prepared. Good results
were obtained by blending chitosan with poly(vinyl alcohol) (PVVA), which
are miscible and compatible for blending [17]. Actually, they strongly
interact through hydrogen bonding between their hydroxyl groups, which
results in high compatibility [18].

Poly(vinyl alcohol) (PVA) is a synthetic water soluble non-toxic polymer
with a carbon backbone attached to hydroxyl groups with good mechanical
strength and high chemical and thermal stability [18]. The physical
characteristics and its specific properties are closely related to the molar
mass and the degree of hydrolysis [19]. PVA membranes have been
extensively used as alcohol dehydrating agents due to its high
water/alcohol selectivity. Taking advantage of this high affinity, PVA is an
attractive material for PEM preparation [20], [21]. However, due to the
absence of negatively charged ions, it is a poor proton conductor when
compared to the commercially available Nafion® membrane [22]. Hence,
PVA requires functionalisation in order to promote the required features
for being used as PEM. The crosslinking with functionalised molecules has
been reported as a feasible mode to obtain three-dimensional networks with
improved properties in terms of dimensional stability, thermal and
mechanical properties, proton conductivity and ethanol permeability [23].
Interesting results have been obtained using sulfosuccinic acid (SSA) as a
crosslinking agent through which a negative charged ion group is
introduced in the PVA structure [15].

In order to explore the synergetic improvement of performance of chitosan
and poly(vinyl alcohol), the preparation of cost-effective and eco-friendly
membranes based in crosslinked CS/PVA membranes was considered in
this study as a feasible alternative to develop highly functionalised
polyelectrolytes for direct ethanol fuel cells (DEFC). In this sense,
CS/PVA-based membranes were combined with sulfosuccinic acid (SSA)
as crosslinking and sulfonating agent, and glycerol (GL) to promote
plasticity to handle the membranes. The combination of the assessment of
their chemical stability, thermo-oxidative behaviour, ethanol absorption
profiles, electric and proton conductivity and performance on direct
ethanol fuel cells (DEFC) was proposed as validation methodology.
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2. Materials and methods
2.1. Materials

Chitosan (CS) with an average molar mass in number (My) in the range
from 50000 to 190000 g-mol, poly(vinyl alcohol) (PVA) with M, 130000
g-mol* and degree of hydrolysis min. 99%, and glacial acetic acid (AcOH)
99.8% anhydrous were all purchased from Sigma-Aldrich. To crosslink
CS/PVA membranes, sulfosuccinic acid (SSA) (70 %wt. solution in water)
was also purchased from Sigma-Aldrich.

2.2. Membrane preparation

Blended chitosan/poly(vinyl alcohol) (CS/PVA)-based membranes were
prepared by means of a joint solvent-casting/crosslinking procedure. For
this purpose, a 8 %wt. PVA solution was prepared in deionised water and
left into a reflux system at 90 °C for 6 h under magnetic stirring. The
concentration of the CS solution was fixed at 2 %wt. in diluted acetic acid
and was left to dissolve under magnetic stirring at room temperature for 6
h.

The PVAJ/CS blends were obtained by mixing and homogenising the CS
and PVA solutions at 65 °C under magnetic stirring for 16 h in the above
cited reflux system. The weight ratio of both components was varied in the
range 100:0, 60:40, 50:50, 40:60, 20:80 and 0:100 of CS:PVA.

In order to improve the plasticity of the membranes glycerol (GL) was
added to the CS/PVA blends in 10 and 20 %wt. in relation to CS. To
achieve crosslinking and, at the same time, functionalisation of the
developed membranes by addition of sulfonic groups, sulfosuccinic acid
(SSA) was added to the mixture in a 30 %wt. in relation to PVA and
homogenized under magnetic stirring for 30 min [24].

The membranes were identified as xCS/PVA/YGL, where x is referred to
the total CS weight percentage (CS to PVA) and y to the weight percentage
of glycerol in relation to CS. The experimental composition and the
nomenclature used for each membrane are shown in Table 1.

The membranes were prepared by solution casting and solvent evaporation
[18], [25]-[27]- The homogeneous solutions were poured into Teflon®
moulds and the cast membranes were allowed to dry at room temperature
for 48 h. Then, the dried membranes were peeled off the Teflon® plates
and crosslinked by thermo-compression into a made-to-order hydraulic hot
plates press at 110 °C for 2 h. For this, the membranes were introduced into
a Teflon® mould of 50 pum thickness and, in turn, between sheets of
Teflon® reinforced with fiberglass. Once the crosslinking time had
elapsed, the mould assembly was allowed to cool to room temperature.

244



Polyelectrolyte membranes for fuel cells

Finally, the membranes were kept into zip plastic bags and stored into a
desiccator at room temperature for the subsequent characterisation steps.

Table 1. Nomenclature and experimental composition of CS/PVA-based films.

CS:PVA CS PVA SSA GL
b IBTLEIEE weight ratio (Yowt) (% wt) (% wtpva) (Yowt.cs)
CS 100:0 100 - - -
60CS/PVA 60:40 53.57 35.71 10.71 -
50CS/PVA 50:50 43.48 43.48 13.04 -
40CS/PVA 40:60 3390 50.85 15.25 -
20CS/PVA 20:80 16.13 64.52 19.35 -
PVA 0:100 - 76.92 23.08 -
60CS/PVA/10GL 60:40 50.85  33.90 10.17 5.08
50CS/PVA/10GL 50:50 41.67 41.67 12.50 4.16
40CS/PVA/10GL 40:60 3280  49.18 14.75 3.27
20CS/PVA/10GL 20:80 15.88 63.49 19.05 1.58
PVA/10GL 0:100 - 71.43 21.43 7.14
60CS/PVA/20GL 60:40 50.00  33.33 10.00 6.67
50CS/PVA/20GL 50:50 40.00 40.00 12.00 8.00
40CS/PVA/20GL 40:60 30.77  46.15 13.84 9.23
20CS/PVA/20GL 20:80 14.29 57.14 17.14 11.43
PVA/20GL 0:100 - 66.67 20.00 13.33

2.3. Membrane characterisation
2.3.1. Fourier transform infrared spectroscopy (FT-IR)

The Fourier transform infrared spectroscopy (FTIR) analysis was
performed using a Thermo Nicolet 5700 FT-IR spectrometer. The FTIR
spectra were collected in the range of 4000-400 cm™ using the Attenuated
Total Reflectance (ATR) mode at a resolution of 4 cm. In order to obtain
accurate results, 64 scans were performed at three different locations of the
sample and the average was calculated. Backgrounds spectra were
collected before each series of experiments in order to eliminate any
interference from the environment.

2.3.2. Thermogravimetric analysis (TGA)

The thermogravimetric analysis (TGA) was performed using a Mettler
Toledo TGA/STDA 851 analyser. The samples, with a mass between 3 and
5 mg, were filled into 70 pL alumina capsules. Then, they were placed on
the equipment, previously calibrated. Samples were analysed under a
dynamic segment with a heating rate of 10 °C-min! from 30 to 700 °C and
oxidative atmosphere of oxygen at 50 mL-min. The samples were
assessed in triplicate and the averages of results were taken as
representative values.
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2.3.3. Ethanol solution uptake

The absorption of ethanol solution was evaluated by performing swelling
tests on the membranes. Samples were cut into rectangular specimens and
dried at 30 °C in a vacuum oven Heraeus Vacutherm for 12 h before
analysis, in order to ensure the elimination of humidity. Then, the samples
were immersed into tests tubes containing a 2 M ethanol solution and
subjected to 40 °C. The sorption measurements consisted in removing the
sample from the solution, blotting the surface free of surface liquid, quickly
weighing the sample on a Mettler Toledo model XS105 balance with a
precision of 0.01 mg, and then re-immersing the film into the liquid. This
process was repeated many times over a short time interval between 30 min
and 2 h, then the time interval was extended to 4, 8, 12, 24 h until no further
gain weight was observed and equilibrium wet mass (Meq) was reached.
The variation of the sample mass due to the solution absorbed along the
absorption process (M) was calculated according to Equation 1.

M, = % x 100 (Equation 1)
0
where m; is the mass measured during ethanol solution absorption and mg
is the mass at the beginning.

The solution to Fick's law for diffusion is different depending on the
geometric structure of the material under study [28]. For a plane sheet
geometry, as that of the obtained membranes, if the mass uptake at time t
is used as M and the water uptake at the equilibrium as Megq, the Fick’s law
can be simplified using Stefan’s approximation (Equation 2). This
estimation is used for describing the earlier stages of water uptake, usually
for M¢Ms < 0.5.

M, 8 (Dt)l/ 2

Meq T2\

(Equation 2)

where D is the diffusion coefficient, | is the thickness of the sample and t
the time of absorption. If the semi-saturation time (t12) is considered when

Me 0.5, the Equation 2 could be expressed as Equation 3.

Megq
L? .
ti = 2% ' (3) (Equation 3)
Which in turn, finally results in Equation 4 for the calculation of D.
2
D ~0.01224 - (Equation 4)
ti/2

2.3.3. Dielectric-thermal impedance spectrometry (DETA)

The impedance measurements were performed using the equipment
Novocontrol Broadband Dielectric Impedance Spectrometer (BDIS)
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connected with a Novocontrol Alpha-A Frequency Response Analyser. A
BDS-1200 Novocontrol parallel-plated capacitor with two plated
electrodes system was used as dielectric cell test. The membrane
thicknesses were evaluated using a micrometre Mitutoyo Comparator
Stand 215-611 BS-10M taking the average of 6 measurements in different
positions of the sample. Next, the analyses consisted in a single sweep at
room temperature (25+1 °C) in a frequency range from 10 to 107 Hz.

The proton conductivity of the membranes was calculated according to the
Equation 5.

Oprot = ﬁ (Equation 5)

where [ is the thickness of the membranes in cm, A the area of the electrode
in contact with the membrane in cm?, and Ry the protonic resistance in
ohms (Q). The value of Ro is taken from the Bode plot in the high
frequencies range, in which the value of log |Z| tends to a non-frequency
dependent asymptotic value and the phase angle reaches its maximum
value [29].

The electric conductivity (celec) Was measured at low frequencies, where
the measured real part of the conductivity (¢') reaches a plateau, that is
correlated to the DC conductivity (oo).

2.3.5. Direct ethanol fuel cell (DEFC) test

The direct ethanol fuel cell (DEFC) performance tests of the membranes
were conducted with a single cell F-107 from H-TEHC with diffusing
layers. The membranes were previously equilibrated with a 2 M ethanol
solution during 24 h to ensure their fully hydrated state, and were
sandwiched between two electrode catalysts sheets of platinum (Pt). The
active area of the single cell was approximately 4x4cm?. The gas flow rates
of the 2 M ethanol solution as fuel and oxidant humid air stream were kept
constant at 0.250 L-min and 1.6 L-min™, respectively.

3. Results and discussion

3.1. Macroscopic appearance

The macroscopic appearance of the developed CS/PVA crosslinked
membranes is shown in Table 2. In general, a flat morphology and a
uniform surface with a thickness between 35 and 55 pum was achieved. All
membranes, initially transparent, experienced a change of colour after
crosslinking. This change was more pronounced for membranes with high
content of PVA, which confirms that the change of the colour is due to the
crosslinking reaction with the SSA molecules. During manipulation, the
neat CS/PVA crosslinked membranes were rigid, whilst those containing
glycerol seemed much more flexible and handily.
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Table 2. Macroscopic appearance of the CS/PVA-based crosslinked membranes.

Glycerol CS:PVA weight ratio
(% wt.cs) 100:0 60:40 50:50 40:60 20:80 0:100

- @
. @
P

10 X

3.2. Structural characterisation

The structural characterisation of the membranes was assessed by Fourier
transform infrared spectroscopy (FTIR), in order to assess the blending, the
crosslinking reaction of CS/PVA with the SSA molecules and the effect of
the addition of glycerol. The obtained FTIR spectra of all prepared
CS/PVA-based membranes are plotted in Figure 1 in comparison to those
of neat CS and neat PVA.
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Figure 1. FTIR spectra of the crosslinked CS/PVA-based films.

In general, the FTIR spectra of the membranes showed a broad absorption
band around 3200-3300 cm* due to the —OH stretching vibration in the
PVA polymer and the —-NH stretching vibration in the CS polymer [26].
The characteristic absorption bands for the methylene groups (—-CHz-) of
PVA and CS matrix appeared at 2950 cm™ and 2900 cm™ and were
assigned to the asymmetric and symmetric C—H stretching vibration,
respectively [30]. Confirming the crosslinking reaction, all membranes
showed an absorption band between 1710 cm?® and 1730 cm?
corresponding to the C=0 stretching vibration of the ester groups of SSA.
The vibrations at 1550 and 1470 cm™ were assigned to the stretching of
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primary and secondary amides, respectively of the CS polymer [31].
Additionally, two bands appeared at 1120 cm* and 1240 cm attributed to
the stretching vibration of C—O—C bonds formed during the crosslinking
reaction between PVA and SSA. Finally, the peaks at 1100-1030 cm™?
were associated with the symmetric stretching vibration of the —SOzH
group introduced by the SSA [32].

When glycerol was added to the membranes, there was a widening and
lowering of the band between 3000 and 3500 cm™ associated with the
vibrations of the hydroxyl group (—OH), which pointed out the interaction
of the —OH groups with the active sites of CS/PVA. Moreover, for the films
containing 20 %wt.cs of glycerol an increase in the peak of the vibrations
of the ester group of the SSA and of the peak between 1100 and 1240 linked
to the C—O—C bond formed by crosslinking was perceived.

3.3. Thermo-oxidative stability

The thermo-oxidative degradation processes of the CS/PVA membranes
were investigated using thermogravimetric analysis (TGA) under oxidative
atmosphere. Figure 2 shows the obtained thermogravimetric (TG) and the
first-order derivative (DTG) curves.

According to the results, the neat CS film exhibited two main stages of
decomposition, identified in the derivative curve with two peaks at 104 °C
and 280 °C, attributed to the loss of humidity and to the degradation of the
chitosan polymer backbone, respectively [33], [34].

The PVA, which is crosslinked with SSA, showed a multiple stage thermo-
oxidation behaviour. In the first stage, between 50 and 250 °C, a mass loss
of 10% took place, which was attributed to the loss of free and bounded
water. The second region of mass-loss corresponded to a thermo-oxidative
decomposition process in the region of 250 to 380 °C, associated with the
desulfonation process, the degradation of hydroxyl groups and cleavage of
crosslinking bonds [35]. Finally, a degradation of the polymeric skeleton
of PVA took place at 380-600 °C.

When the glycerol was added to the crosslinked PVA, i.e. PVA/10GL and
PVA/20GL, the stage associated to the humidity release considerably
diminished, due to the strong interaction of the hydrophilic sites of PVA
and SSA with those of glycerol by hydrogen bonding. Finally, a
characteristic peak decomposition of the glycerol backbone between 200
and 300 °C was found [36].

For the polymer blend films, the combination of the CS and PVA
decomposition stages were observed. Accordingly, four main
decomposition steps. The first stage was found between 100 and 250 °C
and it was attributed to the loss of moisture and to the decomposition of the
hydroxyl groups (—OH). The second stage took place from 250 to 400 °C
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and was attributed to the decomposition of chitosan macromolecules. The
mass-loss in this stage increased with the increase of the CS percentage in
the film. A third decomposition stage was observed between 400 and 500
°C, due to the thermal desulfonation processes. For the membranes that
contained the highest PVVA percentages, and consequently the highest SSA
percentage, two different peak temperatures could be distinguished,
associated with the loss of the sulfonic acid groups (—-SOsH) and the
breakdown of the crosslinking bond. Finally, the last decomposition stage
was observed in the range from 500 to 600 °C and was associated to the
breakage and decomposition of the main chain by means of chain-scission
mechanism of the PVA [15].
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Figure 2. Thermogravimetric (TG) and derivative curves (DTG) of the CS/PVA-
based membranes.

Regarding the variations in the temperatures and mass-loss associated to
the above-described thermo-decomposition stages, the Table 3
summarises the mass-loss percentage along with the peak temperature of
the DTG curves obtained for each membrane.

In general, it was observed that the first stage, associated to the release of
bound water, moved towards higher temperatures with the increase of the
PVA percentage in the membrane, due to the associated higher presence of
SSA. Even though, the peak temperature of this stage for the CS/PVA
membranes was higher to that found for the PVA, which suggested a kind
of synergistic affect, traduced as a strong interaction between CS, PVA,
SSA and water molecules.
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Table 3. Temperature peak (T) of the DTG curve along with the mass-loss (4W) of
each stage during thermo-oxidative decomposition of the CS/PVA-based membranes.

Glycerol CS:PVA Stage 1 Stage 2 Stage 3 Stage 4
(Yowt.cs) Weight ratio T1 AWL T2 AW, Tz1 Ts2 AW3 Ta AWy
R ® () () (€ (€ (%) () (%)
100:0 104.22 953 277.72 5843 - - - - -

60:40 193.07 3741 28323 13.77 - - - 599.63 38.57
50:50 195.21 3740 283.88 12.89 - 49995 7.80 57251 36.27
40:60 196.18 37.34 285.73 1223 450.36 508.08 16.59 540.96 27.48
20:80 21470 34.56 - - 426.22 443.94 30.56 512.68 26.86
0:100 160.25 10.22 - - 44135 452.08 15,53 510.09 61.97
60:40 210.99 35.69 295.64 13.97 - - 410 602.25 40.45
50:50 221.69 33.22 30214 12.83 460.74 - 5.83 556.22 41.47
10 40:60 225.15 3256 30421 1251 436.64 - 9.35 564.00 39.74
20:80 247.68 27.48 325.75 17.97 428.00 - 23.36 51434 20.99
0:100 180.61 19.74 271.77 1510 443.69 45145 20.87 496.17 49.11
60:40 21430 26.28 298.38 24.04 - - 521 587.62 3921
50:50 21445 2755 306.73 23.58 475.70 - 7.03 617.86 37.14
20 40:60 21452 2821 299.56 2355 484.91 - 7.30 57231 37.15
20:80 245.68 26.48 32465 17.82 43245 - 20.78 514.34 19.76

0:100 138.40 2322 276.52 16.59 448.78 473.31 31.35 521.44 2391

The incorporation of glycerol into the CS/PVA membranes resulted in a
remarkable increase in the peak temperature of the first mass-loss stage in
the DTG curve. As commented before, this stage can be associated to the
release of the bound water. This observation can be correlated to the
plasticising effect and chemical reaction with glycerol. The low molar mass
molecules of glycerol may have modified the three-dimensional
organization of the polymer matrix, occupying the free available volume
and strongly interacting with the CS and PVA macromolecules through
hydrogen bonding [37]. As a result, a more compact and stronger structure
may have resulted in higher bound water release temperature. As well, the
mass-loss contribution to this stage decreased as PVA and glycerol content
increased in the membranes, which corroborates that strong interaction and
lower humidity released content.

Another remarkable perception was the last decomposition stage, between
500 and 600 °C. The peak temperature of the DTG curve considerably
decreased with the increase of crosslinked PVA. It could be expected that
the membranes with higher concentration of SSA would show better
thermal stability than those with lower concentration due to the
crosslinking effect. However, the results showed the opposite trend, which
was ascribed to the fact that the elimination reactions of the hydroxyl
groups under acidic conditions are catalysed [38]. Moreover, the lower
amount of hydroxyl groups in the membranes with higher crosslinking
degree may have reduced the hydrogen bonding interactions between the
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polymer chains responsible for the structure stabilisation. Therefore, the
thermo-oxidative stability was not only controlled by the catalytic effect of
the acidic groups contained in the membranes, but also by the hydrogen
bonding interactions between the polymer chains.

3.4. Ethanol solution uptake behaviour

The ethanol uptake behaviour was studied by means of sorption
measurements at 40 °C into a 2 M ethanol aqueous solution. Figure 3
shows the uptake profiles obtained as a function of the immersion time.

Time (1) Time () Time ()

Figure 3. 2 M ethanol aqueous solution uptake profiles of the CS/PVA-based
membranes as a function of time. Standard deviation between 1 and 5% omitted for
the sake of clarity.

The equilibrium ethanol uptake was found in a range between 35% and
60% for crosslinked CS/PVA membranes, essential for their application as
fuel cell membranes due to the promotion of the vehicular proton transport
mechanism [39]-[41]. Furthermore, no deformations in the membrane
samples were observed, corroborating the stabilising effect of the
crosslinking reaction. The Table 4 gathers the values of the solvent
absorbed at the equilibrium point (Meg), estimated from the experimental
swelling curves.

The uptake ability strongly depended on the CS:PVA ratio. In general, the
solvent absorption increased with the increase of the percentage of CS. This
is attributed to the high water affinity of chitosan molecules and the lower
degree of crosslinking, which made the membranes less rigid and increased
its swelling ability.

The membranes containing glycerol showed a decrease of the water uptake,
due to its plasticising effect that can close the micro-voids in the film and
gives rise to a more compact structure, and due to the chemical interaction
of glycerol with CS and SSA, which reduces the available sites for
hydrogen bonding [42]. These results are in agreement with the
observations perceived during the analysis of the FT-IR spectra and the
thermo-oxidative decomposition profiles, in which the addition of glycerol
was found to have reduced the humidity content of the membranes.
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Moreover, a normalisation of the solution absorption between 0 and 1 was
carried out for a better comparison of the saturation rates between the
materials, which results are plotted in Figure 4. As well, the diffusion
coefficient (D) was calculated, which results are gathered in Table 4. As
perceived in the normalised profiles and corroborated by D, the
composition of the membrane significantly influenced the solution uptake
rate. Regardless the CS:PVA ration and the presence of glycerol in the
membranes, the blends showed in all cases a higher D than neat CS or
crosslinked PVA, which points out the synergistic effect of blending in
terms of diffusion. The highest absorption rates were obtained for the 40:60
CS:PVA composition, independently of the amount of glycerol. This
behaviour could be correlated to the high affinity of both materials to water,
although the compact crosslinked structure resulted in intermediate Meg.
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Figure 4. Normalised profiles of the 2 M ethanol aqueous solution uptake of the
CS/PV A-based membranes as a function of time.

Table 4. Equilibrium solution uptake (Meq) and diffusion coefficient (D) for the
CS/PV A-based membranes.

Glycerol CS:PVA Meg D-10%
(Yowt. cs) weight ratio (%) (cm?-s?)
100:0 62.08 0.30
60:40 59.31 1.13
50:50 54.29 1.35
i 40:60 50.96 3.62
20:80 44,70 3.59
0:100 38.29 1.24
60:40 54.92 0.42
50:50 53.05 0.24
10 40:60 45.14 0.69
20:80 42.17 0.23
0:100 37.25 0.22
60:40 50.49 0.13
50:50 46.32 0.18
20 40:60 44.10 0.62
20:80 42.74 0.56
0:100 37.29 0.28

The increase in the percentage of glycerol content in the membranes
resulted in a remarkable reduction of the diffusion coefficient. As
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suggested before, a part from reducing the water absorption capability of
the membranes, it was verified that the above-mentioned strong interaction
within CS and PVA, resulted in a slow solution absorption rate, which is
beneficial for a progressive swelling behaviour that prevents the membrane
from excessive dimensional changes in a short time.

3.5. Electric and proton conductivity

The electric conductivity (celec) and proton conductivity (oprot) Of the
polyelectrolyte membranes are some of the most important parameters to
validate their suitability for fuel cell applications. These properties were
assessed by means of a dielectric thermal analyser (DETA) at 25 °C
through a single sweep procedure in a wide frequency range from 1072 to
107 Hz.

Given the intrinsic design of the proton exchange fuel cells, the electrical
conductivity through the membranes should be avoided and, subsequently,
high electrical resistance is required to promote the electronic flux in the
external circuit. The electric conductivity (oelec) Was considered at low
frequencies, where the measured real part of the conductivity (¢') reaches
a plateau that is correlated to the DC conductivity (o0), as shown in Figure
5. The obtained values are gathered in Table 5. In general, the gelec Was
found around 10 S-cm™ for all the developed membranes, regardless the
CS:PVA ratio or the amount of glycerol, which corroborated their insulator
feature, required for fuel cell applications [43].
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Figure 5. Electric conductivity (oelec) as a function of frequency of CS/PVA-based
membranes.

The proton conductivity (oprot) Was assessed from the Bode diagrams,
which were obtained from the impedance measurements at room
temperature for the pre-hydrated CS/PVA membranes. The resulting
diagrams are plotted in Figure 6 and the calculated aprot Values are gathered
in Table 5. Despite improved behaviour of the blended CS/PVA
membranes, the obtained values were lower to that of the Nafion®
membrane (6 mS-cm? at 25 °C [15]). However, the results of the
performance in the DEFC test shown in next section are relevant enough
to continue investigating in the development of membranes based on
crosslinked CS/PVA.

The CS/PVA blending strategy, along with the crosslinking reaction with
SSA, improved the proton conductivity of the membranes. The sulfonic
acid groups (-SOsH) of the crosslinked membranes can be dissociated
under hydrated conditions and act as proton carriers. The values of proton
conductivity obtained for all CS/PVA were higher in relation to those of
the pure CS and PVA films of 3.05-10 and 0.250 mS-cm?, respectively.
This synergetic improvement gave rise to an equilibrated water absorption
and retention ability, enabling easy proton transfer [27]. The highest value
of proton conductivity was achieved for the 40CS/PVA film (0.735 mS-cm-
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1), showing a significant improvement if compared to the neat CS and
crosslinked PVA membranes.

As expected, when glycerol was added to the CS/PVA, a decrease in the
proton conductivity was perceived. This trend was in close relation to the
ethanol solution uptake measurements, which confirmed the essential
relationship between the proton conductivity and the ability of the
membranes to retain liquids.

=20

=304

Phi ()

-40

log Zs (Ohm)

=20

=30+

Phi (%)

-40

10 %awt.  Glyeeral
Ak,
avida, 6
F—
= .
v A
’ﬂ'. v A
Y o+ Y . -
ry

»

N
log Zs (Ohm)

Phase anghe
o GOCSPVA
& SOUSTVA
v ACRPVA
* DCRPVA

Tmpedance
EOCSPVA
SOUSTVA

cAUHTVA
20CPVA

Phasc anghe

= GOCSPVAIBGL
A SOCSPYVASIOGL
¥ ADCEPYAITNG]
*  20OCSPVAINGT

Impedance

T ADCE YA I0GL
CKPVANDGI

Phase anghe

= GOCSPVAINGL
4 SOCSPVANGL
¥ ADCSTPYVAGI
*  MCRPVAGL

Impedance
HOCSPYANG]
SOCS/PVANGL

* o 40CSTYAZ0GL
HCRPY A

Phi (%)

log £'{Hz)

Figure 6. Bode diagram of the pre-hydrated CS/PVA membranes.
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Table 5. Proton conductivity (oprot) and electric conductivity (celec) for the pre-
hydrated CS/PVA membranes.

Glycerol CS:PVA Gelec- 108 Gprot
(Yowt.cs) weight ratio (S-cm?) (mS-cm?)

60:40 5.36 0.246

50:50 2.50 0.225

i 40:60 6.85 0.735

20:80 3.65 0.285

60:40 9.07 0.112

10 50:50 5.84 0.118

40:60 5.01 0.151

20:80 3.45 0.106

60:40 3.98 0.186

20 50:50 5.24 0.120

40:60 7.25 0.189

20:80 2.17 0.190

3.6. Direct ethanol fuel cell (DEFC) test

The performance of the crosslinked and plasticised CS/PVA membranes
was evaluated in a direct ethanol fuel cell (DEFC) at 20 °C and 2 M ethanol
as fuel. Among all the prepared membranes, the 40CS/PVA and
20CS/PVA plasticised films were specially selected for the DEFC test as a
proof of concept. These membranes offered the most appropriate balance
of flexibility and manageability to mount them onto the electrode assembly
(MEA) without generating fragile cracks, uniform surface to ensure
homogenous conductive behaviour, and reasonable values of absorption,
high diffusion coefficient and proton conductivity.

The polarisation curves of the CS/PVA/GL membranes in a DEFC were
compared to those of the Nafion® 117, measured at the same operating
conditions, as shown in Figure 7. The values of maximum power density
(Pmax) obtained are summarized in Table 6. According to the results, the
power density is strongly influenced by both the CS/PVA ratio and the
percentage of glycerol. The higher the presence of chitosan and the higher
the proportion of glycerol was in the membrane, the closer to the behaviour
of Nafion® 117 was that of the CS/PVA membranes in the DEFC, being
quite similar at low intensities. In particular, promising results were found
for the 40CS/PVA/20GL, with a value of Pmax of 746.79 mW.
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Figure 7. DEFC polarisation curves of the CS/PVA membranes, in comparison to that
of Nafion® 117, measured at 20 °C and 2 M ethanol as fuel.

Table 6. Maximum power density (Pmax) of the 40:60 and 20:80 CS/PVA membranes,
measured at 20 °C and 2 M ethanol as fuel.

Glycerol CS:PVA Pmax
(Yowt.cs) weight ratio (mW)
10 20:80 140.76
40:60 160.82
20 20:80 386.98
40:60 746.79

4, Conclusions

Functionalised chitosan/poly(vinyl alcohol) CS/PVA-based membranes
were successfully obtained by means of the combination with sulfosuccinic
acid (SSA) as crosslinking and sulfonating agent, and glycerol (GL) to
promote flexibility to favour the manageability of the membranes. The
combination of solvent-casting and thermal-crosslinking permitted to
obtain homogeneous membranes with controlled morphology.

In general terms, all CS/PVA membranes showed a synergetic increase of
thermal stabilities, absorption and diffusion of ethanol and proton
conductivity, in contrast to those of neat CS or crosslinked PVA. The
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ranges of thermal stability —far above 60 °C—, the electrical insulating
behaviour —around 10 S-cm™-, and the ethanol absorption capabilities —
between 35% and 60%—, were appropriate to be used in typical service
conditions of fuel cells.

The increase of CS in the CS/PVA membranes resulted in higher ethanol
absorption capability, and showed maxima of diffusion coefficient and
proton conductivity for membranes with a 20 and 40 %wt. of CS.

The incorporation of GL in the CS/PVA membranes reacted with SSA,
reducing the ethanol absorption, diffusion coefficient and proton
conductivity, but in turn acted as a plasticiser that increase the ductile
manageability of membranes to be mounted on MEAs, reducing the
probabilities of fragile breakage.

The membrane 40CS/PVA/20GL, which contained a 40 %wt. of CS
referred to PVA, and a 20 %wt. of GL referred to CS, showed the best
behaviour in the DEFC test, with a value of Pmax 0f 746.79 mW. The higher
the presence of chitosan and the higher the proportion of glycerol was in
the membrane, the closer to the behaviour of Nafion® 117 was in the
DEFC, showing similar profiles at low intensities. In this sense, the
research to increase the proton conductivity and power of biopolymer-
based membranes such as that of CS/PVA, which are, inexpensive, non-
hazardous, and environmentally benign, can represent a challenging but
feasible alternative to current polyelectrolytes for fuel cells.
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5.1. TISSUE ENGINEERING

The tissue engineering field involves the combination of cells, engineering
and materials to improve or replace damaged tissues. Indeed, it can be
considered as a multidisciplinary field, in which materials engineering,
biology and medicine share some of their knowledge areas, as schematised
in Figure 5.1. As an interdisciplinary technique, tissue engineering
considers the use of three basic components such as cells, substrates and
biomolecules to develop bio-functional substitutes for restoring and
maintenance of tissue functions. Certainly, tissue engineering requires
considerable biological contribution to understand the cells behaviour
during culture in vitro and after implantation in vivo. Moreover, it requires
broad engineering expertise to produce and process materials for
appropriate tissue regeneration [1].

Scaffolds
Materials
Engineering
issue
@ Engineering
P Biology Medicine
&
&

Figure 5.1. Tissue engineering as a multidisciplinary field.

As stated by Langer and Vacanti, tissue engineering is “an interdisciplinary
field that applies the principles of engineering and life sciences toward the
development of biological substitutes that restore, maintain, or improve the
biological tissue function or a whole organ” [2]. Tissue engineering has
also been defined by MacArthur and Oreffo as “understanding the
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principles of tissue growth, and applying this to produce functional
replacement tissue for clinical use” [3].

In general, the target of the tissue engineering field is closely related to
applications in the bone, cartilage, muscle, skin or nerve tissues. In this
sense, great advances have been yielded in the development of new
implementation strategies. Novel biomaterials, processing techniques,
cells, differentiation factors and validation procedures have been proposed
along the last decade.

One of the most promising research advances are the engineered
extracellular matrices also known as scaffolds, which have been proposed
as an effective alternative for cell culture, proliferation, subsequent
differentiation and ultimately tissue morphogenesis [4]. In this sense,
artificial scaffolds simulate the natural extra-cellular matrix (ECM) that is
usually described as a nanofibrous mat, composed of randomly oriented
fibrils with subcellular diameters, ranging from several tends to hundreds
of nanometers [5]. The human ECM is a dynamic and hierarchically
organised structure synthesised by the adjacent cells composed of
polysaccharides and proteins, that mechanically and chemically interacts
and regulate the architecture of the tissues [6]. In this complex structure,
proteins such as collagen fibres act as structural agents and provide signals
for cell attaching. The diffusion of nutrients, metabolites and signalling
molecules takes place through the extracellular space filled with a hydrated
gel, composed of proteoglycans and other proteins [7].

Tissue engineering scaffolds need to provide a reproducible three-
dimensional cellular microenvironment with a highly porous architecture
and suitable surface chemistry to support cell attachment, proliferation and
natural ECM production. An ideal scaffold should closely mimic the
structural and functional properties of the materials found in the native
ECM of a given tissue, until host cells can repopulate and resynthesize a
new natural matrix. As well, the scaffolds should possess appropriate
mechanical properties similar to those of the damaged tissue and be
biocompatible and biodegradable with controllable degradation kinetics.
They must retain structural integrity and stability when the specialist
handles and implants it into the defect site of the host. After surgery, the
structure at the implant site must provide sufficient biomechanical support
during the process of tissue regeneration and structure degradation [1].

The accomplishment of the simulated structural features and architecture
by the scaffolds will determine their success during cell culture. Moreover,
the scaffold should act as a template for the neovascularisation of the
regenerated tissue and actively participate in the regeneration process
through the release of growth or differentiation factors [8]. These physical
and chemical signals intrinsic of the natural occurring ECM, may be
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implemented into artificial tissue engineering scaffolds for a successful
simulation of the cell environment that mimic specific biological functions
in cellular processes. In this sense, biomaterials play a crucial role in the
development of new functionalised scaffolds for the regenerative medicine
and may be considered for tailoring the cellular behaviour and promote the
desired function for the regeneration of a given tissue. In summary, the
essential requirements for an optimum scaffold design are proper
biocompatibility, porosity, mechanical stability and biodegradability [9].

In order to optimise scaffolds for tissue engineering, all the required
features need to be balanced to guide proper tissue regeneration. While the
composition and surface chemistry of the scaffolds will determine the
initial cell attach, the morphology of the scaffold plays a key role in
controlling their ability to migrate. Besides allowing cell penetration, a
proper architecture of the scaffold will allow nutrients and oxygen to flow
into the inner part as well as to remove waste produced by the cells to
increase cell survival and hence to regenerate tissue [10]. Moreover,
enough porosity will not only permit to allocate cells, but also allow cell
migration to the inner part through the different pores. All these properties
need to be well-adjusted with the degradation of the scaffold. Indeed, the
scaffold should ideally degrade at the same time as new natural tissue is
being formed, which growth may be stimulated by the biomaterial. These
basic features can be accomplished by the use of natural or synthetic
materials, usually degradable biopolymers, which may fulfil the above-
mentioned requirements.

The processing of scaffolds for tissue engineering is an essential aspect that
would subsequently determine the features and effectiveness of these
devices when in contact with cells. Conventional techniques such as fibre
extrusion, fibre bonding, gas foaming, template synthesis, membrane
lamination, melt spinning, solvent-casting with particulate leaching or
phase separation have been used for scaffold fabrication [11]. However,
there is a growing interest in the development of highly porous scaffolds,
based on the electrospinning process.

Among the several types of scaffolds proposed for tissue engineering,
electrospun nanofibres seem to have specific advantageous properties.
Indeed, electrospun scaffolds consists of nanofibrous structures with high
surface area-to-volume ratio and diameters between 50 and 1000 nm that
can provide the suitable environment for cell attachment, proliferation and
differentiation, being a promising alternative for the tissue engineering
field [12]. Electrospinning is a versatile technique that allows the
preparation of nanofibres based in homopolymers, copolymers, blends of
polymers or composites, along with other substances and additives to
obtain functionalised scaffolds [13].
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The development of more complex functionality, as well as both functional
and biomechanical stability during the in vitro cell culture and subsequent
in vivo transplantation are among the main challenges to overcome by
tissue engineering. In this sense, the appropriate selection of the material
for the scaffold fabrication is crucial for a suitable application.
Biomaterials are defined as any natural or synthetic substances engineered
to interact with biological systems with an appropriate host response. For
scaffold development, natural occurring biomaterials such as collagen,
hyaluronic acid, alginate or chitosan, among others, have been considered
as suitable candidates to simulate the native cellular environment.
However, the large variation between batches upon isolation from
biological tissues and the restricted versatility in the design of cell culture
devices with specific biomechanical properties have prevented them from
an extended use as solely materials for scaffold development [14]. In this
sense, synthetic polymers have been appointed as a promising alternative
biomaterials that offer greater control over the design and tailoring of
suitable physico-chemical properties of the scaffolds for biomedical
applications [9]. The advantages of natural and synthetic polymers may
provide interesting solutions in the tissue engineering field.
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5.2. POLYMER-BASED FUNCTIONALISED
SCAFFOLDS

Polymeric materials outstand as promising candidates for scaffold
development, due to their intrinsic capacity to be tailored that promote
unique material properties [12]. Indeed, the host response to tissue
engineering scaffolds strongly depends on the chemical, physical and
biological properties of these materials [15].

Regarding the design of polymeric biodegradable biomaterials, some
considerations must be bore in mind [16]. They must have appropriate
mechanical properties and adequate permeability and processability for
biomedical applications. Moreover, once implanted, they must not evoke a
sustained inflammatory response, possess a proportional degradation time
to their function and produce non-toxic degradation by-products that can
be resorbed or excreted by the organism. In general, these desired
properties strongly depend on the material chemistry, molar mass,
hydrophilicity, and degradation and erosion mechanism, among others.

In the first stages of the development of tissue engineering, adaptations of
commodity plastics such as polyethylene, polyurethane and silicone
rubbers were considered. However, due to their intrinsic non-
biodegradability, scaffolds composed of these materials remained into the
organism after implantation and tissue regeneration as a permanent implant
[1]. These artificial scaffolds showed poor biocompatibility as well as may
trigger the foreign body reaction that turned into chronic inflammation after
long periods, which resulted in failure and rejection. For this reason,
biodegradable polymeric biomaterials that could be resorbed after
implantation have risen as the adequate alternative for scaffold
development [17]. These materials are considered as hydrolytically
degradable polymers that possess labile chemical bonds in their backbone
that can be hydrolysed and broken down in smaller polymeric chains or
low molar mass molecules. As a consequence of hydrolytic degradation,
the broken bond results in two new products gaining each one a hydrogen
atom and an hydroxyl group, respectively [16]. The use of biodegradable
polymeric materials may be subjected by the host response due to the
changes induced by the chain breakage, that vary the properties of the
scaffolds as a function of time. This, along with the changes promoted in
the micro-environment of the scaffold due to the release of the degradation
by-products that may cause long-term host responses, need to be taken into
account [18]. In this sense, an advanced in vitro validation procedure is
required to evaluate and predict the possible adverse effects on the cells
and/or host once the scaffold has been implanted [19].
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Synthetic  biodegradable polyesters such as polylactide (PLA),
polyglycolide (PGA), polycaprolactone (PCL), polyhydroxybutyrate
(PHB) or poly(glyceril sebacate) (PGS) or poly(ester-ethers) such as
polydioxanone (PDO) have been widely considered for the development of
scaffolds [20]. Moreover, other degradable polymeric families with
hydrolytically degradable bonds, including anhydrides, acetals, carbonates,
amides, urethanes, and phosphates have been considered for the production
of scaffolds [4]. However, they usually do not accomplish with the required
properties as a solely material. They frequently have low bioactivity and
poor biocompatibility due to the lack of hydrophilic functional groups that
allow satisfactory cell attachment. Although there is a large number of
polymeric biomaterials, it does not exist an ideal candidate that meets all
the requirements for tissue engineering applications. Alternatively, there
exist a large number of strategies available for combining and leveraging
the best qualities of each individual material to meet the needs required in
the field of tissue engineering [9].

The combination of different synthetic polymers with dissimilar features
allowed developing functionalised scaffolds with specifically tailored
properties for a given application, specially improving the hydrophilicity
and modulating the degradation behaviour. The production of copolymers,
the preparation of polymer blends or the surface modification through
coating or grafting procedures have been appointed as promising
alternatives for the development of tailored functionalised scaffolds [9].
The use of copolymers is a suitable strategy to generate new materials with
better properties in comparison to the available homopolymers. This is the
case of poly(lactide-co-glyocolide) (PLGA) which offers a good
compromise between hydrophilicity and durability in comparison to
polylactide and polyglycolide for some applications [21]. Moreover, the
preparation of blended scaffolds may be a simple and a cost-effective
method to combine the properties of the blend components.

Nevertheless, the combination of synthetic polymers is not usually
sufficient to achieve the desired properties in certain specific applications,
in which a high level of biocompatibility is required. The traditional
synthetic biodegradable polymers that have been used for scaffold
production usually do not possess any specific groups for an optimal
interaction with cells. Therefore, the combination of synthetic polymers
and natural biomaterials has allowed the development of biofunctionalised
and biocompatible scaffolds able to enhance the cell adhesion and
proliferation [22]. Some biomaterials have been proposed along the last
years for this purpose. Among them, the combination of synthetic
biodegradable polymers with proteins and poly(amino acid)s as well as
polysaccharides, has brought new possibilities in the tissue engineering
field [4]. Materials from different families such as collagen, gelatin, fibrin,
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elastin, hyaluronic acid or chitosan have been proposed for the
biocompatibilisation of synthetic polymeric scaffolds [11].

Natural and synthetic polymers are therefore, widely employed as the basic
material in tissue engineering scaffolds. Table 2.1 summarises some of the
most promising synthetic and natural polymers as the basis for the
development of biodegradable and biocompatible scaffolds for tissue
engineering applications.

Highly functionalised scaffolds, essential for specific tissue engineering
applications, would require deeper functionalisation alternatives. Apart
from being highly porous, mechanically stable during application, highly
biocompatible and biodegradable, the scaffolds must include specific
signals provided by bioactive substances such as medicines or growth
factors. Moreover, the combination with inorganic particles or conductive
polymers would bring new possibilities of interaction between scaffolds
and cells for specific tissues [23]-[25]. This scaffold designing strategy is
represented in Figure 5.2.

The functionalisation of scaffolds by means of the combination of polymer
matrices with electric conductive polymers may improve the
differentiation and proliferation of cardiac, neural, bone and mesenchymal
stem cells due to the propagation of electric signals between them [26]-
[29]. Among the most used conductive polymers, polypyrrole (PPy) [30],
[31] or polyaniline (PAni) [32], [33] have shown interesting results both in
vitro and in vivo, allowing to tune cellular activities through electrical
stimulation. However, conductive polymers possess some drawbacks that
should be consequently addressed [34]. Their intrinsic poor processability,
along with high stability and low biodegradability, has resulted in their
combination with biodegradable matrices —synthetic polyesters and natural
biomaterials— as polymer blends or composites with as low content as
possible [26].
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Table 5.1. Most promising candidates for the development of biodegradable
scaffolds.

Origin* Family Polymer
Polylactide (PLA)

Polyglycolide (PGA)
Poly(lactide-co-glycolyde) (PLGA)
Polycaprolactone (PCL)
Poly(propylene fumarate) (PPF)
Poly(glyceryl sebacate) (PGS)

Polyesters

Synthetic Poly(ester-ethers) Polydioxanone (PDO)
Poly(ethylene glycol) (PEG)
Polyethers Poly(propylene glycol) (PPG)
Polyanhydrides, polyphospazenes,
Other families polyurethanes, polyphosphoesters,
polycarbonates, polyacetals
Polyhydroxybutyrate (PHB)
Polyhydroxyalkanoates Poly(hydroxybutyrate-co-valerate) (PHBV)
Hyaluronic acid (HA)
Polysachharides Chitosan (CS)
Agarose
Natural Alginate
Collagen
Gelatin (Ge)
. Fibrin
Polypeptides Silk
Elastin
Albumin

*Although separated in synthetic and natural polymers according to their most
established production routes, some of them could be obtained from synthetic and
natural resources.

N

{“ ynthetic

polymers
N
N

Improve biocompatibility, Provide new specific
enhance cell adhesion and Specific features (electric
proliferation and tune polymers polymers conductivity, mechanical
.
Desired

biodegradation rate stimulus. ..)
Scaffold

Boost cell proliferation or treat
diseases, promoting a response in
the organism as a function of time

Act as reinforcement and promote
interaction with specific tissues
such as bone

Bioactive Inorganic
substances | . particles

Figure 5.2. Scaffold designing strategy.
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5.2.1. Poly(lactide-co-glycolide) (PLGA)

Poly(lactide-co-glycolide) (PLGA) is the random copolymer of lactic and
glycolic acid units, which constitutional repeating unit of the 50:50
copolymer is shown in Figure 5.3.

0
|

{O_CHZ_E_O_?H_C}H
CH;,

Figure 5.3. Constitutional repeating unit of 50:50 poly(lactic-co-glycolic acid)
(PLGA).

The PLGA is a biodegradable polyester with good biocompatibility that
has been deeply studied and proposed for the production of scaffolds for
tissue engineering, among other biomedical applications [35]. It can be
easily processed into scaffolds by different techniques such as
electrospinning, melt spinning or gas foaming [36] that have been proposed
for skin, cartilage, tendon, bone and nerve tissue engineering [37]-[39].

The composition of the PLGA, in terms of the lactic and glycolic units,
considerably influences the crystalline morphology of this material and,
subsequently, the degradation period, ranging from 1-2 months for 50:50
PLGA and 5-6 months for 85:15 PLGA [16]. The 50:50 PLGA has an
amorphous morphology with a glass transition in the 44 to 55 °C range.
The degradation mechanism of PLGA’s devices follows a bulk erosion
pattern, in which aqueous solution rapidly diffuse to the inner part and then,
hydrolysis of the ester bonds and global disintegration takes place [19].
Afterwards, glycolic and lactic acid units along with oligomer acidic
species are released to the surrounding media [40].

5.2.2. Polycaprolactone (PCL)

Polycaprolactone (PCL) is a biodegradable semicrystalline aliphatic
polyester, which constitutional repeating unit is shown in Figure 5.4. It is
a hydrophobic synthetic polymer with a glass transition temperature around
-55 °C and melting temperature between 55 and 60 °C [16]. This polymer
possess high plasticity, ductility and a slow degradation rate. As a
polyester, the PCL can be degraded by means of the hydrolysis of its ester
linkages under physiological conditions and has therefore received great
attention for use in tissue engineering applications [41]. As a consequence
of the hydrolytic degradation, caproic acid is released, which can be
metabolised via the tricarboxylic acid cycle or eliminated by direct renal
secretion [42], [43].
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Figure 5.4. Constitutional repeating unit of polycaprolactone (PCL).

The PCL can be especially considered for the preparation of long term
implantable devices in bone, ligament, cartilage, skin and nerve tissues
[44]. However, its intrinsic slow degradation rate —more than 24 months—
and low cell adhesion have prevented its implantation in tissue engineering
as a solely material [45], [46]. Due to this long-term behaviour, the PCL is
usually copolymerised or blended with other biomaterials to improve
biocompatibility and modulate the degradation behaviour [47]-[52].

5.2.3. Polyhydroxybutyrate (PHB)

The polyhydroxybutyrate (PHB), which constitutional repeating unit is
shown in Figure 5.5, is a semicrystalline biodegradable polyester from the
family of polyhydroxyalkanoates that can be obtained from bacterial and
synthetic routes [53]. The PHB shows a glass transition temperature around
5 °C and a melting temperature in the range from 160 to 180 °C [54]. The
PHB is highly biocompatible and easy to process, with a remarked
hydrophobic behaviour, that can be slowly hydrolytically degraded in
physiological conditions following the surface erosion pattern [55], [56].
Due to its slow degradation rate, it is usually considered for long-term
applications, in which PHB remains stable for a long period [57]. The
degradation of the PHB polymer chains ultimately results in 3-
hydroxybutyric acid, which can be assimilated by the human organism
[58]. As well as occurred with PCL, a noteworthy research has been
conducted in copolymerisation and blending strategies with other
biomaterials to tailor its biodegradability [54], [59]-[63]. The PHB has
been proposed for bone, cardiac or skin tissue engineering applications
[64]-[66].
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Figure 5.5. Constitutional repeating unit of polyhydroxybutyrate (PHB).

5.2.4. Polydioxanone (PDO)
Polydioxanone (PDO or PDX) is a colourless, semicrystalline poly(ester

ether) synthesised by ring-opening polymerisation of the p-dioxanone [67].
The constitutional repeating unit with ester and ether linkages is shown in
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Figure 5.6. The PDO shows a glass transition temperature in the range
from —10 to 0 °C and a melting temperature around 115 °C. Regarding its
mechanical behaviour, it shows a low modulus but good flexibility and
strength maintenance until disintegration [16]. The PDO has been widely
used in medicine as suture monofilaments, bone fixation devices, or
fasteners, and is currently under investigation for tissue engineering
applications [68]-[70]. The degradation behaviour under physiological
conditions of the PDO can be considered as between that of long aliphatic
polyesters and that of fast degrading polymers such as PLGA [71]. As a
result of the hydrolytic degradation, low molar mass hydroxy-acid species
are released, that can be absorbed by the human body [72].

i
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Figure 5.6. Constitutional repeating unit of polydioxanone (PDO).

5.2.5. Gelatin (Ge)

Gelatin (Ge) is a water soluble natural protein-based biopolymer derived
from collagen through the denaturalisation of the triple-helix into single-
stranded molecules by breaking intermolecular bonds, resulting in the
macromolecule shown in Figure 5.7 [73]. Depending on the source of
collagen and the type of conversion of collagen to gelatin, it may offer
dissimilar properties. On the one hand, the gelatin obtaining by means of
the acidic pre-treatment (type A) slightly affects the amide groups. On the
other hand, the alkaline pre-treatment (type B) modifies the amide groups
of asparagine and glutamine and hydrolyses them into carboxyl groups.

HO,
Ha

Figure 5.7. Constitutional repeating unit of Gelatin (Ge).

Gelatin possess excellent biocompatibility, biodegradability and low cost,
in comparison to collagen [74]. It contains arginyl-glycyl-aspartic amino
acid sequence, which is a three amino-acid recognition structure that offers
biochemical signals to promote cell integrin mediated adhesion and
subsequent migration, proliferation and differentiation [75], [76]. When
diluted in water gelatin forms an hydrogel, and it can either entangle to
form coils or form an helical structure similar to collagen at high and low
temperatures, respectively [11]. However, due to the high water swelling,
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gelatin shows poor mechanical stability and usually losses its conformation
as a solely material for scaffold development, which is an important
challenge to overcome. Gelatin can be either chemically crosslinked to
stabilise structure [77], [78] or physically blended with other polymers
[47], [79]-[82]. Due to its intrinsic structure, gelatin undergoes
enzymatically degradation by collagenases.

276



Scaffolds for tissue engineering

5.3. REFERENCES OF CHAPTER 5

(1]

(2]
(3]
[4]
[5]

(6]

[7]
(8]

(9]

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

K. Harrisson, “Introduction to polymeric scaffolds for tissue engineering,” in
Biomedical Polymers, J. M, Ed. Cambridge, England: Woodhead Publishing
Limited, 2007.

R. Langer and J. P. Vacanti, “Tissue engineering,” Science (80-. )., vol. 260,
no. 5110, p. 920 LP-926, May 1993.

B. D. MacArthur and R. O. C. Oreffo, “Bridging the gap,” Nat. 2005 4337021,
Jan. 2005.

F.J. O’Brien, “Biomaterials & scaffolds for tissue engineering,” Mater. Today,
vol. 14, no. 3, pp. 88-95, Mar. 2011.

R. J. Wade and J. a. Burdick, “Advances in nanofibrous scaffolds for
biomedical applications: From electrospinning to self-assembly,” Nano Today,
vol. 9, no. 6, pp. 722-742, 2014.

A. Martins, J. V Araljo, R. L. Reis, and N. M. Neves, “Electrospun
nanostructured scaffolds for tissue engineering applications.,” Nanomedicine
(Lond)., vol. 2, no. 6, pp. 929-942, 2007.

C. Frantz, K. M. Stewart, and V. M. Weaver, “The extracellular matrix at a
glance.,” J. Cell Sci., vol. 123, no. Pt 24, pp. 4195-200, Dec. 2010.

A. Martins, R. L. Reis, and N. M. Neves, “Electrospinning: processing
technique for tissue engineering scaffolding,” Int. Mater. Rev., vol. 53, no. 5,
pp. 257-274, 2008.

F. Khan, M. Tanaka, and S. R. Ahmad, “Fabrication of polymeric biomaterials:
a strategy for tissue engineering and medical devices,” J. Mater. Chem. B, vol.
3, no. 42, pp. 8224-8249, Oct. 2015.

A. Atala, “Tissue Engineering and Regenerative Medicine: Concepts for
Clinical Application,” Rejuvenation Res., vol. 7, no. 1, pp. 15-31, May 2004.

R. Narayan, “Biomedical materials,” Biomed. Mater., pp. 1-566, 2009.

N. Bhardwaj and S. C. Kundu, “Electrospinning: A fascinating fiber
fabrication technique,” Biotechnol. Adv., vol. 28, no. 3, pp. 325-347, 2010.

S. Agarwal, A. Greiner, and J. H. Wendorff, “Functional materials by
electrospinning of polymers,” Prog. Polym. Sci., vol. 38, no. 6, pp. 963-991,
Jun. 2013.

J. Marler, J. Upton, R. Langer, and J. Vacanti, “Transplantation of cells in
matrices for tissue regeneration.,” Adv. Drug Deliv. Rev., vol. 33, no. 1-2, pp.
165-182, 1998.

B. Dhandayuthapani, Y. Yoshida, T. Maekawa, and D. S. Kumar, “Polymeric
scaffolds in tissue engineering application: A review,” Int. J. Polym. Sci., vol.
2011, no. ii, 2011.

B. D. Ulery, L. S. Nair, and C. T. Laurencin, “Biomedical applications of
biodegradable polymers,” J. Polym. Sci. Part B Polym. Phys., vol. 49, no. 12,
pp. 832-864, 2011.

A. Asti and L. Gioglio, “Natural and synthetic biodegradable polymers:
Different scaffolds for cell expansion and tissue formation,” International
Journal of Artificial Organs, vol. 37, no. 3. pp. 187-205, Mar-2014.

277



(18]

[19]

[20]

[21]

[22]
[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

278

A. Gopferich, “Mechanisms of polymer degradation and erosion,”
Biomaterials, vol. 17, no. 2, pp. 103-114, Jan. 1996.

0. Gil-Castell, J. D. Badia, |. Ontoria-Oviedo, D. Castellano, B. Marco, A.
Rabal, J. J. Bou, A. Serra, L. Monreal, M. Blanes, P. Sepulveda, and A. Ribes-
Greus, “In vitro validation of biomedical polyester-based scaffolds:
Poly(lactide-co-glycolide) as model-case,” Polym. Test., vol. 66, pp. 256-267,
Apr. 2018.

D. I. Braghirolli, D. Steffens, and P. Pranke, “Electrospinning for regenerative
medicine: a review of the main topics,” Drug Discov. Today, vol. 19, no. 6,
pp. 743-753, 2014.

F. von Burkersroda, L. Schedl, A. Gopferich, and A. G. F. von Burkersroda,
L. Schedl, “Why degradable polymers undergo surface erosion or bulk
erosion,” Biomaterials, vol. 23, no. 21, pp. 4221-4231, Nov. 2002.

D. M. Yoon and J. P. Fisher, “Natural and Synthetic Polymeric Scaffolds,” in
Biomedical Materials, R. Narayan, Ed. Springer, 2009, pp. 415-442.

B. Guo, B. Lei, P. Li, and P. X. Ma, “Functionalized scaffolds to enhance tissue
regeneration,” Regen. Biomater., vol. 2, no. 1, pp. 47-57, 2015.

S. Stratton, N. B. Shelke, K. Hoshino, S. Rudraiah, and S. G. Kumbar,
“Bioactive polymeric scaffolds for tissue engineering,” Bioact. Mater., vol. 1,
no. 2, pp. 93-108, Dec. 2016.

K. Rezwan, Q. Z. Chen, J. J. Blaker, and A. R. Boccaccini, “Biodegradable
and bioactive porous polymer/inorganic composite scaffolds for bone tissue
engineering,” Biomaterials, vol. 27, no. 18, pp. 3413-3431, Jun. 2006.

B. Guo, L. Glavas, and A.-C. Albertsson, “Biodegradable and electrically
conducting polymers for biomedical applications,” Prog. Polym. Sci., vol. 38,
no. 9, pp. 1263-1286, Sep. 2013.

N. K. Guimard, N. Gomez, and C. E. Schmidt, “Conducting polymers in
biomedical engineering,” Prog. Polym. Sci., vol. 32, no. 8-9, pp. 876-921,
Aug. 2007.

R. Ravichandran, S. Sundarrajan, J. R. Venugopal, S. Mukherjee, and S.
Ramakrishna, “Applications of conducting polymers and their issues in
biomedical engineering,” J. R. Soc. Interface, vol. 7, no. Suppl_5, pp. S559-
S579, 2010.

A.-D. Bendrea, L. Cianga, and I. Cianga, “Review paper: Progress in the Field
of Conducting Polymers for Tissue Engineering Applications,” J. Biomater.
Appl., vol. 26, no. 1, pp. 3-84, Jul. 2011.

X. Wang, X. Gu, C. Yuan, S. Chen, P. Zhang, T. Zhang, J. Yao, F. Chen, and
G. Chen, “Evaluation of biocompatibility of polypyrrole in vitro and in vivo,”
J. Biomed. Mater. Res., vol. 68A, no. 3, pp. 411-422, Mar. 2004.

A. Ramanaviciene, A. Kausaite, S. Tautkus, and A. Ramanavicius,
“Biocompatibility of polypyrrole particles: an in-vivo study in mice,” J.
Pharm. Pharmacol., vol. 59, no. 2, pp. 311-315, Feb. 2007.

P. Humpolicek, V. Kasparkova, P. Saha, and J. Stejskal, “Biocompatibility of
polyaniline,” Synth. Met., vol. 162, no. 7-8, pp. 722-727, May 2012.

C. H. Wang, Y. Q. Dong, K. Sengothi, K. L. Tan, and E. T. Kang, “In-vivo
tissue response to polyaniline,” Synth. Met., vol. 102, no. 1-3, pp. 1313-1314,
Jun. 1999.



[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Scaffolds for tissue engineering

G. Kaur, R. Adhikari, P. Cass, M. Bown, and P. Gunatillake, “Electrically
conductive polymers and composites for biomedical applications.”

Z. Pan and J. Ding, “Poly(lactide-co-glycolide) porous scaffolds for tissue
engineering and regenerative medicine.,” Interface Focus, vol. 2, no. 3, pp.
366-77, Jun. 2012.

J.-M. Li, X. Wang, C. Marin-Muller, H. Wang, P. H. Lin, Q. Yao, and C.
Chen, “Current advances in research and clinical applications of PLGA-based
nanotechnology,” Expert Rev. Mol. Diagn., vol. 9, no. 4, pp. 325-341, 2009.

P. Gentile, V. Chiono, I. Carmagnola, and P. V. Hatton, “An overview of
poly(lactic-co-glycolic) Acid (PLGA)-based biomaterials for bone tissue
engineering,” Int. J. Mol. Sci., vol. 15, no. 3, pp. 3640-3659, 2014.

J. Xie, X. Li, J. Lipner, C. N. Manning, A. G. Schwartz, S. Thomopoulos, and
Y. Xia, “*Aligned-to-random’ nanofiber scaffolds for mimicking the structure
of the tendon-to-bone insertion site,” Nanoscale, vol. 2, no. 6, p. 923, Jun.
2010.

S. H.Bhang, J. S. Lim, C. Y. Choi, Y. K. Kwon, and B.-S. Kim, “The behavior
of neural stem cells on biodegradable synthetic polymers.,” J. Biomater. Sci.
Polym. Ed., vol. 18, no. 2, pp. 223-39, 2007.

E. Vey, C. Roger, L. Meehan, J. Booth, M. Claybourn, A. F. Miller, and A.
Saiani, “Degradation mechanism of poly(lactic-co-glycolic) acid block
copolymer cast films in phosphate buffer solution,” Polym. Degrad. Stab., vol.
93, no. 10, pp. 1869-1876, Oct. 2008.

L. A. Bosworth and S. Downes, “Physicochemical characterisation of
degrading polycaprolactone scaffolds,” Polym. Degrad. Stab., vol. 95, no. 12,
pp. 22692276, Dec. 2010.

A. Hoglund, M. Hakkarainen, and A. Albertsson, “Degradation Profile of
Poly(e-caprolactone)-the Influence of Macroscopic and Macromolecular
Biomaterial Design,” J. Macromol. Sci. Part A, vol. 44, no. 9, pp. 1041-1046,
Jun. 2007.

E. Diaz, I. Sandonis, and M. B. Valle, “In Vitro Degradation of
Poly(caprolactone)/nHA Composites,” J. Nanomater., vol. 2014, pp. 1-8, Oct.
2014.

A. Cipitria, A. Skelton, T. R. Dargaville, P. D. Dalton, and D. W. Hutmacher,
“Design, fabrication and characterization of PCL electrospun scaffolds—a
review,” J. Mater. Chem., vol. 93, no. ii, pp. 1539-1550, 2011.

Y. Li, X. Li, R. Zhao, C. Wang, F. Qiu, B. Sun, H. Ji, J. Qiu, and C. Wang,
“Enhanced adhesion and proliferation of human umbilical vein endothelial
cells on conductive PANI-PCL fiber scaffold by electrical stimulation,” Mater.
Sci. Eng. C, vol. 72, pp. 106-112, 2017.

S. R. Gomes, G. Rodrigues, G. G. Martins, M. A. Roberto, M. Mafra, C. M.
R. Henriques, and J. C. Silva, “In vitro and in vivo evaluation of electrospun
nanofibers of PCL, chitosan and gelatin: A comparative study,” Mater. Sci.
Eng. C, vol. 46, pp. 348-358, 2015.

S. Gautam, A. K. Dinda, and N. C. Mishra, “Fabrication and characterization
of PCL/gelatin composite nanofibrous scaffold for tissue engineering
applications by electrospinning method,” Mater. Sci. Eng. C, vol. 33, no. 3,
pp. 1228-1235, 2013.

279



[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

280

H. M. Powell and S. T. Boyce, “Engineered Human Skin Fabricated Using
Electrospun Collagen-PCL Blends: Morphogenesis and Mechanical
Properties,” Tissue Eng. Part A, vol. 15, no. 8, pp. 2177-2187, Aug. 20009.

Y. Zhu, C. Gao, and J. Shen, “Surface modification of polycaprolactone with
poly(methacrylic acid) and gelatin covalent immobilization for promoting its
cytocompatibility,” Biomaterials, vol. 23, no. 24, pp. 4889-4895, 2002.

I. H. L. Pereira, E. Ayres, L. Averous, G. Schlatter, A. Hebraud, S. T. O. L.
Mendes, and R. L. Oréfice, “Elaboration and characterization of coaxial
electrospun  poly(??-caprolactone)/gelatin  nanofibers  for  biomedical
applications,” Adv. Polym. Technol., vol. 33, no. S1, pp. 1-10, 2014.

L. Ghasemi-Mobarakeh, M. P. Prabhakaran, M. Morshed, M.-H. Nasr-
Esfahani, and S. Ramakrishna, “Electrospun poly(e-caprolactone)/gelatin
nanofibrous scaffolds for nerve tissue engineering,” Biomaterials, vol. 29, no.
34, pp. 4532-4539, Dec. 2008.

W. Fu, Z. Liu, B. Feng, R. Hu, X. He, H. Wang, M. Yin, H. Huang, H. Zhang,
and W. Wang, “Electrospun gelatin/PCL and collagen/PLCL scaffolds for
vascular tissue engineering,” Int. J. Nanomedicine, vol. 9, no. 1, pp. 2335~
2344, 2014.

H. Uedaand Y. Tabata, “Polyhydroxyalkanonate derivatives in current clinical
applications and trials,” Adv. Drug Deliv. Rev., vol. 55, no. 4, pp. 501-518,
Apr. 2003.

M. Avella, E. Martuscelli, and M. Raimo, “Review Properties of blends and
composites based on poly(3-hydroxy)butyrate (PHB) and poly(3-
hydroxybutyrate-hydroxyvalerate) (PHBV) copolymers,” J. Mater. Sci., vol.
35, no. 3, pp. 523-545, 2000.

C. Zhijiang, “Biocompatibility and Biodegradation of novel PHB porous
substrates with controlled multi-pore size by emulsion templates method,” J.
Mater. Sci. Mater. Med., vol. 17, no. 12, pp. 1297-1303, Dec. 2006.

O. Suwantong, S. Waleetorncheepsawat, N. Sanchavanakit, P. Pavasant, P.
Cheepsunthorn, T. Bunaprasert, and P. Supaphol, “In vitro biocompatibility of
electrospun  poly(3-hydroxybutyrate) and poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) fiber mats.,” Int. J. Biol. Macromol., vol. 40, no. 3, pp. 217-
23, Feh. 2007.

G.-Q. Chen and Q. Wu, “The application of polyhydroxyalkanoates as tissue
engineering materials.,” Biomaterials, vol. 26, no. 33, pp. 6565-78, Nov.
2005.

T. Laeger, C. C. Metges, and B. Kuhla, “Role of B-hydroxybutyric acid in the
central regulation of energy balance,” Appetite, vol. 54, no. 3, pp. 450-455,
Jun. 2010.

M. Zhang and N. L. Thomas, “Blending polylactic acid with
polyhydroxybutyrate: The effect on thermal, mechanical, and biodegradation
properties,” Adv. Polym. Technol., vol. 30, no. 2, pp. 67-79, Jun. 2011.

M.-L. Cheng, P.-Y. Chen, C.-H. Lan, and Y.-M. Sun, “Structure, mechanical
properties and degradation behaviors of the electrospun fibrous blends of
PHBHHXx/PDLLA,” Polymer (Guildf)., vol. 52, no. 6, pp. 1391-1401, Mar.
2011.

A. Wagner, V. Poursorkhabi, A. K. Mohanty, and M. Misra, “Analysis of
Porous Electrospun Fibers from Poly(l-lactic acid)/Poly(3-hydroxybutyrate-



[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

Scaffolds for tissue engineering

co-3-hydroxyvalerate) Blends,” ACS Sustain. Chem. Eng., vol. 2, no. 8, pp.
1976-1982, Aug. 2014.

A. Bianco, M. Calderone, and I. Cacciotti, “Electrospun PHBV/PEO co-
solution blends: microstructure, thermal and mechanical properties.,” Mater.
Sci. Eng. C. Mater. Biol. Appl., vol. 33, no. 3, pp. 1067-77, Apr. 2013.

I. Cacciotti, M. Calderone, and A. Bianco, “Tailoring the properties of
electrospun PHBYV mats: Co-solution blending and selective removal of PEO,”
Eur. Polym. J., vol. 49, no. 10, pp. 3210-3222, Oct. 2013.

D. Castellano, M. Blanes, B. Marco, I. Cerrada, A. Ruiz-Sauri, B. Pelacho, M.
Arafia, J. A. Montero, V. Cambra, F. Prosper, and P. Sepulveda, “A
Comparison of Electrospun Polymers Reveals Poly(3-Hydroxybutyrate) Fiber
as a Superior Scaffold for Cardiac Repair,” Stem Cells Dev., vol. 23, no. 13,
pp. 1479-1490, Jul. 2014.

F. Senatov, N. Anisimova, M. Kiselevskiy, A. Kopylov, V. Tcherdyntsev, and
A. Maksimkin, “Polyhydroxybutyrate/Hydroxyapatite Highly Porous Scaffold
for Small Bone Defects Replacement in the Nonload-bearing Parts,” J. Bionic
Eng., vol. 14, no. 4, pp. 648-658, Oct. 2017.

D. Castellano, A. Sanchis, M. Blanes, M. D. M. D. Pérez del Caz, A. Ruiz-
Sauri, M. Piquer-Gil, B. Pelacho, B. Marco, N. Garcia, |. Ontoria-Oviedo, V.
Cambra, F. Prosper, and P. Sepulveda, “Electrospun poly(hydroxybutyrate)
scaffolds promote engraftment of human skin equivalents via macrophage M2
polarization and angiogenesis,” J. Tissue Eng. Regen. Med., vol. 12, no. 2, pp.
€983-e994, Jan. 2017.

K. K. Yang, X. L. Wang, and Y. Z. Wang, “Poly(p-dioxanone) and its
copolymers,” J. Macromol. Sci. - Polym. Rev., vol. 42, no. 3, pp. 373-398,
2002.

B. S. Ahmad, M. Blanchy, G. Mbele, L. Pidial, V. Vanneaux, P. Menasché, G.
R. Williams, and D. Kalfa, “The influence of electrospinning parameters on
polydioxanone scaffold properties,” Biomed. Phys. Eng. Express, vol. 4, no. 2,
p. 025023, Jan. 2018.

O. Hakimi, P.-A. Mouthuy, C. Yapp, A. Wali, N. Z. Baboldashti, and A. Carr,
“Evaluation of polydioxanone scaffolds of varying architecture for tendon
repair,” Orthop. Proc., vol. 96-B, no. SUPP_11, p. 248, Jul. 2014.

M. J. Mcclure, S. A. Sell, D. G. Simpson, and G. L. Bowlin, “Vascular
Scaffolds : Uniaxial Cyclic Distension,” J. Eng. Fiber. Fabr., vol. 4, no. 2, pp.
18-25, 2009.

N. Goonoo, A. Bhaw-Luximon, I. A. Rodriguez, D. Wesner, H. Schénherr, G.
L. Bowlin, and D. Jhurry, “Poly(ester-ether)s: 1. Properties of electrospun
nanofibres from polydioxanone and poly(methyl dioxanone) blends and
human fibroblast cellular proliferation,” Biomater. Sci., vol. 2, no. 3, pp. 339—
351, Feb. 2014.

M. A. Sabino, J. Albuerne, A. Miiller, J. Brisson, and R. E. Prud’homme,
“Influence of in vitro hydrolytic degradation on the morphology and
crystallization behavior of poly(p-dioxanone),” Biomacromolecules, vol. 5,
no. 2, pp. 358-370, 2004.

A. S. Hoffman, “Hydrogels for biomedical applications,” Adv. Drug Deliv.
Rev., vol. 54, no. 1, pp. 3-12, Jan. 2002.

A. A. Aldana and G. A. Abraham, “Current advances in electrospun gelatin-

281



[75]

[76]

[77]

[78]

[79]

(80]

(81]

(82]

282

based scaffolds for tissue engineering applications,” Int. J. Pharm., vol. 523,
no. 2, pp. 441-453, May 2017.

Q. Jiang, H. Xu, S. Cai, and Y. Yang, “Ultrafine fibrous gelatin scaffolds with
deep cell infiltration mimicking 3D ECMs for soft tissue repair,” J. Mater. Sci.
Mater. Med., vol. 25, no. 7, pp. 1789-1800, Jul. 2014.

P. Sajkiewicz and D. Kotbuk, “Electrospinning of gelatin for tissue
engineering — molecular conformation as one of the overlooked problems,” J.
Biomater. Sci. Polym. Ed., vol. 25, no. 18, pp. 2009-2022, Dec. 2014.

K. Sisson, C. Zhang, M. C. Farach-Carson, D. B. Chase, and J. F. Rabolt,
“Evaluation of Cross-Linking Methods for Electrospun Gelatin on Cell
Growth and Viability,” Biomacromolecules, vol. 10, no. 7, pp. 1675-1680, Jul.
2009.

Y. Z. Zhang, J. Venugopal, Z.-M. Huang, C. T. Lim, and S. Ramakrishna,
“Crosslinking of the electrospun gelatin nanofibers,” Polymer (Guildf)., vol.
47, no. 8, pp. 2911-2917, Apr. 2006.

L. H. Chong, M. M. Lim, and N. Sultana, “Fabrication and Evaluation of
Polycaprolactone / Gelatin-Based Electrospun Nanofibers with Antibacterial
Properties,” vol. 2015, 2015.

I. Rajzer, E. Menaszek, R. Kwiatkowski, J. A. Planell, and O. Castano,
“Electrospun gelatin/poly(e-caprolactone) fibrous scaffold modified with
calcium phosphate for bone tissue engineering,” Mater. Sci. Eng. C, vol. 44,
pp. 183-190, 2014.

N. S. Binulal, A. Natarajan, D. Menon, V. K. Bhaskaran, U. Mony, and S. V.
Nair, “PCL-gelatin composite nanofibers electrospun using diluted acetic acid-
ethyl acetate solvent system for stem cell-based bone tissue engineering,” J.
Biomater. Sci. Polym. Ed., vol. 25, no. 4, pp. 325-340, Mar. 2014.

O. Gil-Castell, J. D. D. Badia, and A. Ribes-Greus, “Tailored electrospun
nanofibrous polycaprolactone/gelatin scaffolds into an acid hydrolytic solvent
system,” Eur. Polym. J., vol. 101, pp. 273-281, Apr. 2018.



Scaffolds for tissue engineering

5.4. CONTRIBUTIONS OF CHAPTER 5

The development of functionalised scaffolds for tissue engineering is one
of the most promising research advances in biomedicine, which have been
proposed as an effective alternative for cell culture, proliferation,
subsequent differentiation and ultimately tissue morphogenesis. The
approach followed for the design of this research line is schematised in
Figure 5.8.

Validation strategies Material

( Tailored obtaining procedure
and methodology selection/comparison

(Hydrolysis in formic/acetic acid as a function of
dissolution time prior to electrospinning)

PLGA PLGA, PDO, PCL
Model-case PHB, PCL

In vitro degradation In vitro degradation Characterisation Characterisation

In vitro ; In vifro preliminary In vitro hydrolytic
. - Validation S M
biocompatibility validation degradation

In vifro
biocompatibility

In vivo implantation

Figure 5.8. Sequence approach for the functionalisation strategy, characterisation and
validation of the scaffolds for tissue engineering.

Firstly, monitoring and understanding the in vitro behaviour of polyester
based scaffolds, both comprising the study of the hydrolytic degradation
and the cell seeding viability, was essential to ensure the desired
functionality, according to a given biomedical purpose. For this reason, a
methodology for the validation of polyester-based scaffolds was proposed,
taking the poly(lactide-co-glycolide) (PLGA) as model case. Results
showed specific experimental indicators to set up an appropriate plan of
analysis of the degradation of polyester-based scaffolds, depending on the
balance between the interest in ascertaining the trigger of degradation or
deep into the knowledge of the causes and effects along validation.

Subsequently, several polyester-based scaffolds were studied and
compared during in vitro hydrolytic degradation. The degradation patterns
of  poly(lactide-co-glycolide) (PLGA), polycaprolactone (PCL),
polydioxanone (PDO) and polyhydroxybutyrate (PHB) were assessed. The
considered methodology permitted to ascertain the degradation process
regardless the time lifespan of the scaffolds when subjected to
physiological conditions. The most relevant indicators were the relative
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molar mass-loss and the degree of crystallinity of the fibres. On the one
hand, the scaffolds for short-time applications were PLGA and PDO,
which showed a faster disintegration and, subsequently, a pronounced
acidification of the medium. On the other hand, the scaffolds for long-term
applications were PCL and PHB, which resistant pattern was mainly
ascribed to the stability of the crystalline domains of the fibres. Under a
perspective of an adequate balance between the durability and degradation,
the results of this comparison served as a reference point in the stage of
design and material selection for the development of new polyester-based
electrospun scaffolds for biomedical applications.

From this point onwards, the polycaprolactone (PCL) polymer was
selected as a promising candidate for scaffold development, regardless its
long-term degradation behaviour. Accordingly, scaffolds of PCL were
produced by means of electrospinning. In order to tailor its physico-
chemical properties and subsequent behaviour when submitted to
physiologic conditions, the hydrolysis of the polycaprolactone (PCL) as a
function of the dissolution time in a formic/acetic acid mixture prior to
electrospinning was considered. Hence, the correlation between the
dissolution time of the polymer in the acid solvent with the physico-
chemical properties of the electrospun nanofibrous scaffolds and their
further service life behaviour was performed.

With the aim of improving the biocompatibility, blended nanofibrous
scaffolds based on polycaprolactone (PCL) and gelatin (Ge) were
successfully electrospun in several compositions ranging from 100/0 to
20/80 %wt in steps of 10 %wt. As well, the hydrolysis of the PCL diluted
in the formic/acetic acid mixture was considered as a method for tailoring
the surface morphology and physico-chemical features of the nanofibrous
PCL/Ge scaffolds as a function of the dissolution time. The reduction of
the intrinsic viscosity, molar mass and hydrodynamic radius found for the
PCL molecules as a function of the dissolution time, consequently
diminished the entanglement capability of the polymeric chains, and
significantly influenced the nanofibre size and morphology. As well, the
crystalline structure of the scaffolds varied with the dissolution time and
PCL/Ge composition, offering a wide range of tailored specific properties
for tissue engineering applications.

Finally, the PCL/Ge developed scaffolds were validated in terms of the in
vitro degradation in physiologic conditions, in vitro biocompatibility and
in vivo implantation. The most promising results were found for the
balanced compositions of PCL/Ge —60/40, 50/50 and 40/60—. As a whole,
the effect of the dissolution time was found to play a key role in the
degradability, biocompatibility and bioassimilation of these scaffolds. As
well, the perceived progressive behaviour as a function of the dissolution
time, and the partial or complete assimilation during in vivo implantation
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confirmed and corroborated the tailoring strategy to obtain highly
biocompatible scaffolds with a controlled degradation rate.

The results of this research line were reported in:

Contribution 5.1. In vitro validation of biomedical polyester-based
scaffolds: poly(lactide-co-glycolide) as model-case.

Contribution 5.2. Comparison of in vitro hydrolytic degradation
patterns of short-term and long-term polyester-based electrospun
scaffolds.

Contribution 5.3. Effect of the dissolution time into an acid hydrolytic
solvent to tailor electrospun nanofibrous polycaprolactone scaffolds.

Contribution 5.4. Tailored electrospun nanofibrous polycaprolactone/
gelatin scaffolds into an acid hydrolytic solvent system.

Contribution 5.5. Validation of tailored electrospun nanofibrous
polycaprolactone/gelatin based scaffolds.
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Contribution 5.1.
In vitro validation of biomedical polyester-based
scaffolds: poly(lactide-co-glycolide) as model-case
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In vitro validation of biomedical polyester-based scaffolds:
poly(lactide-co-glycolide) as model-case

O. Gil-Castell, J. D. Badia, I. Ontoria-Oviedo, D. Castellano, B. Marco,
A. Rabal, J. J. Bou, A. Serra, L. Monreal, M. Blanes, P. Sepulveda, A.
Ribes-Greus

Abstract

Monitoring and understanding the in vitro behaviour of polyester based
scaffolds both comprising the study of the hydrolytic degradation and the
cell seeding viability is essential to ensure the desired functionality,
according to a given biomedical purpose. As a model case to compare the
performance of techniques to monitor the in vitro behaviour, poly(lactide-
co-glycolide) (PLGA) scaffolds were chosen.

The in vitro hydrolytic degradation of PLGA scaffolds was carried out in
water and phosphate buffered saline (PBS). The evolution of the mass loss,
the molar mass, the thermal properties and the surface morphology were
monitored. The hydrolytic degradation media was correspondingly
evaluated by means of the study of the pH, the amount of acid released and
the conductivity.

In addition, the in vitro biocompatibility regarding the cell culture viability
was studied under physiological conditions. The cellular adhesion, cellular
ability to proliferate on the scaffold, the scaffold inflammatory profile and
the effect of the scaffold degradation compounds on the cells were
assessed.

A comparative analysis of the exploited techniques in terms of promptness
of identification, depth of knowledge, simplicity of obtaining results and
cost of the technique was implemented. The results showed that, depending
on the balance between the interest in ascertaining the trigger of
degradation or deep into the knowledge of the causes and effects of cell
culture viability, an appropriate plan of analysis of the validation of
polyester-based scaffolds could be designed.

Keywords

Scaffold; polyester; poly(lactide-co-glycolide) (PLGA); in vitro validation;
biocompatibility; polymer testing
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1. Introduction

Polyesters are one of the most used polymeric materials for biomedical
applications such as sutures, implants, artificial skin and controlled drug
release devices [1]-[4]. Such is the case of the poly(lactide) (PLA),
poly(glycolide) (PGA), poly(e-caprolactone) (PCL) or poly(lactide-co-
glycolide) (PLGA) [5]-[9]. The irruption of electrospinning in tissue
engineering has boosted the technology of production of biomaterials
comprising fibrous architectures which diameters can vary from several
tens to hundreds of nanometres, mimicking the native extracellular matrix
and allowing enough porosity to facilitate cellular growth [10]-[12].
Precisely, the tuning of these scaffolds is required to ensure a balance
between enough time of structural endurance to permit angiogenesis, and
appropriate degradation profiles to be decomposed without delivery of
toxic low molar mass compounds [13]. In this sense, the development of
protocols to establish the structure-to-performance relationship of
biomedical scaffolds still represents a matter of interest.

The use of poly(lactide-co-glycolide) (PLGA) as biopolymeric scaffold is
well-extended due to its equilibrium of performance of durability and
bioassimilation trends [14], [15], and therefore was taken as model
polyester in this work. An equilibrated water—affinity with reasonable
degradation times has been found for 50:50 PLGA where the methyl side—
groups of the PLA macrosegments confer hydrophobicity to the copolymer
[16]. The mechanism of degradation of PLGA under abiotic aqueous
environments takes place through hydrolysis of the ester bonds, auto-
catalysed by carboxylic groups, exponentially increasing along the
exposure time [17]. These microstructural changes induce the formation of
macroscopic pores or cracks, and the loss of monomeric and oligomeric
species, thus reducing the mass of the polymers and finally decomposing
their architecture until bioassimilation or excretion [18]. PLGA permits
different preparations and designs. For instance, Farahani et al. studied
50:50 PLGA as compressed discs for implants [19], Vey et al. assessed the
degradation of cast films [20] and Wu et al. the biodegradation of PLGA
rods with different compositions [21]. As electrospun scaffolds, some
characterisation studies of the in vitro degradation have been reported [7],
[22]-[28], generally considering the monitoring of mass-loss and molar
mass along hydrolytic exposure.

Depending on the area of application and the purpose of the analysis, the
focus on the research can vary from the deepest knowledge of the
degradation mechanisms from the material science point of view [29]-[32],
to a fast reference trial of materials to identify the relative times of
decomposition and thus further infer the response under biological
conditions in medical studies [7], [24], [33], [34]. Therefore, the aim of this
work was to compare the suitability of the set of analytical techniques
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schematised in Figure 1 to validate the in vitro behaviour of a model
electrospun polyester (PLGA) through the study of its hydrolytic
degradation and biocompatibility. For this purpose, the hydrolytic
degradation profiles were monitored in ultra-pure water and phosphate
buffer solution (PBS) at 37 °C. The scaffold was characterised by
gravimetric analysis, size exclusion chromatography (SEC), differential
scanning calorimetry (DSC) and field emission scanning electron
microscopy (FE-SEM) while the degradation media was monitored by pH
measurement, titration of released acids and conductometry.
Biocompatibility was studied in terms of cellular adhesion, morphology
and proliferation of cells, the inflammatory profile, and the effect of the
scaffold degradation compounds on the cell viability were assessed by
means of immunofluorescence, FE-SEM, methyl tetrazolium (MTT) and
pyrogenic assays, respectively. Aspects such as promptness of
identification, depth of knowledge, simplicity of obtaining results and cost
of the techniques were taken into account as a basis for specialists to set up
an appropriate plan of analysis of the degradation and durability of
polyester-based scaffolds.

Fourier transformed infrared

specitoscopy (FLIR) Composition

Initial
characterisation | ™

] Size exclusion chromatography
(SEC)

Molar mass

Field emission scanning

electron microscopy (FE-SEM) Surface topology
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Figure 1. Scheme of the in vitro validation techniques used in this study along with
the most representative indicators for each technique.
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2. Materials and methods
2.1. Materials

The 50:50 DL-PLGA used in this study was provided by Lactel Absorbable
Polymers. Dimethylformamide (DMF) was used as solvent for
electrospinning. For the hydrolytic degradation procedure, ultra-pure water
of type 1 (1SO 3696) [35], Dulbecco’s Phosphate Buffered Saline solution
(PBS, D1408) and NaOH 1 M for adjusting pH in PBS, were used. All
these reactants, except water, were supplied by Sigma-Aldrich and were
used without further purification. For the in vitro biocompatibility tests
paraformaldehyde (PFA) from VWR Chemicals and 4’,6-diamidino-2-
phenylindole (DAPI) from Sigma-Aldrich were used.

2.2. Scaffold preparation

The PLGA scaffolds were obtained by means of an Yflow Electrospinner
2.2.D-350. It consisted in double polarization, integrated drum collector
control panel and robotized stage to move the electrospinning source in an
alternative fashion covering a 400x400 mm? area. PLGA solution was
prepared at a 30% by weight in pure DMF under gentle stirring overnight
at room temperature. The polymer solution was electrospun at a 14 kV
voltage, with a tip-to-collector distance of 20 cm and a solution flow rate
of 1 ml-h%. The solution jet emerging from the stainless steel wire (0.9 mm
inner diameter) used as the positive electrode, was collected on a waxed
paper. Scaffolds, with an average thickness of 1.35x102 mm, were
obtained and dried over 12 h under vacuum to facilitate the removal of
residual solvent and moisture.

2.3. In vitro degradation

The PLGA scaffolds were subjected to hydrolytic degradation under ultra-
pure water and phosphate buffer saline solution (PBS), according to the
international norm ISO 10993-13:2010, method 4.3 [36]. Shortly, the
initial electrospun scaffolds were cut into rectangular specimens with a
mass around 10 mg. The specimens were weighed (mo) and placed in a
previous weighed vial (myia). 10 ml of degradation medium were
introduced, then the vials were sealed with polytetrafluoroethylene (PTFE)
threaded plugs and placed in a thermostatically controlled oven at 37 °C.
The pH of the PBS solution was adjusted to 7.4 with NaOH 1 M. Twelve
extractions were considered along the hydrolytic degradation over 150
days. In order to monitor the process, after certain periods of time, samples
were withdrawn from the environment by triplicate. Solid and liquid
fractions were separated. The liquid fraction was analysed immediately
after extraction, while the solid fraction followed a washing-drying-
keeping procedure before further analysis. Actually, those specimens
coming from the saline buffer were washed with deionized water and then,
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along with specimens coming from water environment, were dried under
vacuum to constant mass into their degradation vials (mqry) and saved for
further analysis.

2.4. Scaffold characterisation
2.4.1. Mass loss monitoring

The residual mass of the samples (% mass) was determined by the
Equation 1,

% mass = W x 100  (Equation 1)
0

where mo, myia are the initial mass of the specimen, and the vial,

respectively; and mqry, the mass of the vacuum dry assembly sample-vial

after degradation.

2.4.2. Size exclusion chromatography (SEC)

Size exclusion chromatography (SEC) analyses were carried out by means
of an Agilent Infinity 1260 chromatograph. Separation was performed with
a Jordi Associates mixed bed fluorinated column (permeation range: 100 -
10x10% Dalton). All the samples were dissolved in mobile phase of
hexafluoroisopropanol (HFIP) containing 2.72 g-L' of sodium
trifluoroacetate (NaTFA). This solvent was previously degassed by
vacuum filtration over PTFE 0.45 um pore membranes. Flow rate was set
at 1 mL-min! and 100 pL samples of about 0.1% concentration were
injected. Detection was conducted by UV-vis-detector. Monodisperse
PMMA samples from Sigma-Aldrich and Agilent were used for previous
calibration. The specimens were characterised in triplicates and the
averages were taken as representative values.

2.4.3. Fourier transformed infrared spectroscopy (FT-IR)

The assurance of the composition of the scaffolds was determined via
attenuated total reflectance (ATR) in a Thermo Nicolet 5700 Fourier
transform infrared spectrometer (FT-IR). The average spectra were
collected from 64 accumulations with a resolution of 4 cm™ in the 4000-
400 cm! range, from eight different locations of the same specimen.

2.4.4. Differential scanning calorimetry (DSC)

Calorimetric data were obtained by differential scanning calorimetry
(DSC) with a Mettler-Toledo DSC 820 series. The DSC equipment was
calibrated following the procedure of In and Zn standards. The samples,
with a mass of about 4 mg were analysed between —20 and 220 °C with a
heating rate of 10 °C-min. All experiments were run under nitrogen
atmosphere (50 mL-mint). The specimens were characterised at least in
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triplicates and the averages of temperatures were taken as representative
values.

2.4.5. Field emission scanning electron microscopy (FE-SEM)

The surface morphology of specimens was analysed by means of a Zeiss
Ultra 55 field emission scanning electron microscope (FE-SEM). The
samples were cut into small pieces and dried at 50 °C in a vacuum oven for
24 h and then kept in a desiccator during 48 h. Afterwards, the specimens
were mounted on metal studs and sputter-coated with a platinum layer
during 10 s using a Leica EM MEDO020. Testing was performed at room
temperature with a 3 kV voltage. The fibre diameters were measured from
the FE-SEM micrographs at random locations (n=100) with the aid of
Image J software.

2.5. Characterisation of the degradation media
2.5.1. pH and conductivity measurements

The pH and conductivity of the degradation media were measured at room
temperature by means of Crison pH25 and Crison CM35 devices. Three
buffer solutions from Crison were used to calibrate the pH-meter: pH 4.01
(phthalate buffer solution), pH 7.00 (phosphate buffer solution), pH 10.01
(borate buffer solution). Different KCI solutions (0.1 M, 0.01 M and 0.001
M) with conductivities of 12.88 mS-cm™?, 1413 uS-cm™ and 147 pS-cm™,
respectively, were used to calibrate the conductometer. Measurements
were carried out in three different specimens per sample and the averages
were taken as representative values.

2.5.2. Titration

The amount of released acid was estimated by means of a titration of the
degradation medium. In this method, only monomeric units of lactic and
glycolic acids are supposed to be released according to the methodology
proposed by Vey et al. [20]. Aqueous solutions of lactic and glycolic acids
were prepared at 0.01 M in order to establish an additive pattern curve
which related the concentration of each compound with the pH.

2.6. In vitro biocompatibility
2.6.1. Cell culture

Human fibroblasts were cultured in high-glucose Dulbecco’s Modified
Eagle’s Medium (Sigma-Aldrich) supplemented with 10% of foetal bovine
serum (FBS), penicillin (100 U-mL™!) and streptomycin (100 pg-mL™?)
(Gibco). Human keratinocytes were cultured in low-glucose Dulbecco’s
Modified Eagle’s Medium (Sigma-Aldrich) supplemented with 10% of
chelated FBS, penicillin (100 U-mL™) and streptomycin (100 pg-mL1).
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Cells were harvested for passaging with trypsin-EDTA (0.25% trypsin and
0.02% EDTA) solution.

2.6.2. Cell-adhesion assay

In order to evaluate the cell attachment to the scaffolds, 40000 cells were
plated onto 1 cm? of the polymer sheet in triplicates. Cells were allowed to
attach for 30 min and then cultured in the appropriate medium for 48 and
96 h. Thereafter, scaffolds were washed with cold PBS and fixed for 20
min with 2% PFA at room temperature, then washed again and finally
stained with 4',6-diamidino-2-phenylindole (DAPI) for 10 min at RT.
Images were acquired in a fluorescence microscope.

As well, to better characterize the cell attachment and morphology,
scanning electron microscope images were acquired. Briefly, 40000
cells-cm2 were seeded onto the scaffold and cultured for 48 h. Then, the
cells were fixed with 3% glutaraldehyde solution during 60 min at 37 °C
and subsequently critical point dried (CPD). This procedure removes
liquids from the specimen and avoids surface tension effects, by never
allowing a liquid/gas interface to develop [37]. The CPD protocol
considered was dehydration through a graded series of ethanol (10%, 20%,
30%, 50% and 70%, once for 10 min at each step), and then immersed in
100% ethanol twice for 30 min each. The tissues were then transferred to a
Quorum Technologies Polaron E3000 critical point dryer, using liquefied
carbon dioxide as transitional fluid. Finally, samples were sputter-coated
and analysed according to the protocol described in section 2.4.5.

2.6.3. MTT assay

Human fibroblasts were plated at a density of 40000 cell-cm? onto
scaffolds. Proliferation was measured in triplicates after 48 and 96 h using
thiazolyl blue tetrazolium bromide (MTT assay; Sigma-Aldrich),
following the manufacturer's instructions. Absorbance was measured at
550 nm using a plate reader Halo Led 96 (Dynamica Scientific Ltd.).

To evaluate the toxicity of the compounds obtained from the scaffold
degradation (PLGA), different concentrations of lactic and glycolic acid
were tested (mM): 0, 10, 20, 30, 40, 50 and 60. Fibroblast and
keratinocytes were seeded (10000 cells per well of a 96 well plate) and
incubated during 24 h with the determined concentrations.

2.6.4. Pyrogen test

Blood was obtained from the Valencian Blood Tissue Bank after informed
consent and was processed as described previously [33]. Briefly, peripheral
blood mononuclear cells (PBMCs) were isolated by Ficoll density gradient
centrifugation and incubated in triplicates with the PLGA scaffolds during
5 h at a density of 6x106 cells-mIt. RNA was obtained using QIAzol Lysis
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Reagent and purification was carried out with RNeasy Plus Mini Kit
(Qiagen). RNA was quantified by spectrometry using a NanoDrop ND-
2000 (NanoDrop Technologies). The same procedure was used with
PBMCs incubated with poly(3-hydroxybutyrate) (PHB) scaffolds.

2.6.5. Reverse transcription and real-time polymerase chain reaction (RT-
PCR)

cDNA was synthesised from 1 pg of total purified RNA using the High-
Capacity cDNA Reverse Transcription kit (Applied Biosystems). Primers
were designed [33] and RT-PCR was performed as previously described
[38]. The following pro-inflammatory cytokines were analysed: IL-1p, IL-
6, IL-10 and TNF-a, the gene expression levels were normalised to the
human housekeeping ACTB. Data are represented as the average from
triplicate samples.

2.6.6 Statistical Analysis

The results in this study are expressed as mean + standard deviation (SD).
In the biocompatibility assays, comparison between experimental
conditions were performed with Mann-Whitney test. Differences were
considered statistically significant at P<0.05 with a 95% confidence
interval. Analyses were conducted with GraphPad Prism 5 software.

3. Results and discussion
3.1. Initial characterisation of the scaffold

The validation of a given scaffold for tissue engineering starts from an
initial or preliminary characterisation of this device. Accordingly, it is
essential to evaluate some fundamental features such as the surface
morphology, the fibre diameter, the porosity, the chemical composition and
the molar mass. These are key factors that will determine the behaviour of
the scaffold during application.

Figure 2 shows a FE-SEM image of the surface morphology, along with
the histogram of diameters of the electrospun PLGA scaffolds. For
satisfactory cell attachment and proliferation, the fibre diameter (d) must
remain in the nanoscale range which is crucial and necessary to mimic the
extracellular matrix (ECM) size [39]. For the case of PLGA scaffolds, a
uniform non-woven nanofibrous structure was observed.

The estimated porosity (@) of the scaffold was calculated by means of the
Equation 2,

_(1_2 ;
? (%) = (1 po) x 100 (Equation 2)

where p is the density of electrospun sheet considering a thickness of
1.35-10 cm and a density (po) of 1.25 g-cm for the bulk PLGA [25]. As
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well, the surface density (ps), referred to the mass per unit area, was
calculated by weighing a piece of the scaffold and normalised to the
selected area.

Froquency (%)

Fibre diameter (nm)

Figure 2. FE-SEM image (3kV, 1000x, 10 um) and fibre diameter histogram of
PLGA nanofibrous scaffold.

The chemical composition of the scaffold was assessed by means of
infrared spectroscopy (FTIR). The typical infrared spectra of a given
polyester shows the characteristic bands corresponding to specific
functional groups in the polymer structure. The spectra of the PLGA shows
two different characteristic bands corresponding to each one of the
monomers. The first band located at 1452 cm™ corresponds to the
asymmetric bending of —CHz from the lactic units and the second one is
located at 1422 cm™ and corresponds to the bending of -CHp— from the
glycolic units of the copolymer. Thus, the relative quantity of lactic and
glycolic units could be estimated by the relative intensities of these two
bands by means of Equation 3 and Equation 4, respectively [20],

C, = sz (Equation 3)
I1a22+ 11452

C,=—m2z (Equation 4)
I1a22+]1452

where l1s2 and l142; are the intensities of the bands at 1452 cm™ and 1422
cml, respectively. The scaffold composition was revealed to be close to
1:1 ratio of glycolic-lactic units (56:44).

The molar mass analysis was performed by means of size exclusion
chromatography (SEC) in terms of number average molar mass (M,) and
weight average molar mass (Mw). Result showed values around 45 000
g-mol* for M, and 87 000 g-mol* for M.
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Table 1. Porosity, fibre diameter, composition and average molar masses of initial
PLGA scaffold.

Ps 1%} d Co CL Mn Muw
@m? (%) (m) (%) (%) (gmol!) (g-mol?)
PLGA 2.6 85 617 56 44 45 000 87 000

Table 1 gathers the surface density, porosity, average fibre diameter,
copolymer composition and average molar mass of the initial scaffold. As
a result of the preliminary characterisation, the polyester based (PLGA)
scaffold was revealed to accomplish the specifications to be used as a
model case.

3.2. In vitro hydrolytic degradation

The hydrolytic degradation of polyester-based scaffolds under abiotic
aqueous environments is known to take place through breakage of the ester
bonds, exponentially auto-catalysed by the presence of carboxylic groups
[17]. The microstructural changes occurred in the scaffold induce the
formation of macroscopic pores or cracks and the loss of monomeric and
oligomeric species, thus reducing the mass of the polymers and finally
decomposing their architecture until bioassimilation or excretion [18].

The results of the monitoring of the scaffold along the in vitro hydrolytic
degradation in ultra-pure water and PBS are plotted in Figure 3, under the
same temporal X-axis in order to compare the response given by different
techniques. Parameters such as (a) mass, (b) average molar mass in number
(Mp), (c) temperature of the peak of the endotherm superimposed to the
glass transition (Tgtp), (d) pH, (e) conductivity and (f) amount of acid
released were chosen for the degradation characterisation. A deep
explanation is hereinafter given in each subsection in order to get a glance
of the performance of each key indicator chosen for the analysis.

3.2.1. Mass-loss

Mass-loss evolution was measured on the sample-vial assembly by
gravimetric analysis, which is the most commonly used parameter as
indicator of degradation. For the case of PLGA scaffolds, the mass-loss
profile was similar under both water and PBS media during the first 30
days, as shown in Fig. 3a. However, after 30 days, the remaining mass of
degraded PLGA scaffolds followed different patterns depending on the
medium of degradation. Under water, PLGA started to disintegrate until
completion after ~60 days, with an important slope at its degradation
profile. In contrast, under PBS, the mass of the scaffold remained almost
constant until ~90 days. After that, a drop of mass took place after ~125
days with a similar slope than that shown under water. The samples were
then completely disintegrated after ~150 days. These results were in
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accordance with those reported for other scaffolds of PLGA where similar
degradation extents were found [27], [28].
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Figure 3. Evolution of hydrolytic degradation indicators for PLGA scaffolds in ultra-
pure water and phosphate buffer solution (PBS): (a) mass, (b) average molar mass in

number (Mn), (c) temperature of the peak of the endotherm superimposed to the glass
transition (Tgt-p), (d) pH, (€) conductivity and (f) amount of acid released.
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3.2.2. Molar mass

The in vitro hydrolytic degradation was monitored in terms of molar mass
by means of size exclusion chromatography (SEC). The average molar
mass in number (M) was considered as the most representative parameter
of this analysis, which results are plotted in Fig. 3b.

As a result of the hydrolytic degradation of the ester bond and the
subsequent chain scission, a shift of the molar mass towards lower values
was expected. Actually, when the PLGA scaffolds were submerged into
water, a continuous linear fall from initial M, values ~45-10% g-mol* to
values ~15-10° g-mol up to ~20 days was found. Afterwards, the samples
were impossible to handle. Under PBS, the decay was monitored up to ~95
days, adapting the profile to an apparent exponential decrease function,
until M, values ~5-10% g-mol. After that, the specimens were entirely
collapsed and no more analyses could be carried out. These results were in
agreement with literature [20], [21], [28].
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Figure 4. Molar mass distributions of PLGA scaffolds exposed to hydrolytic
degradation in ultra-pure water (left) and PBS (right).

Deeper insight could be obtained from SEC analyses. Figure 4 shows the
molar mass distributions of the PLGA scaffolds subjected to ultra-pure
water and PBS media. A unimodal distribution was observed for non-
exposed PLGA, which exhibited a sharp peak at 100 kDa. When exposed
to ultra-pure water, the molar mass distribution were displaced to lower
molar masses, slightly increasing their width. A breakage of the ester bonds
seemed to take place for long polymer chains, producing a broader
distribution of chain sizes. After ~20 days of degradation, the peak was
located around 10 kDa. In contrast, scaffolds immersed in PBS showed a
different degradation pattern. Until ~30 days, a diminution of the height
and a broadening of the peaks were observed. The height and shape of the
peak was practically maintained from day 30 to day 50 but displaced
towards lower molar masses, suggesting that all polymeric chains were
equally degraded. The lowest values of molar mass were reached after ~20
and ~95 days in water and PBS, respectively. The formation of different
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segmental-size populations was suggested, due to the appearance of multi-
modal curves caused by the particular hydrolysis mechanism [18].
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Figure 5. Normalised average molar mass in number (Mn) as a function of the
exposure time of PLGA scaffolds to ultra-pure water and PBS. Inset: Detail of the
stage 1 from immersion to day 30™. Mass loss is included as dotted lines.

The degradation kinetics were studied in Figure 5, where the normalized
value of My is plotted as a function of the degradation time. As commented
above, samples subjected to degradation in ultra-pure water after 20 days
were impossible to handle so that the degradation mechanism was mainly
studied for the PBS medium. According to the mass-loss evolution (Fig.
3a), two well differentiated stages could be observed. In the inset of Fig. 5
the normalized number-average molar mass and the mass-loss are plotted
as a function of time. A stage 1 was defined between day 0 and day 30. The
non-linear behaviour of the mass loss perceived in this stage in both media
suggested an autocatalytic predominant random scission [40]. However,
the presumable acidification of the medium when immersed in water, may
had promoted more autocatalytic hydrolysis reactions [17], [18]. Several
studies found that a combination of random and end scission is the most
common mechanism as well as that an autocatalytic process is more often
expected than non-catalytic hydrolysis [41], [42]. From day 30 onwards,
the stage 2 was observed. While the samples in water were completely
disintegrated, a deceleration of the M, variation could be perceived in the
PBS medium, which was indicative of a non-catalytic hydrolysis
contribution. This lower catalytic behaviour in PBS was due to the
capability of PBS to buffer the acidification of the media which would be
supposed to have occurred due to the released low molecular weight acidic
species.

3.2.3. Thermal properties

The use of differential scanning calorimetry is essential to understand the
thermal properties of polymers subjected to different degrading conditions
[43]-[50]. Indicators of degradation such as the cold-crystallization
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temperature [44], the partial melting areas [45], the crystallinity degree
[51], the relative partial crystallinity or the balance among amorphous and
rigid amorphous fractions [52] have been previously proposed for
monitoring degradation.

For PLGA scaffolds, no relevant cold-crystallisation and melting
behaviours were observed, which ensured that no formation of significant
crystalline fractions that could difficult the bioassimilation of scaffolds by
macrophagues was produced. Figure 6 shows the DSC traces of the first
heating scan of non-exposed PLGA and those subjected to in vitro
hydrothermal degradation in both media. The analysis was thus focused on
the temperature region from 0 to 100°C, where the glass transition and the
endothermic enthalpy associated to the release of energy accumulated
during physical annealing at temperatures below the glass transition are
shown. This sharp endotherm was revealed at short degradation times, and
became broader the longer the hydrolytic exposure was. This phenomenon
variated from unimodal to bimodal after 15-20 days, which was ascribed
to the different glass transitions of the components of the copolymer, i.e.
poly(glycolide) (PGA), between 35 and 40 °C, and poly(lactide) (PLA),
between 55 and 60 °C [53].

The temperatures of the peaks of the endotherm superimposed to the glass-
transition (Tq.p) were chosen as indicators of degradation, as plotted in Fig.
3c. The initial Tq.p values were located around 54.5 °C, which decoupled
towards high temperature (high-T) and low temperature peaks (low-T).
The low-T peak, decreased to ~45 °C under water and to ~35 °C under PBS,
corresponding to a 17% and a 35% of reduction, respectively, with similar
fashion as that shown by mass-loss. These results are in concordance with
other reports that suggested a more preferential hydrolytic degradation of
the glycolic-glycolic and glycolic-lactic ester linkages, in contrast to that
of the lactic-lactic bond in random poly(lactide-co-glycolide) polymer
chains [54]. Thus, the generation of the independent homopolymeric new
segments of poly(lactic acid) and poly(glycolic acid) would contribute to
the appearance of separated glass transition events.
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Figure 6. First heating DSC traces for PLGA scaffold after immersion in ultra-pure
water and PBS as a function of the exposure time.

3.2.4. Surface morphology

The surface morphology of the scaffolds subjected to the in vitro hydrolytic
degradation procedure was assessed by means of field-emission scanning
electron microscopy (FE-SEM) as a function of the exposure time. Figure
7 shows the surface micrographs of PLGA scaffolds submitted to both
media after 5, 10 and 15 days of immersion. Afterwards, handling samples
was not possible.

In particular, for PLGA scaffolds immersed in water, a general
coalescence, and loss of the initial nanofibrous arrangement as well as
growth of pores was perceived. Fibres swelled and seemed to coalesce after
5 days of exposition. After 10 days of immersion, coalescence increased
and pores seemed to appear in the surface of scaffolds. Finally, after 15
days, the structure completely coalesced and the pores continuously grew.
This behaviour can be ascribed to the hydrolytic degradation behaviour of
PLGA, in which water penetrated and diffused into fibres which
substantially swelled until coalescence. Afterwards, hydrolytic degradation
in bulk occurred and pores appeared due to the release of low molar mass
compounds to the hydrolytic media [18], [55]. These observations were in
agreement with the results drawn from experiments of mass-loss and DSC
shown in Fig. 3, in which the main degradation stage seemed to be
triggered around 15 days. Indeed, the molar mass of PLGA at this stage
decreased by 50%, thus supporting the statement of threshold of
performance in this medium.

However, when subjected to PBS, the degradation process appeared to be
considerably different and slower than that observed in water. Although a
swelling effect seemed to take place after 5 days of immersion,
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conglutination was not reached. After 10 days, swelling hardly occurred
and some fibres looked to be broken or separated, showing more terminal
ends. In addition, tiny holes appeared in fibres, indicating individual fibre
degradation. After 15 days, similar morphology was observed but small
pores became higher and deeper, due to the advance of degradation. In
contrast with the experiments in water, although PLGA also showed a 50%
reduction of molar mass at this stage and the trigger of degradation was
pointed out by DSC, the mass-loss profile followed a plateau stage during
longer times, due to the inhibition of acidic species by PBS, thus
decelerating the chain scission of the scaffolds and consequently
maintaining the structure.

Water

Day 5

Day 10

Day 15

Figure 7. FE-SEM images (3 kV, 1000x, 10um) of the scaffold surface subjected to
degradation in water (left) and PBS (right).

306




Scaffolds for tissue engineering

3.2.5. Analysis of the hydrolytic degradation media

Though the significance of the characterisation of the scaffolds is essential
to understand the effects of the degradation on their molecular architecture
and thus on their physico-chemical properties and performance, the parallel
observation of the hydrolytic degrading media can offer quick information
of the state of degradation and even more, fast data to infer the impact of
the degradation of biopolymer polyester-based scaffolds. The evolution of
the pH, conductivity and acid released are shown in Figs. 3d, e and f,
respectively.

When immersed in water, the pH remained constant until day 15, when it
dramatically decreased from neutral pH ~7 to acidic pH ~3 around day 30,
as displayed in Fig. 3d. This drop was assigned to a large release of acidic
species, not only glycolic and lactic acid units but also acidic oligomers
that may cause acidification of the media, according to other studies [18],
[21]. In contrast, when samples were exposed to PBS, the general tendency
of the pH was to remain almost constant along the degradation process, due
to the ability of this solution to neutralise acidic species released during
degradation, as previously suggested. Nonetheless a slight diminution can
be considered from pH 7.4 to pH 6.6 in concordance with results found by
other authors [56]-[60], coinciding with the main mass-loss stage in Fig.
3a.

Concerning conductivity, it showed an inversed pattern than that exhibited
by pH at similar stages (see Fig. 3e). When measured in ultra-pure water,
the conductivity remained constant showing values around 35 pS-cmup
to ~20 days. After that, an abrupt growth was observed, reaching
conductivities near to 500 uS-cm? almost symmetrically to the pH
evolution. However, the intrinsic conductivity of the PBS media showed
such a high value that the effect of acidic species released to the media was
overlapped. Conductivity remained constant around 110 mS-cm?,
characteristic of the phosphate buffer solution.

The pH and the release of acid species could be correlated by means of
titration patterns, which were prepared for lactic and glycolic acids, as
shown in Figure 8. Similar titration profiles were obtained for both species.
A Boltzmann-like trend was observed in water and PBS. By measuring the
pH of the degradation media and the aid of these curves, the amount of acid
released in the degradation media as a function of time could be estimated.
Thus, in Fig. 3f, a similar but delayed acid releasing profile was shown for
ultra-pure water and PBS. First, a slow release period was found, followed
by a fast release stage. In ultra-pure water, the inflection point was located
after ~30 days. However, in PBS, the slow release period was prolonged
until ~70 days, when a fast release was found. Still, when the release was
faster, it was quicker in water than in PBS, due to the autocatalytic

307



hydrolytic reaction taking place in water, as proposed by the degradation
kinetics studied by SEC.
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Figure 8. Titration pattern curves for water (circles) and PBS (squares) with lactic
(solid) and glycolic (open) acids.

3.3. In vitro biocompatibility
3.3.1. Cell attachment and viability

The evaluation of the cell capacity to be attached and proliferate onto the
scaffolds over time is one of the fundamental approaches to take into
account when assessing biocompatibility. It is known that cells attachment
decrease when the scaffolds pore size is increased [61] and similar effect
could be observed depending on the nanofibrous arrangement. For this
purpose, fibroblasts were seeded onto the PLGA scaffold and cultured
along 48 and 96 h. Then, the cells were nuclear stained with DAPI. A great
number of cell was observed in both conditions, as shown in Figure 9a,
indicating that PLGA supported cell adhesion. Indeed, scanning electron
microscope images from scaffolds cultured during 48 h revealed that the
cells were completely attached to the scaffold and formed a continuous
layer, covering the whole surface (Figure 9b). The cell proliferation was
also measured by MTT assay. As expected, cells were able to grown on the
scaffold after 48 and 96 h. It was observed a slight increase of proliferation
over the time, which results are plotted in Figure 9c.

3.3.2. Inflammatory response of cells

When assessing biocompatibility, the study of whether the scaffold induces
an inflammatory response on the cells is crucial [33], [62]. Among other
methods to evaluate the inflammatory response, pyrogenic test is one of the
fastest methods, giving as a result quite relevant information. In vitro
pyrogen test method recommended by the FDA requires the measurement
of IL-6 and IL-1 beta as pro-inflammatory cytokines. In this particular case,
we decided to include TNF-a as well to make the assay more robust and
IL-10 as an indicator of a potential anti-inflammatory effect. Peripheral
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blood mononuclear cells (PBMCs) were cultured onto PLGA scaffolds
during 5 h and subsequently RNA was extracted for gene expression
analysis. Cells were also incubated with PHB as positive control, as it is a
widely used polymer in regenerative medicine [38], [63]. Cells cultured
without any scaffold were considered as negative control. IL-1P
(interleukin 1B) expression was induced after culture with PLGA scaffolds
but values were lower than those observed with PHB scaffolds. Same
results were observed with IL-6 (interleukin 6), IL-10 (interleukin 10) and
TNF (tumour necrosis factor), as observed in Figure 9d.
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Figure 9. (a) Nuclear staining with DAPI of human fibroblasts cultured on PLGA
scaffolds for 48 h (left) and overlapping images of DAPI and transmitted light (right).
Scale bar 50 um; (b) Scanning electron microscope images of fibroblasts cultured
during 48 h in PLGA scaffolds. Scale bars 100 um (left) and 10 pm (right); and (c)
Fibroblasts viability on PLGA scaffolds measured at 48 h and 96 h by MTT assay.
Absorbance was measured at 550 nm, data are expressed as arbitrary units; (d) IL-1p,
IL-6, IL-10 and TNF gene expression of PBMCs incubated with PLGA scaffold, PHB
scaffold and without any scaffold (control).
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3.3.3. Toxicity of the monomeric constituents of the scaffold

The hydrolytic degradation of the polyester based scaffolds generates the
release of low molar mass compounds to the surrounding media of the
implant. These compounds, ultimately comprise the monomeric
constituents of the polymer material [18], [55]. The chemical composition
of the scaffolds focused on this study is based on the copolymer
poly(lactide-co-glycolide) composed of lactic and glycolic acid units.
Accordingly, the study of the effect of these monomeric compounds on the
cell viability in terms of the toxic concentration is substantially relevant.
The MTT results are shown in Figure 10a and 10b. Human fibroblasts and
Keratinocytes were incubated on different concentrations of lactic and
glycolic acids. In both acids, toxicity was found at concentrations above 30
mM which was correlated with a decrease of the absorbance measured at
550 nm. Conversely, no toxicity was found at lower concentrations and no
differences were observed in comparison to the control sample (0 mM).
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Figure 10. Toxicity evaluation for different concentrations of lactic (a) and glycolic
(b) acids by MTT assay.

3.4. Semi-quantitative comparison of monitoring techniques in terms of
promptness of identification, simplicity, knowledge and cost

Two radar-like charts, plotted in Figures 11a and 11b were considered in
this study to compare the several techniques used for the in vitro validation
(hydrolytic degradation and biocompatibility, respectively) for a polyester
based scaffold. Aspects such as the promptness of identification, the
simplicity of obtaining results, the depth of offered knowledge, and the cost
of the techniques need to be taken into account in order to offer a general
overview of techniques. Accordingly, techniques were inter-compared in
terms of the cited aspects and rated based on a Likert-scale with a range of
1to 5, where 1 denoted the lowest desired value and 5 the highest desired
value for the appropriate evaluation of the technique for every factor of
comparison. For the sake of clearness, it is important to remark that the
square bound by corners represent the most convenient value for each
variable. Thus, the highest frame square should represent the cheapest,
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simplest and promptest technique, which also provides more knowledge
about what is happening during the degradation.

All the techniques and results shown above offer a particular and specific
vision of the in vitro validation of polyester based scaffolds for biomedical
applications, since each method possesses some characteristics that
differentiate it from others. The appropriate analysis of these
characteristics would result in a useful picture to set up a suitable plan of
analysis for the in vitro validation of polyester-based scaffolds depending
on the balance between the interest in ascertaining the trigger of the process
or going deeper into the knowledge of the causes and effects along
validation.

Hydrolytic degradation Biocompatibility

Cost Cost

(by

Prompiness.

Promptness Knowledge §

— lmmunofluorcscence

——MTT

——MTT toxicity

——Field emission scanning electron micrascopy {FE-SEM)
Pyrogenic test

uc
=== Titration

Figure 11. Radar-like chart comparing techniques for the in vitro validation of a
polyester based scaffold in terms of (a) hydrolytic degradation and (b)
biocompatibility according to promptness of identification, simplicity, depth of
knowledge and favourable cost of the technique.

A comparison of the response of a set of different materials and/or
formulations to an in vitro validation procedure can be expensive and
highly time-consuming if all the techniques are applied. However, a fast
trial to choose the right material according to the performance needs may
be practical considering promptness of identification. The rapidness of
identification of degradation is essential in preliminary tests. Hydrolytic
degradation can be identified after a month of exposure for the majority of
techniques. However, techniques such as SEC and DSC can offer
information at shorter times, being the former extremely accurate in
measuring degradation from the very beginning. Biocompatibility assays
give, in general, a fast response in comparison to the study of the hydrolytic
degradation. The immunofluorescence, MTT, FE-SEM, pyrogenic test and
MTT toxicity assays bring results in a relative short time-span.
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The estimation of the simplicity of the techniques is relevant when aspects
such as the proficiency needed to become expert in the technique to prepare
samples and experiments, run tests and post-operate the results
appropriately are considered. There are some techniques which are easy
and simple to use, as the pH or conductivity measurements, the gravimetric
analysis and the titration for ascertaining the hydrolytic degradation and
immunofluorescence to assess biocompatibility, where one almost
immediately gets the results without exhaustive preparation and post-data
treatment. However, some other techniques such as FE-SEM, SEC, DSC
or MTT assays require accurate sample preparation and a thorough
procedure to perform the experiment and analyse the results. Pyrogenic test
is also a highly complex technique in terms of preparation and performance
of the experiments as well as during the interpretation of results.

The cost and maintenance of the techniques also plays an important role
that needs to be taken into account. Some expensive and specific
measurements were carried out by FE-SEM, DSC and SEC to understand
degradation mechanisms. In contrast, ready available techniques used to
identify and monitor the degradation profile were gravimetric analysis, pH
measurement, conductometry and titration, which are considered as cheap,
simple and easy-to-access techniques. In terms of cost, biocompatibility
assays showed high variation. The pyrogenic test was the most expensive
validation technique for the biocompatibility assessment, followed by the
FE-SEM analysis, if compared to MTT and immunofluorescence assays.
Actually, immunofluorescence is an economic technique that should be
complemented with other assays. MTT and toxicity assays are techniques
that offer interesting results at a reasonable cost.

The depth of knowledge permits distinguishing techniques according to the
level, wideness and variety of results that can be obtained. In-depth
techniques such as SEC and DSC offer results from which a great number
of suggestions and explanations of the degradation mechanism can be
obtained, as well as permits infer consequences on the physico-chemical
properties. Conversely, there are other single-result techniques that offer a
macroscopic observation of mass, pH or conductivity, which might render
information about the occurrence of degradation, but not about its state.
FE-SEM and titration would be in the middle of the proposed score, since
they endow useful information suggesting some mechanism of
degradation. Pyrogenic test and MTT assay give an overview on how
inflammatory and toxic is a polymeric scaffold. Both techniques are
required when validating the biocompatibility of a given biomedical
device. The evaluation of the toxicity of the monomeric constituents of the
polymer material is also essential to determine the maximum tolerable
concentration of such compounds when released during the hydrolytic
degradation. However, although the results obtained from
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immunofluorescence assay showed that cells are actually attached and
spread onto the scaffold, this technique do not offer such knowledge as the
pyrogenic test, the FE-SEM and the MTT assays.

4, Conclusions

Monitoring and understanding the in vitro behaviour of polyester-based
scaffolds, both comprising the study of the hydrolytic degradation and the
biocompatibility is essential to ensure the desired performance, according
to a given biomedical purpose. Poly(lactide-co-glycolide) (PLGA)
scaffolds were considered as a model-case for polyester-based devices to
compare the performance of different analytical techniques to monitor the
in vitro hydrolytic degradation and biocompatibility.

The suitability of techniques for the in vitro validation procedure was
evaluated in terms of the promptness of identification, simplicity of
obtaining results, depth of offered knowledge, and cost and maintenance.
Results showed a useful picture to set up an appropriate plan of analysis of
the degradation of polyester-based scaffolds depending on the balance
between the interest in ascertaining the trigger of degradation or deep into
the knowledge of the causes and effects along validation.

When assessing the hydrolytic degradation, the size exclusion
chromatography and the differential scanning calorimetry were found to be
the techniques that offered deeper knowledge and promptness of
identification. However, these techniques are costly and complex to
evaluate. Conversely, economic and simple techniques as the gravimetric
analysis of the scaffold and the pH and conductivity measurements in the
degradation media were considered, which offered little knowledge and
late identification of the degradation.

Regarding the biocompatibility evaluation, the pyrogenic test is the most
specific that brings more knowledge about the cell’s response when seeded
into the scaffold. Then, the MTT assay both for the scaffold and the
monomeric constituents of the polymer was found to be an equilibrated
technique in terms of the studied parameters. The immunofluorescence test
was the simplest and the promptest technique at a favourable cost, that
brings information about the cell viability and distribution onto the
scaffold. In order to deeply evaluate the cell morphology and distribution,
costly techniques such as FE-SEM are needed. This technique gives an
accurate overview of the cell morphology and appearance over the scaffold
surface.

These results can be of interest to researchers, technologists and physicians
who plan to study the balance between performance and degradation of
polyester-based scaffolds in a cost-effective way, depending on the focus
of the test, i.e. from quick discarding trials according to simple promptness
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of identification, to a detailed tailoring of compositions according to the in-
depth knowledge of the physico-chemical reasons behind the behaviour
under physiological conditions.
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Comparison of in vitro hydrolytic degradation patterns of
short-term and long-term polyester-based electrospun
scaffolds

O. Gil-Castell, J. D. Badia, J. J. Bou, A. Ribes-Greus

Abstract

The evaluation of the performance of polyesters during in vitro hydrolytic
degradation is essential to design and produce appropriate scaffolds with a
concrete lifespan required for a given application. For this purpose, the
degradation  patterns  of  poly(lactide-co-glycolide) (PLGA),
polycaprolactone (PCL), polydioxanone (PDO) and polyhydroxybutyrate
(PHB) were monitored in ultra-pure water and phosphate buffer solution
(PBS) and 37 °C as a simulation of service conditions for biopolymer
scaffolds. The solid fraction was assessed in terms of the evolution of the
mass, the surface morphology, the thermal properties and the molar mass,
by means of gravimetric analysis, field emission scanning electron
microscopy (FE-SEM), differential scanning calorimetry (DSC), and size
exclusion chromatography (SEC), respectively. The liquid fraction showed
the influence of low molar mass compounds released to the hydrolytic
medium, as measured by pH. The considered methodology permitted to
ascertain the degradation process regardless the time lifespan of the
scaffolds when subjected to physiological conditions. The most relevant
indicators were the relative molar mass-loss and the degree of crystallinity
of the fibres. On the one hand, scaffolds for short-time applications were
PLGA and PDO, and showed a faster disintegration and, subsequently, a
pronounced acidification of the medium. On the other hand, scaffolds for
long-term applications were PCL and PHB, which resistant pattern was
mainly ascribed to the stability of the crystalline domains of the fibres.
Under a perspective of an adequate balance between the durability and
degradation, the results of this comparison may serve as a reference point
in the stage of design and material selection for the development of new
polyester-based electrospun scaffolds for biomedical applications.

Keywords

Biopolymer, polyester, scaffolds, tissue engineering, in vitro hydrolytic
degradation, poly(lactide-co-glycolide) (PLGA), polydioxanone (PDO),
polycaprolactone (PCL), polyhydroxybutyrate (PHB)
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1. Introduction

Polyesters are one of the most used polymeric materials for biomedical
applications such as sutures, implants, artificial skin and controlled drug
release [1]-[5]. Such is the case of the use of polylactide (PLA),
polyglycolide (PGA), polycaprolactone (PCL), poly(lactide-co-
glycolide) (PLGA), polydioxanone (PDO) or polyhydroxybutyrate
(PHB). These polymeric materials degrade by hydrolytic processes, and
result in low molar mass species, that can be bioabsorbed and
metabolised by the human body.

The irruption of electrospinning in tissue engineering has boosted the
technology of production of biomaterials based on architectures of
fibres, which diameters can vary from the micro-metric scale to
hundreds of nanometres [6]-[8], mimicking native extracellular matrix
and allowing enough porosity to facilitate cellular growth [9]. Precisely,
these scaffolds require ensuring an appropriate balance between enough
time of structural endurance to permit angiogenesis, and suitable
degradation profiles to be decomposed avoiding an inflammatory
response and eluding the delivery of toxic low molar mass compounds.
These degradation by-products may affect healthy cells as well as
interact within sensitive substances such as proteins and peptides or
drugs.

Monitoring and understanding the physico-chemical processes
underwent by biopolymeric scaffolds along their exposure to
physiological conditions is essential to ensure their performance during
application. In this sense, the study of the degradation profiles of the
scaffolds is essential to guarantee the desired performance, according
to the biomedical purpose, such as skin reparation [10], [11] or cardiac
surgeries [12], [13], among others, which will need different times of
endurance [14]. In vitro experiments are relevant to test and compare
the performance of biopolymeric materials. Concretely, in vitro
degradation studies in aqueous media are interesting to assess their
durability [15]. When the aqueous solution penetrates into the polymer,
it swells incrementing the dimensions of the interface of contact, which
promotes further degradation. The mechanism of degradation of
polyesters under abiotic aqueous environments takes place through
hydrolysis of the ester bonds, auto-catalysed by carboxylic groups,
exponentially increasing along the exposure time [16]. These
microstructural changes induce the formation of macroscopic pores or
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cracks, and the loss of monomeric and oligomeric species, thus
reducing the mass of the polymers and finally decomposing their
architecture until bioassimilation or excretion [17]. Accordingly, after
a successful growing and spreading of the cells into the scaffold,
polyester-based scaffolds are expected to be degraded, disintegrated
and assimilated by the patient.

In order to assess the balance of the performance-to-degradation ratio of
the scaffolds, the polymer composition plays an important role. Polymers
from different origin and physico-chemical features have been proposed
for tissue engineering [18]. Among them, natural polymers produced by
microbes such as the polyhydroxybutyrate (PHB), as well as synthetic
polymers such as the poly(lactide-co-glycolide) (PLGA), the
polycaprolactone (PCL) or the polydioxanone (PDO) have been widely
used for scaffold development. All of them are known to be resorbable,
absorbable or bioabsorbable when implanted in the living body. However,
their differences in the crystalline morphology may determine its
hydrolytic degradation behaviour.

Characterisation studies of the in vitro degradation of the most used
polyesters for biomedical applications in bulk have been reported, with
respect to its water-uptake rate, degradation kinetics and mechanisms,
morphology and physico-chemical properties [19]. As electrospun
scaffolds, some characterisation studies of in vitro degradation have been
reported, generally considering the monitoring of mass-loss and molar-
mass along hydrolytic exposure. The in vitro behaviour under physiologic
conditions for PLGA [13], [20], [21], PDO [22], PCL [23] and PHB [24]
scaffolds has been studied separately. Moreover, the in vitro degradation
studies reported in the literature are usually carried out in the first stages of
immersion and complete degradation or disintegration is not commonly
addressed. Therefore, a comparison of different polymers under similar
conditions may offer a broader vision of their applicability, having in mind
the expected lifetime for the future specific application [25].

The aim of this study was therefore to compare the in vitro degradation
behaviour of PLGA, PCL, PDO and PHB scaffolds from an
experimental and comprehensive perspective, under simulated
physiologic in vitro conditions. For this purpose, electrospun scaffolds
were subjected to ultra-pure water and phosphate buffer solution (PBS) at
37 °C until complete disintegration. Accordingly, a set of analytical
techniques such as gravimetry, pH measurement, field-emission
scanning electron microscopy (FE-SEM), differential scanning
calorimetry (DSC) and size-exclusion chromatography (SEC) was
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proposed to point out the appropriate indicators to monitor and compare
the in vitro hydrolytic degradation profiles of these polyester-based
scaffolds for biomedical purposes.

2. Materials and methods
2.1. Materials

PLGA and PDO were provided by Sigma-Aldrich under the grades
Resomer RG 505 and Resomer X, respectively; PCL was provided by
Perstorp under the grade CAPA 6800; and PHB grade P209 was provided
by Biomer.  Dimethylformamide  (DMF), chloroform  and
hexafluoroisopropanol (HFIP) were used as solvents for electrospinning.
For hydrolytic degradation, ultra-pure water of type 1 (ISO 3696) [26] and
Dulbecco’s Phosphate Buffered Saline solution (PBS, D1408) and NaOH
1 M for adjusting pH in PBS, were used. All these reagents, except water,
were supplied by Sigma-Aldrich and were used without further
purification.

2.2. Scaffold preparation

The fibrous scaffolds were obtained by electrospinning by means of a
Yflow Electrospinner 2.2.D-350. It consisted in double polarization,
integrated drum collector, control panel and robotized stage to move the
electrospinning source in an alternative fashion covering a 400x400 mm?
area. The solutions were prepared at different conditions, as described in
Table 1. The solution jet emerging from the stainless steel wire used as the
positive electrode (0.9 mm inner diameter) was collected on a waxed paper.
Scaffolds were dried over 12 h under vacuum to facilitate the removal of
residual organic solvents and moisture, and stored for further analyses.

Table 1. Electrospinning conditions for the different scaffolds.

Polymer  Concentration Solvent Feed rate Voltage Distance
(type) (Yo wt) (type) (mL-h") (kV) (cm)
PCL 18 DMF/CHCI; 1:8 4 7.32/-5.54 25
PDO 8 HFIP 1 3.85/-3.35 21
PHB 23 CHCl, 1 7.80/-1.93 20
PLGA 30 DMF 1 9.15/-8.80 20

2.3. In vitro degradation

All the electrospun scaffolds were subjected to hydrolytic degradation, by
exposition to ultra-pure water and phosphate buffer saline solution (PBS),
according to international norm ISO 10993-13:2010, method 4.3 [27].
Shortly, the initial electrospun scaffolds were cut into rectangular
specimens with a mass around 10 mg. The specimens were weighed (mo)
and placed in a previous weighed vial (myia). 10 mL of degradation
medium were introduced and then the vials were sealed with
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polytetrafluoroethylene (PTFE) threaded plugs and placed in a
thermostatically controlled oven at 37 °C. The pH of the PBS solution was
adjusted to 7.4 with NaOH 1 M. Between twelve and fifteen extractions
were considered along the hydrolytic degradation for each scaffold up to
disintegration. In order to monitor the process, after certain periods, the
scaffolds were withdrawn from the environment by triplicates. The solid
and liquid fractions were separated. The degradation media were analysed
immediately after extraction, while the remaining scaffold followed a
washing-drying-keeping procedure before further analysis. Actually, those
specimens coming from the saline buffer were washed with deionized
water and then, along with specimens coming from water environment,
were dried under vacuum to constant mass into the vials (mary) and kept for
further analysis. The residual mass of the samples (% mass) was
determined by the Equation 1,

% mass = W x 100  (Equation 1)
0

where mo, myia are the initial mass of the specimen and the vial,

respectively, and mgry is the mass of the vacuum dry assembly sample-vial

after degradation.

The pH of the degradation media was measured at room temperature by
means of a Crison pH25 device. Three buffer solutions from Crison were
used to calibrate pH-meter: pH 4.01 (phthalate buffer solution), pH 7.00
(phosphate buffer solution), pH 10.01 (borate buffer solution).

2.4. Scaffold characterisation
2.4.1. Field emission scanning electron microscopy (FE-SEM)

The surface topology of specimens was analysed by means of a Zeiss Ultra
55 field emission scanning electron microscope (FE-SEM). The samples
were cut into small pieces and dried at 50 °C in a vacuum oven for 24 h and
then kept in a desiccator during 48 h. Afterwards, the specimens were
mounted on metal studs and sputter-coated with a platinum layer during 10
s using a Leica EM MEDO020. The testing was performed at room
temperature with a 3 kV voltage. The fibre diameters were measured from
the FE-SEM micrographs at random locations (n = 100) with the aid of
Image J software.

2.4.2. Differential scanning calorimetry (DSC)

The calorimetric data were obtained by means of a Mettler-Toledo DSC
820e differential scanning calorimeter, previously calibrated following the
procedure of In and Zn standards. The samples, with a mass of about 4 mg
were analysed between 0 and 200 °C with a heating/cooling/heating rate of
10 °C-mint. All the experiments were run under nitrogen atmosphere with
a flow of 50 mL-min’t. The specimens were characterised at least by
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triplicate and the averages of temperatures and enthalpies were taken as
representative values. The crystallinity degree (Xc) was evaluated from the
melting enthalpy results, by means of the Equation 2,

Ahpy,
Xe (%) = AR,

-100 (Equation 2)

where Ahy is the melting enthalpy of the sample and Ahno is the melting
enthalpy of a perfect crystal of the given polymer (PDO 141 J-g* [28], PCL
148 J-g* [29] and PHB 146 J-g™* [30]).

2.4.3. Size exclusion chromatography (SEC)

Size exclusion chromatography (SEC) analyses were carried out by means
of an Agilent Infinity 1260 chromatograph. Separation was performed with
a Jordi Associates mixed bed fluorinated column (permeation range: 100 -
10-10° Dalton). All samples were dissolved in mobile phase containing
2.72 g-L! of sodium trifluoroacetate (NaTFA). This solvent was
previously degassed by vacuum filtration over PTFE 0.45 pum pore
membranes. Flow rate was set at 1 mL-mint. 100 puL samples of about
0.1% concentration were injected. Detection was conducted by UV-vis-
detector. Monodisperse PMMA samples from Sigma Aldrich and Agilent
were used for previous calibration.

3. Results and discussion

In this section, a short initial characterisation of the starting scaffolds is
given, as it will determine their subsequent behaviour during
application. After that, the degradation profiles in ultra-pure water and
PBS were studied in the remaining scaffold. On the one hand, ultra-pure
water permitted to ascertain the pure hydrolytic degradation due to the
effect of the water, the temperature and the changes in the hydrolytic
media. On the other hand, the PBS solution allowed to simulate
physiologic conditions and the buffering of the likely released acidic
low molar mass compounds. After several stages of immersion, the
mass-loss evolution, the surface morphology, the thermal properties
and the molar mass of the scaffolds were evaluated. For this purpose,
techniques such as gravimetric analysis, field emission scanning
electron microscopy (FE-SEM) and differential scanning calorimetry
(DSC) and size exclusion chromatography (SEC) were used.
Additionally, the study of the pH of the hydrolytic degradation media
was reported as indicator of the advance of the degradation.
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3.1 Initial properties and morphology of the scaffolds

The in vitro degradation behaviour is mainly controlled by the polymer
chemistry and physical features of the scaffold. Accordingly, some of the
most influent parameters of a scaffold that will determine its subsequent
biomedical application were assessed [31]-[33]. The initial surface
morphology, fibre diameter, bulk density (p) and surface density (ps), along
with the constitutional repeating unit (CRU) are gathered in Table 2. The
surface densities were predicted by weighing a piece of a given region and
normalised as a function of their surface.

As the surface morphology revealed, all the scaffolds showed a uniform
non-woven fibrous structure. Fibre diameters moved from the nanometric
scale for the PLGA to the low micrometric scale of PCL, PDO and PHB.
In addition, the diameter distributions of the PLGA and the PDO showed a
narrow pattern, while those of the PCL and PHB tended to be wider.
Similar bulk and surface densities were observed for all the scaffolds.
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Table 2. Initial properties of the scaffolds.
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3.2. In vitro hydrolytic degradation

Due to the dissimilar degradation timespan of the studied scaffolds, results
in this section were represented in two different time scales. On the one
hand, the PLGA and PDO scaffolds were completely degraded and
disintegrated in a relatively short period of time from day 0 until day 150.
In contrast, the degradation of the PCL and PHB was much slower and took
place over a longer period. Even though the scaffolds were not completely
dissolved in the degradation media after this time, the monitoring of the
degradation was studied until disintegration, which took place around day
650 of immersion both for PCL and PHB scaffolds.

3.2.1. Evolution of mass-loss

The study of the mass evolution measured by gravimetric analysis is one
of the most common used parameters as an indicator of the degradation,
since it gives a rapid response about the macroscopic state of the scaffold.
The remaining mass as a function of the immersion time in water and PBS
for the different materials is plotted in Figure 1.
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Figure 1. Remaining mass as a function of the degradation time in ultra-pure water
and PBS for PLGA, PDO, PCL and PHB scaffolds.

The PLGA and PDO scaffolds showed a similar short-term degradation
behaviour. The mass-loss of the PLGA scaffolds was similar under both
media within the first 30 days. However, the remaining mass of the PLGA
scaffolds afterwards followed different patterns, depending on the medium
of degradation. In water, PLGA started to disintegrate until completion
after 60 days, with an important slope at its degradation profile. In contrast,
the mass of the scaffold remained almost constant until 90 days when
immersed in PBS. After that, a drop of the mass took place after 125 days
with a similar slope than that shown for PLGA scaffolds subjected to water.
The scaffolds were completely disintegrated after 150 days. These results
were in accordance with those reported for other scaffolds of PLGA, where
similar degradation extents were found [21], [34].
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PDO scaffolds showed a similar behaviour than those of PLGA. The main
difference between them was the complete disintegration of the PDO
scaffold after 30 days of immersion in water. However, when immersed in
PBS, the mass decreased progressively as a function of the immersion time
following an almost linear trend along 150 days.

Long-term disintegration behaviour was found for PCL and PHB scaffolds.
Both showed a mass loss between 10% and 20% after 650 days of
immersion. In addition, the scaffolds seemed to undergo the same
performance in water and PBS. Although perceivable deterioration and
disintegration of the scaffold structure took place at the end of the assay,
the complete dissolution was not reached. Due to the difficulty of
measuring the mass of the remnant disintegrated scaffolds, the assay was
considered as concluded after 650 days of immersion. The advance of
hydrolytic degradation was not consistently perceived in the mass. Deeper
insight in the degradation of these scaffolds is given in the next sections.

3.2.2. Monitoring of pH

The characterisation of the solid fraction is essential to understand the
effects of the degradation on the molecular architecture of the scaffolds
and, consequently, on their physic-chemical properties and performance.
However, the parallel observation of the liquid fraction can offer quick
information of the state of degradation and even more, fast data to infer the
impact of degradation of biopolymer scaffolds [25]. The evolution of pH
was accordingly monitored and results are plotted in Figure 2.
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Figure 2. Average pH as a function of the degradation time in ultra-pure water and
PBS for PLGA, PCL, PDO and PHB scaffolds.

For PLGA and PDO scaffolds, the monitoring of pH showed that, when the
scaffolds were immersed in water, it remained constant in the first stage of
immersion and then dramatically decreased from neutral to acid pH. This
drop was related to a large release of low molar mass acidic monomeric
and oligomeric species such as glycolic acid, lactic acid for PLGA and low
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molar mass hydroxy-acid species for PDO [25], [35], that caused
acidification of the media. In contrast, when samples were immersed into
PBS, the pH slightly varied along the immersion due to the ability of this
solution to buffer acidic species released during degradation. Nonetheless,
a slight diminution was observed from neutral pH 7.4 to pH 6.6. This
observation suggested that the buffer capacity of the medium was
exceeded, as it was not regenerated during the hydrolysis assay. From then
onwards, the hydrolytic degradation may be catalysed [17]. It is important
to remark that, in this case, the interpretation of the monitoring of pH was
closely related to the mass loss discussion.

For PCL scaffolds, the pH remained constant along immersion until day
400, when it started to decrease due to the released acidic species based on
hexanoic acid. Indeed, a progressive reduction was observed until the end
of the assay, when pH value of 2.7 was found. Conversely, when immersed
into PBS, the pH was maintained along the whole assay around 7.4. Again,
the buffer ability of this solution permitted to preserve the pH [36], [37].
The hydrolytic degradation of the PHB scaffolds could not be perceived
from the evaluation of the pH of the solution media. The pH remained
constant both in water and PBS, along the whole assay. Although the
degradation of the PHB polymer chains ultimately results in 3-
hydroxybutyric acids, which can be assimilated by the human organism
[38], the slow degradation rate of this material seem to have prevented the
production of acidic low molar mass compounds that would have modified
the pH of the degradation media [39].

3.2.3. Impact on the fibrous structure of the scaffolds

The fibrous structure of the scaffold is required to remain for a certain
period of time in order to help cells attach and proliferate [12]. Therefore,
the change of the surface morphology of the scaffolds as a function of
immersion time was monitored by means of field-emission scanning
electron microscopy (FE-SEM). The surface micrographs of PLGA and
PDO submitted to both media and taken after different periods of
immersion is shown in Figure 3 while those of PCL and PHB scaffolds are
shown in Figure 4. As well, the evolution of the average fibre diameter is
plotted in Figure 5 as a function of the immersion time. Note that shown
micrographs correspond to those which were handily. Different behaviour
was perceived regarding the change in the fibrous morphology of the short-
term degraded scaffolds.

For the PLGA scaffolds, their fibres swelled and coalesced along
immersion, as perceived in the fibre diameter increase [3]. As well, some
microscopic pores appeared and grew in the flat surface of the fibres when
immersed in water and, subsequently, disintegration occurred around day
20. When immersed into PBS, the fibres also swelled, but the degradation
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process seemed to be considerably slower than in water. Although a
swelling effect took place, conglutination was not completely reached in
the scaffolds after 65 days of immersion.

For PDO scaffolds, a slight reduction of the fibre diameter was found along
immersion in both media. The degradation of the scaffolds occurred
through fibre breakage in a longer time span than for PLGA. The fibrous
structure remained apparently unaffected until disintegration, which
happened around day 60 of immersion.

On the other hand, the fibrous structure of the PCL and PHB scaffolds
remained almost unaffected during immersion, as revealed by the average
fibre diameter [23]. Fibre breakage was perceived from day 500 onwards
in the PCL scaffolds. After 650 days, the scaffolds were almost
disintegrated as shown by the high degree of fibre rupture. Remarkable
fibre breakage in PHB scaffolds was also found at 650 days of immersion.
These observations confirm the high stability under hydrolytic service
conditions of these polymers that permitted to preserve the fibres unaltered
until the last stages of immersion, where macroscopic collapse and
disintegration occurred.
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Figure 3. Surface morphology as a function of immersion time in ultra-pure water

and PBS for PLGA and PDO scaffolds.
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Figure 5. Average fibre diameter as a function of the degradation time in ultra-pure
water and PBS for PLGA, PCL, PDO and PHB scaffolds.

3.2.4. Monitoring of thermal properties and stability of the crystalline
domains

The thermal properties of the scaffolds as a function of the immersion time
were assessed by differential scanning calorimetry (DSC). Figure 6 shows
the calorimetric traces of the first heating scan of non-exposed scaffolds
and those subjected to in vitro hydrothermal degradation in both media,
ultra-pure water and PBS. In order to assure comparison between the
different materials, the thermal properties were evaluated from 0 to 200 °C.
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Figure 6. DSC traces as a function of immersion time in ultra-pure water and PBS for
PLGA, PDO, PCL and PHB scaffolds.
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The study of the thermal properties is essential to understand the behaviour
of polymers subjected to different degrading conditions. Indicators of
degradation such as the partial melting areas, the crystallinity degree, the
lamellar thickness or the balance among amorphous and rigid amorphous
fractions have been previously proposed for monitoring degradation [40]-
[48]. Due to the different morphology of the selected materials, the release
of energy during the glass transition (Ahy.qt) was chosen for PLGA and the
crystallinity degree (X¢) for PDO, PCL and PHB scaffolds, which results
are plotted in Figure 7. Moreover, Table 3 gathers the peak temperature
of the heat release during the glass transition (Tr.q;) for the PLGA and the
peak melting temperature (Tm) for the PDO, PCL and PHB scaffolds which
is closely related to the lamellar thickness (lc) according to the Thomson-
Gibbs equation [49], [50].

PLGA

X (%)

Ak (3g")

X (%)

X (%)

pliil s Bl o T T : ] S g e
] i 20 i 40 50 0 70 0 100 200 W0 400 500 600 700

Immersion time (days) Immersion time (days)

Figure 7. Evolution of the structural relaxation enthalpy (Ahr-gt) for PLGA and
crystallinity degree (Xc) for PDO, PCL and PHB scaffolds as a function of immersion
time in ultra-pure water and PBS.

Table 3. Peak temperature of the heat release during the glass transition (Tr-gt) for the
PLGA and the peak melting temperature (Tm) for the PDO, PCL and PHB scaffolds as
a function of immersion time in ultra-pure water and PBS.

Immersion Immersion

. PLGA PDO 4 PCL PHB
time time
(Days) Trqt (°C) Tm (°C) (Days) Tm (°C) T (°C)
H0 PBS H0 PBS H0 PBS H0 PBS
0 54.46 107.85 0 63.04 170.9
5 55.30 53.63 105.42 107.73 50 63.79 64.35 170.56 170.82
10 54.47 52.46 105.86 107.76 100 64.78 64.52 169.80 169.51
20 48.63 49.29 105.17 108.39 200 64.77 64.46 169.37 169.38
30 - 41.14 - 104.07 300 65.98 64.14 168.53 170.57
50 - - - 103.50 400 65.38 64.15 168.33 168.25
65 - - - 105.90 500 64.18 64.23 167.63 169.51
100 - - - - 650 63.81 64.40 166.31 169.21

In general, the PLGA scaffolds showed a typical amorphous behaviour.
The endothermic peak associated to the glass transition was perceived. A
similar but delayed behaviour was found after immersion in water and PBS.
This transition sharpened at short degradation times, but reduced its
associated enthalpy (Ah.q). Then, around day 15 in water and day 20 in
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PBS, it became broader the longer the hydrolytic exposure was until it
almost disappeared. Particularly when immersed in PBS, the unimodal
performance turned into bimodal transition pattern after day 20, which was
ascribed to the glass transitions of the different segments of the copolymer,
i.e. polyglycolide (PGA), between 35 and 40 °C, and polylactide (PLA),
between 55 and 60 °C [51]. These results are in line with other reports that
suggested a preferential hydrolytic breakage of the glycolic-glycolic and
glycolic-lactic ester linkages, in contrast to that of the lactic-lactic bond in
random poly(lactide-co-glycolide) [54]. The generation of the independent
homopolymeric new segments of PGA and PLA would contribute to the
appearance of separated glass transition events. As a function of the
immersion time, a lower peak temperature (Tr.qt) was perceived, which
suggested higher mobility of the shorter polymer segments as hydrolytic
degradation progressed.

In the same time-scale, PDO scaffolds showed a complex semicrystalline
behaviour. A cold-crystallisation exothermic peak was perceived
immediately before the melting transition. According to Sabino et al., the
cold-crystallisation around 80 °C can be ascribed to a partially melting and
recrystallization of non-stable crystalline structure [52]. Then, a unimodal
melting transition around 108 °C was observed. When immersed in water,
the cold-crystallisation remained constant and the melting enthalpy slightly
increased, suggesting that crystallinity was developed during immersion
[53]. The melting temperature (Tm) slightly decreased, ascribed to more
imperfect crystalline structure with lower lamellar thickness. However,
when immersed in PBS, the cold-crystallisation peak disappeared as a
function of time and the melting peak turned into a bimodal pattern,
suggesting the existence of dissimilar crystalline populations. Highly
degraded PDO segments with lower entanglement capability, seemed to
have rearranged into an imperfect crystalline structure that melted at lower
temperatures, around 86 °C [19]. The global crystallinity degree increased
along immersion from 35% up to 60%. As perceived in water, the Ty, of the
main peak decreased as immersion time increased, which can be
interpreted as crystalline structure with lower lamellar thickness due to the
advance of degradation.

The PCL scaffolds showed a typical semi-crystalline behaviour with a
melting transition around 63 °C. No significant differences were perceived
when immersed in water and PBS. In both media, the melting peak
sharpened and increased the associated melting enthalpy. This behaviour
was corroborated by the evaluation of the crystallinity degree, which
increased from 40% up to 70% after 650 days of immersion. Shorter
hydrolysed molecular PCL segments rearranged and crystallised as a
function of time [31]. Given the small increase in the melting temperature,
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slightly more perfect crystals with higher lamellar thickness were
developed during immersion [54].

The evaluation of the thermal properties of the PHB scaffolds revealed a
semi-crystalline behaviour with a melting peak located around 171 °C.
Although no significant differences were perceived along immersion, the
melting peak was perceived to have slightly displaced towards lower
temperatures. This Trm decrease would suggest more imperfect crystals as a
function of the immersion time, due to the progress of the hydrolytic
degradation. The melting enthalpy and the subsequent crystallinity slightly
increased from 42% to 47% after 650 days of immersion both in water and
PBS [55]. These results suggested that the microstructure of the PHB
scaffolds remained almost stable during the immersion period considered
in this study.

3.2.5. Influence on the molar mass degradation patterns

The degradation behaviour was deeply studied by means of the variation
of the molar mass, which was monitored along immersion by means of size
exclusion chromatography (SEC). The molar mass distributions for the
PLGA, PDO, PCL and PHB scaffolds are plotted in Figure 8 as a function
of the immersion time. Unimodal distributions were found for PLGA, PDO
and PCL scaffolds, while PHB showed a complex multi-modal broad molar
mass distribution. It is important to note that samples coming from the
hydrolytic degradation with a mass lower than 20% of the initial value were
so deteriorated that could not be handled and, subsequently, molar mass
analysis were not performed.

In general, the molar mass distributions were displaced towards lower
values as a function of the immersion time due to the hydrolytic
degradation of the ester bonds. For PLGA and PCL scaffolds, the
distributions increased in width along the degradation, turning into a more
polydisperse polymer. Random ester bond breakage seemed to take place
in all polymeric chains, producing a broader distribution of chain sizes. For
the case of the PDO scaffolds, the molar mass distributions reduced their
width, turning into a more concise and sharp curve, which can be correlated
with a less polydisperse polymer. Some authors found experimental
evidences that suggested a preferential degradation of higher molar mass
PDO chains, such as tie molecules, that resulted in a more uniform
distribution of shorter polymer segments [17], [52], [56], [57]. The broad
multi-modal distribution pattern found for PHB showed two main peaks,
correlated to low molar mass and high molar mas populations. This
behaviour can be associated to the synthetic route of the PHB, in which
microorganisms may have produced dissimilar size polymer chains [58],
[59]. The PHB scaffolds reduced the high molar mass peak and increased
that of low molar mass polymer chains as a function of the immersion time.
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Figure 8. Molar mass distributions as a function of the degradation time in ultra-pure
water and PBS for PLGA, PDO, PCL and PHB scaffolds.

In order to deeply characterise the evolution of the molar mass as a function
of the immersion time in water and PBS, the average molar mass in number
(M) was considered as an appropriate indicator for comparison of the
hydrolytic breakage of the polymer chains along immersion. The My values
are gathered in Table 4. However, given the heterogeneity in the molar
mass distributions for the different materials, the M, was normalised to
their initial molar masses in number, i.e. relative molar mass-loss, and its
evolution as a function of the immersion time was represented in Figure 9
for a proper comparison.

Table 4. Average molar mass in number as a function of the degradation time in ultra-
pure water and PBS for PLGA, PDO, PCL and PHB scaffolds.

Imm_ersmn PLGA PDO Immerswn PCL PHB
time time
(Days) M (g-mol™?) (Days) M (g-mol™?)
H.0 PBS H.0 PBS H:0 PBS H.0 PBS
0 43290 52000 0 42030 20450
5 36080 38210 30800 50450 50 36080 34500 18490 19510
10 26020 25780 28080 48880 100 30010 28820 15700 17040
20 12690 15850 16620 30260 200 27810 25390 14900 14850
30 - 8340 13030 21990 300 18470 19670 14250 13610
50 - 5960 - 14460 400 8350 8380 13650 12350
65 - 4800 - 12710 500 7520 5370 12960 12520
100 - 4360 - 9450 650 3340 3060 10760 9440
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The decrease of the M, for the PLGA and PDO scaffolds followed a similar
exponential decreasing pattern regardless the degradation medium, as
observed by other authors [34], [35], [60]. Moreover, the molar mass
reduction took place in an analogous time lapse. Although the degradation
of the PLGA scaffolds in water and PBS followed an identical pattern, for
the case of PDO scaffolds a slightly delayed behaviour was found when
immersed in PBS. If results are compared to mass loss measurements, one
can see that after M, percentage reached values near to the 20% of the initial
values, a plateau in the mass-loss was found prior to the complete
disintegration of both PLGA and PDO scaffolds.

Conversely, PCL and PHB scaffolds showed a similar progressive decrease
of the M, percentage as a function of time. Although the measurements of
mass-loss for PCL showed a reduction between 10 and 20% after 650 days
of immersion, the molar mass results revealed a massive reduction of My
of around an 80%. However, in PHB scaffolds M, decreased a 50% during
the 650 days of immersion in both water and PBS. The particularly high
resistance of the crystalline domains of the PCL and PHB scaffolds to the
solution diffusion and subsequent hydrolytic degradation, as observed in
previous section, may have prevented these scaffolds from a short-term
substantial degradation along immersion.

P [ i—H,0 -
= 0l N —— IS ﬁh\w\q_
g 60 A\ X\
540 '\r i
b i T
= ' - \“-»—: o
04 PLGA POL
S A,
2 s S SR
E \ ————A
AT i
Dy o - 55
Bag 3

04 PDO PHB
T T

T T T T T T T T T T T T T T
40 &0 80 100 120 140 160 0 100 200 300 400 500 600 TO0

Immersion time (days) Immersion time (days)

Figure 9. Average molar mass in number (Mn) percentage as a function of the
degradation time in ultra-pure water and PBS for PLGA, PDO, PCL and PHB
scaffolds.

3.3. Overview of the degradation patterns of scaffolds under physiologic
conditions

The comparison of performance of scaffolds under simulated non-
enzymatic physiologic conditions is essential to discriminate the best
design-to-performance ratio according to their expected life time-span
[61]. Scaffolds of PLGA, PDO, PCL and PHB possess hydrolytically ester
labile chemical bonds in their structure that can be broken due to the effect
of water and/or temperature. Therefore, they are expected to lose their mass
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over time in the living body until disappearance and assimilation of the
remnant chemical species. However, the nature and origin of the polymer
strongly determines its degradation pattern when submitted to physiologic
conditions [62]-[65]. The hydrolytic process of semicrystalline polyesters
as those considered in this study usually occurs in two stages: (i) the attack
of the less compacted amorphous regions where diffusion of the hydrolytic
medium is easier and faster and (ii) the attack on the crystalline regions,
usually hydrophobic and impermeable to the diffusion and penetration of
the aqueous media [31], [32]. As shown above, significant differences were
perceived in the degradation behaviour of these materials. In order to
provide an overview and ease comparison, the main features of the in vitro
degradation behaviour of these scaffolds when subjected to physiologic
conditions (PBS, 37 °C) are gathered in the Table 5. On the one hand,
PLGA and PDO showed short-term degradation, while PCL and PHB
revealed a long-term and progressive degradation profile. The specific
overview for each scaffold is given below.

The PLGA fibres swelled as a function of the immersion time, reducing the
inter-fibre distance and tending to close the pores required for satisfactory
cell adhesion and proliferation. The mainly amorphous morphology of this
polymer may have contributed to a rapid diffusion of the aqueous solvent
into the fibres. Meanwhile, the hydrolytic degradation of the polymer
molecules occurred from the very beginning of immersion, following a
random scission pattern, as suggested by the increase in the polydispersity
index. Consequently, the molar mass dramatically decreased and low molar
mass compounds were released from the scaffold, promoting an
acidification of the surrounding media. Finally, the scaffold collapsed and
released glycolic and lactic acid monomers and oligomers that were
completely dissolved in the hydrolytic media [25].

The PDO scaffolds kept the fibrous morphology along the degradation
until disintegration. The fibre diameter slightly diminished as a function of
the immersion time and small cracks perpendicular to the axe of the fibres
were perceived. The molar mass reduction, along with the development of
crystallinity and the ether bond in the backbone may have promoted the
more progressive degradation behaviour of this material [19]. The typical
cold-crystallisation of this polymer disappeared along immersion and an
imperfect crystalline population was developed. Then, the fibre erosion and
breakage may have promoted the progressive perceived mass-loss and the
reduction of the pH due to the release of low molar mass species, as
produced from the preferential bond scission of the ester linkages [66].

The morphology of the PCL fibres remained mainly unaffected along
immersion. The average fibre diameter slightly varied and the fibrous
morphology persisted until disintegration. Crystallinity was developed in
this scaffold due to the increase of mobility of short hydrolysed segments,
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aided by the plasticizing effect of water along with the temperature above
the glass transition [54]. According to the calorimetric results, more perfect
crystalline structure was developed, as suggested by the increase of the
melting temperature. As a consequence of having more crystalline domains
with higher lamellar thickness, PCL was more capable of preventing the
structure of its fibres from degradation. The molar mass followed an
almost-linear diminishing trend until complete disintegration. The
polydispersity increased, suggesting a random chain scission phenomenon
that resulted in dissimilar segment sizes during degradation [23].

The hydrolytic behaviour of the PHB fibres revealed that the mass, the pH,
the fibre diameter and the fibrous morphology remained constant until
disintegration. Moreover, the crystallinity degree did not significantly
varied during immersion. The highly stable crystalline structure of the PHB
stimulated a slight and progressive chain scission along the immersion, as
suggested by the evolution of the molar mass distributions. The broad
multi-modal behaviour of PHB remained almost unchanged as a function
of the immersion time. However, the peak correlated to high molar mass
segments decreased, while that of low molar mass polymer chains
increased. This behaviour suggested preferential degradation of high molar
mass domains. Overall, the PHB scaffolds were found to be the most stable
of the evaluated materials, which revealed the slowest degradation
behaviour when submitted to physiologic conditions.
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Table 5. Overview of the hydrolytic degradation behaviour when submitted to physiologic conditions (PBS, 37 °C).

Poly(lactide-co-glycolide) (50:50)

Polydioxanone (PDO)

Polycaprolactone (PCL)

Polyhydroxybutyrate (PHB)

(PLGA)
Origin Synthetic Synthetic Synthetic Natural
Microstructure Amorphous Semicrystalline Semicrystalline Semicrystalline

Temperature (37
DC)

Below the Ty (48 to 52 °C)

Above the T (-10 to -5 °C)

Above the T (-65 to -60 °C)

Above the Tq (0 to 5 °C)

Degradation

Random chain scission, increase

Preferential long-segment chain

Random chain scission, increase

Preferential long-segment chain

pattern polydispersity scission, reduce polydispersity polydispersity scission, high polydispersity
Scaffold
degradation R : . : -
mechanism BT
(Adapted from .
3D
i i a 1 1
—Fo—cnz—c—o—i:—c—n +D_CHZ_CH2_0_CHZ_g + «tofcmfmrcufcmfmz—cj—n «Eoffufcmfca;
3 n CH.
Hydrolytic :
degradation lPBS: aree PBS, 37°C l PBS. 37°C l PBS, 37°C
reaction 0 o ' i o
[¢]
HO—CH,—C—0H HoftlefcfoH HO—CH?—CHQ—ochQ—(LlfoH HO—CH,—CHy—CHy—CH,—CH;—C—0H Hofx‘:chHzfgfoH
CHj SHy
Degradation rate
in physiologic
conditions 15 days 30 days 300 days 650 days
(50% Mn
decrease)
Disintegration 125 days 125 days 650 days 650 days
pH reduction (<7) 65 days 50 days No change No change

Changes in the
microstructure

Disappearance of structural relaxation
and separation of glass transitions of

the co-monomers (PLA, PGA)

Crystalline development of lower
lamellar thickness first, and then
perfection of these structures

Crystalline development of higher
lamellar thickness domains

High stability of crystalline domains
with slight decrease of lamellar
thickness
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4, Conclusions

The hydrolytic degradation patterns of scaffolds based on polyesters
such as poly(lactide-co-glycolide) (PLGA), polycaprolactone (PCL),
polydioxanone (PDO) and polyhydroxybutyrate (PHB) were monitored
under in vitro simulated physiologic conditions at 37 °C in ultra-pure
water and PBS buffer (pH 7.4).

The considered methodology permitted to monitor and compare the
degradation patterns of the scaffolds regardless the time lifespan of the
polymers when subjected to simulated physiological conditions. The most
representative indicators were the mass-loss, the variation of the surface
morphology, the evolution of the relative molar mass-loss, the change in
the crystalline structure of the scaffolds and the variation of the degradation
media, in terms of the pH evolution.

On the one hand, scaffolds for short-time applications were PLGA and
PDO, and showed a faster disintegration and, subsequently, a pronounced
acidification of the medium. The molar mass-loss of short-term scaffolds
diminished down to a 20%, in a 20-30 days lifespan. On the other hand,
scaffolds for long-term applications were PCL and PHB, which
resistant pattern was mainly ascribed to the stability of the crystalline
domains of the fibres. The molar mass-loss of long-term scaffolds
followed a progressive decrease, reaching values of the 10% for PCL
and almost 50% for PHB after 650 days of immersion.

The results of this study may serve as a reference point in the stage of
designing and selection of materials for the development of new polyester-
based electrospun scaffolds for biomedical applications, from the
perspective of an adequate balance between the durability and degradation
pattern under physiologic conditions.
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Effect of the dissolution time into an acid hydrolytic solvent
to tailor electrospun nanofibrous polycaprolactone scaffolds

O. Gil-Castell, J. D. Badia, E. Stromberg, S. Karlsson, A. Ribes-Greus

Abstract

The hydrolysis of the polycaprolactone (PCL) as a function of the
dissolution time in a formic/acetic acid mixture was considered as a method
for tailoring the morphology of nanofibrous PCL scaffolds. Hence, the aim
of this research was to establish a correlation between the dissolution time
of the polymer in the acid solvent with the physico-chemical properties of
the electrospun nanofibrous scaffolds and their further service life
behaviour.

The physico-chemical properties of the scaffolds were assessed in terms of
fibre morphology, molar mass and thermal behaviour. A reduction of the
molar mass and the lamellar thickness as well as an increase of the
crystallinity degree were observed as a function of dissolution time. Bead-
free fibres were found after 24 and 48 h of dissolution time, with similar
diameter distributions. The decrease of the fibre diameter distributions
along with the apparition of beads was especially significant for scaffolds
prepared after 72 h and 120 h of dissolution time in the acid mixture.

The service life of the obtained devices was evaluated by means of in vitro
validation under abiotic physiological conditions. All the scaffolds
maintained the nanofibrous structure after 100 days of immersion in water
and PBS. The molar mass was barely affected and the crystallinity degree
and the lamellar thickness increased along immersion, preventing scaffolds
from degradation. Scaffolds prepared after 24 h and 48 h kept their fibre
diameters, whereas those prepared after 72 h and 120 h showed a
significant reduction.

This PCL tailoring procedure to obtain scaffolds that maintain the
nanoscaled structure after such long in vitro evaluation will bring new
opportunities in the design of long-term biomedical patches.

Keywords

Electrospinning, scaffold, hydrolysis, polycaprolactone (PCL), in vitro
validation
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1. Introduction

The development of scaffolds for biomedical applications is focused on the
fabrication of biological substitutes that restore, maintain or improve either
a particular tissue or even an entire organ, through an adequate cell
adhesion and proliferation procedure. These nanoscaled scaffolds mimic
extracellular matrix (ECM) which is known to play a key role in tissue
regeneration field [1], [2].

Electrospinning is one of the most applied methods for polymer-based
fibrous devices production in the nanoscale range. This technique permits
the fabrication of non-woven nanomats with large surface area-to-volume
ratio and high porosity, which have found interesting applications in the
biomedical sector [3]-[7]. The electrospinning process is based on the
application of a high voltage electric field between the tip of a syringe and
a collector to transform a polymer solution into mats of non-woven
nanofibres [8]-[12]. The suitability of this process is known to depend on
the synergistic effect of the solution and processing conditions [13], [14].
Indeed, some difficulties during the preparation of the scaffolds propitiated
a field of interest.

A variety of natural and synthetic polymers have been widely used for
scaffold fabrication such as poly(lactic acid) (PLA), poly(lactic-co-
glycolic acid) (PLGA) or poly(caprolactone) (PCL), with diverse
applications according to their durability when subjected to service life
conditions [9], [11]. Among these, PCL is a semicrystalline linear aliphatic
polyester that is widely applied in biomedicine due to its biocompatibility
and slow biodegradability. PCL has been validated both in vitro and in vivo
in the biomedical sector for long-term applications [15]-[28]. However,
producing electrospun bead-free fibres of PCL in the nanoscale range has
become a delicate issue which has been tried to overcome [29]-[36]. This
is the reason why highly toxic solvents such as chloroform,
dimethylformamide, methylene chloride or dichloroethane have been
required for the electrospinning of PCL [37]-[39].

Several alternative solvents have been recently proposed for the
electrospinning of PCL, with the aim of reducing the exposure of
technicians to toxic solvents [40]. Acetone was appointed by Bosworth et
al. with promising results [41]. Bisnulal et al. produced nanofiber scaffolds
via electrospinning of PCL using diluted acetic acid-ethyl acetate for bone
tissue engineering [42]. Van der Schueren et al. found an innovative
solvent mixture of formic/acetic acid with an effective nanofiber
fabrication under steady-state conditions [43]. Although hydrolytic
degradation of PCL through cleavage of the ester bond occurs in the
aqueous acidic media, it was shown that the viscosity of a PCL solution in
formic/acetic acid was high enough for suitable electrospinning in steady-
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state conditions [43]-[45]. Lavielle et al. studied the formation of PCL
electrospun fibres in this acidic medium and modelled the loss of molar
mass as a function of the time of dissolution of the polymer in the solution
[44]. Taking these references as a baseline for this research, it seems
therefore interesting to extent these studies to tailor the structure and
physico-chemical performance of electrospun nanofibrous scaffolds as a
function of the dissolution time of PCL in the acid solvent, which will
determine its subsequent behaviour during its application [14], [29], [33],
[46]-[48]. Literature propose that properties such as the fibre morphology,
the molar mass, the crystallinity degree or the lamellar thickness play an
important influence during the application of a biodegradable biomedical
device, as studied for some polyesters such as PLA or PCL [19], [47]-[49].
Indeed, by adopting a particular fibre morphology (i.e. size scale) and mode
of assembly of polymer chains (i.e. crystallinity), it is possible to influence
the cell adhesion and proliferation kinetics, and further determine the
course of their differentiation process [14]. During application, the rate of
biodegradation is also a crucial aspect, determined by the accessibility of
water to the ester bonds, which is affected by a number of factors such as
the hydrophobicity of the monomer, the crystallinity of the sample, the
molar mass or the bulk sample dimensions, among others [46]-[48]. Due
to the reported higher degradation rate of amorphous regions versus that of
the crystalline ones, the crystallinity degree is one of the most dominant
factors. Actually, the effect of the molar mass on the crystallisation kinetics
of PCL has been previously reported by Jenkins and Harrison [49]. As a
consequence, a deep characterisation based on the morphology, the molar
mass and the microstructure as well as the in vitro validation as a function
of the time of dissolution of the polymer into the hydrolytic acid solvent is
essentially required.

The aim of this research was therefore to establish a correlation between
the dissolution time of the PCL in the hydrolytic solvent system based on
formic/acetic acid (1:1) and its resultant structure, physico-chemical
properties and further in vitro performance.

2. Materials and methods
2.1. Materials

Polycaprolactone (PCL) was provided by Perstorp as 3 mm diameter
pellets under the CAPA™ 6800 grade (Mn = 85000 g-mol* and Tr 58-60
°C). Formic acid and acetic acid (=99%) were used as solvents for
electrospinning. Tetrahydrofuran (THF) (=99.8%) was used as solvent for
the GPC analyses. Dulbecco’s Phosphate Buffer Saline (PBS) and NaOH
solution 1 M were used for the in vitro validation procedure. All of them
were supplied by Sigma-Aldrich and were used without further
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purification. Ultra-pure water, as obtained from an ultra-filtration/ion-
exchange procedure was used for the in vitro validation.

2.2. Polymer solution and electrospinning

Electrospinning was performed by means of an horizontal setup composed
of a Spellman SL80 high voltage supply, a Thermo Orion Sage® 361
programmable syringe pump, a Normax Ruthe 20 mL Luer Lock glass
syringe, silicon tube, and a Luer-Lock gauge 21 metallic needle. The tip-
to-collector distance was maintained constant at 12.5 cm. Solutions for
electrospinning were prepared in 1:1 formic/acetic acid, with a polymer
concentration of 15% wt and were electrospun after 24, 48, 72 and 120 h
of dissolution time. Complete dissolution of the polymer was guaranteed
after 24 h, whereas after 120 h the viscosity of the solution was excessively
low to ensure stable electrospinning. The feeding rate varied between 0.5,
1 and 1.5 mL-h? and the voltage varied between 15, 20 and 25 kV.
Electrospinning was performed during 30 min at room temperature (22 °C)
and 35% of relative humidity. Fibrous scaffolds were collected on
aluminium foil, then dried and stored for further analyses.

2.3. Scaffold characterisation
2.3.1. Field-emission scanning electron microscopy (FE-SEM)

The surface topology of the specimens was analysed by means of a Zeiss
Ultra 55 field emission scanning electron microscope (FE-SEM). The
samples were cut into small pieces and dried at 50 °C in a vacuum oven for
24 h and then kept in a desiccator during 48 h. Afterwards, the specimens
were mounted on metal studs and sputter-coated with a platinum layer
during 10 s using a Leica EM MEDO20 sputtering equipment. Testing was
performed at room temperature with a 2 kV voltage. The fibre diameters
were measured from the FE-SEM micrographs (10000x) at random
locations (n=100) with the aid of the Image J software.

2.3.2. Size exclusion chromatography (SEC)

Size exclusion chromatography (SEC) analyses were carried out by means
of a Malvern Instruments Omnisec Resolve chromatograph. It combined
integrated pump, degasser, autosampler and column oven, along with a
Malvern Instruments Omnisec Reveal multi-detector —UV, Refractive
Index (RI), Low and Right Angle Light Scattering (LALS and RALS) and
Viscosity (VISC)—. Two columns from Malvern Instruments (T2000 and
T4000) were employed (300x8 mm). The samples were dissolved in THF
with concentrations of around 2.0 mg-ml* and filtered through 0.45 pm
PTFE filters. As well, THF was used as mobile phase at a flow rate of 1
mL-min and the column temperature was set at 35 °C. A monodisperse
polystyrene standard with dn/dc value of 0.185 was used for previous
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calibration. Two injections per sample were performed and the obtained
data were analysed by means of the Omnisec V10™ software.

2.3.3. Fourier transformed infrared spectroscopy (FT-IR)

The determination of the initial composition of the scaffolds as well as the
preliminary study of the crystalline morphology was performed via
attenuated total reflectance (ATR) in a Thermo Nicolet 5700 Fourier
transform infrared spectrometer (FT-IR). The average spectra were
collected from 64 scans with a resolution of 4 cm in the 4000-600 cm*
range, from eight different locations of the same specimen.

2.3.4. Differential scanning calorimetry (DSC)

Calorimetric data were obtained by differential scanning calorimetry by
means of a Mettler-Toledo DSC 820°® equipment, previously calibrated
following the procedure of In and Zn standards. The samples, with a mass
of about 4 mg, were analysed between 0 and 80 °C with a
heating/cooling/heating rate of 10 °C-min=. All experiments were run
under nitrogen atmosphere (50 mL-mint). The specimens were
characterised at least by triplicate and the averages of temperatures and
enthalpies were taken as representative values.

The crystallinity degree (Xc) was evaluated from the melting enthalpy
results, by using Equation 1,

Xe (%) =2 - 100 (Equation 1)
where Ahp is the melting enthalpy of the sample and Ahy® is the melting
enthalpy of a perfect crystal of PCL (148 J-g) [50]-[53].

2.4. In vitro hydrolytic degradation

The electrospun PCL scaffolds were subjected to hydrolytic degradation in
ultra-pure water and phosphate buffer solution (PBS), according to the
international standard 1SO 10993-13:2010, method 4.3 [54]. The pH of the
PBS solution was previously adjusted to 7.4 with NaOH 1 M. The
electrospun scaffolds were cut into rectangular specimens with a mass
around 10 mg. The specimens were weighed (mo) and placed in a previous
weighed vial (myia)). 10 mL of degradation medium were introduced and
then the vials were sealed with polytetrafluoroethylene (PTFE) threaded
plugs and placed in a thermostatically controlled oven at 37 °C. The effects
of the hydrolytic degradation were evaluated after 100 days of immersion
both in the solid and in the liquid. The liquid fraction was analysed
immediately after extraction. The pH of the degradation media was
measured at room temperature by using a Crison pH25 device. Three buffer
solutions from Crison were used to calibrate the pH-meter: pH 4.01
(phthalate buffer solution), pH 7.00 (phosphate buffer solution), pH 10.01
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(borate buffer solution). The remaining solid fraction coming from the
saline buffer was washed with deionized water and then, along with
specimens coming from water environment, dried under vacuum to
constant mass into their degradation vials (mary) and saved for further
analyses. The mass loss of the specimens was calculated according to
Equation 2.

Mass loss (%) = 100 — Ta—Twiad) 49 (Equation 2)

0

3. Results and discussion
3.1. Preliminary study of the electrospinning viability

The electrospinning viability was addressed under different experimental
conditions: dissolution time of the PCL in the hydrolytic acid solvent (24—
120 h), feeding rate (0.5-1 mL-h?) and voltage (15-25 kV), in order to
establish the effect of each parameter on the final electrospun scaffolds.
Other factors such as the polymer type, solvent type, concentration, needle
diameter, tip-to-collector distance, collector type, working time,
temperature and humidity remained fixed, as specified in the experimental
section. In general terms, the system turned unstable and dripped for low
voltages and high feeding rates, while consumption of the material in the
tip and unstable Taylor cone was found for high voltages and low feeding
rates. Table 1 gathers the experimental conditions in which electrospinning
was viable, which micrographs can be found in Figure 1.

Figure 2 shows that the influence of the voltage and the feeding rate on the
fibre diameter regardless the dissolution time was not as relevant.
Therefore, this study is focused from now onwards on the effect of the
dissolution time in the hydrolytic acid solvent from the electrospun
scaffolds labelled as 4, 8, 12 and 15, obtained with a feeding rate of 1 mL-h-
Land a voltage of 25 kV.
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Figure 1. FE-SEM micrographs for the viable electrospinning process as function of
dissolution time, feeding rate (FR) and voltage (V) (100, 5 000 and 10 000x, 3 kV).
(O Indicate those scaffolds chosen for further characterisation).
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Table 1. Electrospinning viability for dissolution time (24, 48, 72 and 120 h), feeding
rate (0.5, 1 and 1.5 mL-hY) and voltage (15, 20 and 25 kV). (v') Stands for viable,
while (-) for unviable conditions. Superindexes are identifiers for the Figure 1. (<«
Indicate those specimens chosen for the study)

Dissolution time Feeding Rate Voltage (kV)

(h) (mL-h?) 15 20 25
0.5 O 10 - -

24 1 I K o 4|
15 - - 0 50
0.5 - -

48 1 - O 0 8 <
15 - - 0 9
0.5 - O 1000 O 110

72 1 - - O 12 «
15 - - O 13000
0.5 - - O 1400

120 1 - - O 15 «
15 - - O 16010J

Voltage (kV)

I 25

200 +

150

100 <

Fibre diameter (nim}

S04

Feeding rate (mL-h)

Figure 2. Influence of voltage (V) (square OI; DT = 24 h) and influence of feeding
rate (FR) (circle O; DT =72 h) on scaffold fibre diameter. Mean fibre diameter and
standard deviation, as calculated from the FE-SEM micrographs (10000x) at random
locations (n = 100). DT stands for dissolution time.
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3.2. Influence of dissolution time on scaffold physico-chemical properties
3.2.1. Influence of dissolution time on the scaffold morphology

Figure 3a shows the histogram and Figure 3b the box-whisker plot of the
fibre diameter distribution of the scaffolds obtained after 24, 48, 72 and
120 h of dissolution time in the hydrolytic acid solvent, as calculated from
micrographs in Figure 1. The fibre diameter showed a decreasing tendency
to lower values as dissolution time increased, from mean values of 125 nm
after 24 h to values around 95 nm after 120 h. Bead-free fibres were found
after 24 and 48 h of dissolution time, while some beads in the microscale
range were found for longer dissolution times (72 and 120 h). The diameter
of these beads oscillated between 1.25 um and 1.60 um with concentrations
of 9.75x102and 9.16x10 beads-um-, for scaffolds prepared after 72 and
120 h respectively. These beads seem to be the responsible of the intense
roughness observed at micrographs with lower magnification. According
to bibliography, for a given concentration, the reduction of fibre diameter
and the appearance of beads are usually related to a reduction of the
solution viscosity due to the hydrolytic action of the solvent, and the
subsequent lower incidence of chain entanglements [14], [44], [55].

i 24h
[ A8 h
EEd72n

120

Dissolution time (b

Figure 3. (a) Fibre diameter histogram for the scaffolds prepared after 24, 48, 72 and
120 h of dissolution. Dash lines indicate the approximated whisker limits (5 and
95%). (b) Box-whisker plots of the fibre diameter as a function of dissolution time.
Box quartiles represent 25-75% and whiskers are between 5-95%.
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3.2.2. Influence of dissolution time on the scaffold molar mass

The molar mass of the scaffolds was assessed by means of size exclusion
chromatography (SEC) in terms of average molar mass in number (M),
average molar mass in weight (My) and polydispersity index (PDI), as
shown in Figure 4 for the pellet of PCL and electrospun scaffolds as a
function of dissolution time in the hydrolytic acid solvent.

150 3.0
{77 M, experimental - W PDI
1 - M, modk]

R S M, experimental

1254

1004

Average molar mass (- 10° g-mol')

T T T T =
Pellet 24 48 72 120

Dissolution time (h}

Figure 4. Average molar mass in number (Mn), average molar mass in weight (Mw)

and polydispersity index (PDI) for PCL pellet, and electrospun scaffolds processed

after 24, 48, 72 and 120 h of dissolution. Dotted line corresponds to the theoretical

average molar mass in number values, as calculated from the method proposed by
Lavielle et al. [44].

Overall, M, decreased from 85000 to 15000 g-mol-, while My moved from
135000 to 36000 g-mol* from the raw PCL (pellet) to the scaffold prepared
after 120 h of solution preparation. As expected, the acidic nature of the
solvent promoted a general decrease in the molar mass ascribed to the
hydrolytic scission of the ester bond of PCL. The SEC analysis revealed
that the chain scission of PCL was not linearly dependent on dissolution
time: it was degraded faster at the early stage of solution preparation and
tended to decrease slowly thereafter. Accordingly, an increase in the
polydispersity index (PDI) was found from 1.59 to 2.39, which indicated
the increase of cleavages of high molar mass segments, characteristic of a
random chain scission according to the Flory’s statistical theory [56]. All
these results were in concordance with those obtained in other studies [43],
[44]. In particular, a proper correlation (96% coincidence) between the
expected theoretical —as calculated according to Lavielle et al.
(Supplementary Material)— and the experimental values was obtained.

3.2.3. Influence of dissolution time on the scaffold microstructure

Fourier transformed infrared spectroscopy (FT-IR) was considered to
perform a preliminary analysis of the change in the microstructure after
electrospinning. Figure 5a shows the absorbance spectra in the 1100-1300
cm! region for PCL pellet and electrospun scaffolds after 24, 48, 72 and
120 h of dissolution time in the hydrolytic acid solvent. It is well-known
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that, for polyesters, this spectral region appears to be the most sensitive to
morphology differences, due to the appearance of C—C—H and O—C-H
bending vibrations and C—C and C—O stretching vibrations [14], [57], [58].
Moreover, the bands located around 1162 and 1178 cm™ are related with
amorphous and crystalline morphology, respectively. The lii7s/l1162
intensity ratio is commonly used as an indicator of the change in the
internal morphology of the fibres [14], [58]. Figure 5b shows a noticeable
increase of crystallinity as a function of the dissolution time in the
hydrolytic acid solvent up to 72 h, which remained from then onwards.

110

£, 41, Tatio

0.95+

Absorbance (intensity units)

0.90

T
a8 ” 120

Wavenumber (em™) Dissolution time (h)

T T T T T T T
13251300 1275 1250 1225 1200 1175 1150 1125

Figure 5. (a) FT-IR spectra in the 1325-1125 cm region and (b) l1162/11178 ratio for
PCL pellet, and electrospun scaffolds processed after 24, 48, 72 and 120 h of
dissolution.

In order to corroborate these changes along the dissolution time, the
differential scanning calorimetry (DSC) technique was used, which is
considered to be adequate to understand the change in the microstructure
of polymers subjected to a given degradation process [59]-[65]. The
discussion in this section is given in terms of melting/crystallisation peak
temperatures (Tm1, Tc Tm2), lamellar thickness (lc1, Ic2), specific enthalpies
(Ahm1, Ahe, Ahmz) and crystallinity degree (Xci1, Xc2), where subindexes 1
and 2 correspond to the 15t and 2" heating scans, respectively. Figure 6
plots the DSC thermograms of the 1%t heating, cooling and 2" heating scans
for PCL pellet and scaffolds electrospun after 24, 48, 72 and 120 h of
dissolution time in the hydrolytic acid solvent. Values of the main peak
temperatures and enthalpies of the melting and crystallisation events are
gathered in Table 2. The differences between melting enthalpies and peak
temperatures obtained from the 15t and 2" heating scans are explained by
the different crystallisation behaviour of the PCL after electrospinning and
differential scanning calorimetry. While electrospinning produces strain-
induced crystallisation and was carried out at temperatures close to the T¢
of the PCL [19], [66], the dynamic cooling of the DSC did not permit to
achieve the same crystalline development [67].
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Figure 6. DSC traces of the 1% heating, cooling and 2™ heating scans for PCL pellet
and scaffolds prepared after 24, 48, 72 and 120 h of dissolution.

Table 2. Melting enthalpy and temperature of the 1%t heating scan (4#m1, Tm1),
crystallisation enthalpy and temperature of the cooling scan (d4c, Tc) and melting
enthalpy and temperature of the 2" heating scan (4/m2, Tmz) as a function of the
dissolution time for PCL pellet and scaffolds prepared after 24, 48, 72 and 120 h of
dissolution time.

Tm Ahm1 Te Ahc Tm2 Ahm?
() @-gh)  (°©) @-gh (G  (-ghH
63.51 45.60 21.29 -35.60 59.70 30.22

Dissolution time (h)

PCL pellet +127 4228 4043  #178  #119  +151
iy 6178 5405 2740 4045 5827  39.67
+124  $322  #111 4206  +1.09 231

" 6050 5234 2847 3939 5/53  36.83
+121  $262 4057  +1.97 +115 4184

” 6063 6018 2996 4489 5638  44.22
+010  +1.80 +035 4140 030  #1.22

20 6031 5839 3059 4363 5687  43.03

+0.12 +4.04 +0.49 +2.68 +0.64 +2.93

In the 1%t heating scan the melting peak is the result of at least two different
melting transitions. A melting shoulder, placed at around 45 °C, seemed to
remain constant, and can be ascribed to a crystalline population with a
smaller lamellar thickness. The main melting peak, around 60 °C, is
ascribed to the typical PCL melting behaviour, which sharpened and
moved towards lower temperatures for a higher dissolution time in the
hydrolytic acid solvent. During the cooling scan, a crystallisation transition
occurred, which peak temperature (T¢) moved towards higher values from
~21 °C for PCL pellet to ~30 °C after 120 h of dissolution time. Since the
changes in the T are closely related to the change in the molar mass of a
polymer, the increase in the T. corroborate the lower molar mass of the
PCL scaffolds as the dissolution time increased. Shorter polymer chains
with enhanced mobility crystallised at higher temperatures. Finally, in the
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2" heating scan, it was observed a melting peak located around 57 °C,
which became sharper the longer the dissolution time was. With the
purpose of deeply characterise the crystalline structure of the nanofibres,
lamellar thickness distributions were calculated by applying the Thomson-
Gibbs equation (Equation 4), based on the temperatures associated to the
melting transitions [68]-[71],

lc(T) = [( —T—m) -Ahmv]_l (Equation 4)

%) 20,

where Tm is the melting temperature; Tn is the equilibrium melting
temperature of an infinite crystal (348 K); e is the surface free energy of
the basal plane where the chains fold (106-10% J-m?); and Ahpy is the
melting enthalpy per volume unit (1.63-108 J-m) [53]. Figure 7a shows
the evolution of the lamellar thickness distributions for the 1%t heating scan.
PCL pellet showed a wide distribution, with a most probable lamellar
thickness (lc) around 45 nm. After electrospinning, narrower crystalline
populations were obtained, showing a Ic around 32 nm. The promotion of
smaller crystals ascribed to both the fast rate of solvent evaporation during
electrospinning [72]-[74] and the stretching of shorter macromolecular
chains [19], produced a more homogeneus crystalline structure. This
observation was corroborated by the parameter defined as the full width at
medium height of the lamellar thickness distributions (FWMH), which
decreased with the dissolution time (Figure 7Db).

With regards to the enthalpies for the aforementioned thermal transitions,
in the 1% heating scan Ahm; increased after electrospinning and even more
as a function of dissolution time. Indeed, this tendency was perceived in
the crystallinity degree (Xc1), which ranged from 30.81% for PCL pellet to
36.52% and 40.66% for scaffolds prepared after 24 h and 120 h,
respectively. Then, in the cooling scan, the Ah also increased with
dissolution time, ranging from —35.60 J-g* for PCL pellet to —40.45 and —
44.88 J-g* for electrospun samples after 24 h and 120 h, respectively.
Consequently, as melting during the 2" heating scan is directly related to
the previous crystallisation during cooling, the tendency was also
preserved. Figure 7b shows how the crystallinity degree (Xc) increased
along with the aforementioned most probable lamellar thickness (Ic) and
FWMH reduction, which is ascribed to the homogenisation of the
crystalline fraction.
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Figure 7. (a) Lamellar thickness distribution for PCL pellet and scaffolds prepared
after 24, 48, 72 and 120 h of dissolution time as obtained in the 1% heating scan; (b)
Crystallinity degree (Xc), most probable value of lamellar thickness (Ic) and value of
full width at medium height (FWMH) as a function of dissolution time for PCL pellet
and scaffolds prepared after 24, 48, 72 and 120 h of dissolution as obtained from the
1%t heating scan. Error bars were omitted for the sake of clarity (Error < 5%).

The most relevant results in this section can be inferred from the 1% scan,
which showed the effects of the dissolution time and the electrospinning
procedure. Although electrospinning is known to promote limited
crystallisation by fast rate of solvent evaporation, the hydrolytic
degradation of the PCL during dissolution promoted a reduction of the
length of the polymeric chains, as observed in the previous section. Shorter
molecular chains with enhanced mobility were more capable of forming
crystalline domains than longer polymer chains due to the higher
stretching, which enhanced crystallisation and orientation along the fibre
axis [19]. In addition, more concise crystalline populations with smaller
lamellar thickness were found as dissolution time increased.

3.3. In vitro validation of electrospun scaffolds

The in vitro behaviour of the electrospun PCL scaffolds was assessed by
means of immersion in ultra-pure water and phosphate buffer solution
(PBS), according to the international norm 1ISO 10993-13:2010-method 4.3
[54]. The validation procedure extent was established to 100 days, which
was considered as a reasonable time-span to evaluate physico-chemical
changes along their hypothetical service life.

A qualitative and visual analysis of the changes in the surface morphology
after the validation procedure is shown in Figure 8, whereas the
guantification of those changes by means of the fibre diameter evaluation
is shown in Figure 9. Then the variations of the mass, the pH of the
degradation media, the molar mass, the crystallinity degree and the lamellar
thickness are plotted in Figure 10.
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Figure 8. Fibre surface morphology (10000x%, 3kV) as a function of dissolution time
for PCL scaffolds prior to and after 100 days of immersion in ultra-pure water and
PBS.
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Figure 9. Box plot of the fibre diameter as a function of the dissolution time for PCL

scaffolds prior to and after 100 days of immersion in ultra-pure water and PBS. Solid

squares stand for the averages while the upper, middle and lower limits correspond to
the first, second and third quartiles (75%, 50% and 25%, respectively).

Apparently, the original nanofibrous structure seemed to remain unaffected
after 100 days of immersion in both water and PBS media. Erosion at this
stage was not significant enough to be appreciated from the fibre
appearance, but a deep assessment of the fibre diameter showed two
differentiated behaviours. As shown in Figure 10, the scaffolds prepared
after 24 h and 48 h practically kept their fibre diameter distributions after
immersion. However, the diameter reduction was found to be noticeable as
dissolution time increased. The scaffolds prepared after 72 h and 120 h
showed a significant reduction (30—40%) of the fibre diameter after 100
days of in vitro validation. A similar behaviour was found in water and
PBS, but a scarcely greater diameter decrease was observed in the buffered
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solution. Although the samples were vacuum dried before analysis, this
performance could be ascribed to the higher fibre swelling due to the water
absorption, compared to the lower PBS penetration.
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Figure 10. Evolution of several parameters selected as indicators for the assessment
of the hydrolytic degradation after 100 days of immersion in aqueous and PBS media
of the electrospun scaffolds processed after 24, 48, 72 and 120 h of dissolution time:
(a) Mass loss; (b) pH of the media; (c) Average molar mass in number (Mn); (d)
Crystallinity degree (Xc); (e) Full width at medium height of the lamellar thickness
distribution (FWMH); and (f) Peak of the lamellar thickness distribution (lc).

Erosion results as obtained by Equation 2 are plotted in Figure 10a.
Greater mass loss was found as a function of dissolution time, which is
related to the diffusion of higher amount of oligomeric species to the
biodegradation media of greatly degraded scaffolds [75]. Slightly greater
mass loss in water than in PBS for a given dissolution time was perceived.
This difference can be ascribed to the capability of the PBS to buffer
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released acidic low molar mass compounds, avoiding autocatalytic
degradation and thus, retarding the erosion process.

The changes on the molar mass and the fibre microstructure were
subsequently assessed. Figure 10c shows the average molar mass in
number (My), which decreased more the lower the dissolution time was.
Since the hydrolytic degradation is known to take place mainly in the
amorphous regions of the samples, those with lower initial crystallinity
degree showed higher molar mass reduction (scaffolds electrospun after 24
and 48 h) [76], [77]. Conversely, a greater initial crystallinity degree along
with the growth of the lamellar thickness during immersion, prevented the
scaffolds from hydrolytic degradation [78], [79] (scaffolds electrospun
after 72 and 120 h).

Interestingly, the effect of the in vitro validation procedure after 100 days
was relevant in terms of development of chemically-induced crystallisation
[62], [64], [80], as plotted in Figures 10d, 10e and 10f, but not in the molar
mass which barely changed for all studied scaffolds. Indeed, crystallisation
was driven by the combination of water and temperature. Water acted both
as plasticizer to permit the mobility of polymer segments and promoted
chain scission and mass loss. In addition, the temperature of the in vitro
validation at 37 °C was close to the crystallisation temperature of PCL, as
shown in Table 2. Therefore, there was a widening of the lamellar
thickness distribution, an increase of its peak value and subsequent increase
of the crystallinity degree, being more relevant the higher the dissolution
time during the preparation of the scaffolds was.

Overall, the PCL based structure remained almost unaffected in the
nanoscale range after the in vitro evaluation, which is essential for long-
term biomedical applications, when no-collapsing structures are needed
[81], [82], [83]. This behaviour was supported by the development of
chemically-induced crystallisation, that reduced the amorphous/crystalline
proportion and prevented the scaffold from hydrolytic degradation, as
observed by the slightly modification of the molar mass.

4. Conclusions

Nanofibrous scaffolds were obtained by electrospinning of
polycaprolactone (PCL) in 1:1 formic/acetic acid solvent. When viable, a
non-significant influence of the voltage and feeding rate was found on the
fibre diameters of scaffolds, while the influence of the dissolution time in
the hydrolytic acid solvent was found to play a key role in the resultant
physico-chemical properties, morphology and in vitro performance of the
electrospun scaffolds.

The chain scission of PCL occurred through the hydrolytic degradation of
the ester bonds along the dissolution preparation prior to electrospinning.
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The hydrolytic acid solvent reduced the molar mass of the electrospun
scaffolds, increased the crystallinity degree and slightly lowered the
lamellar thickness. Bead-free fibres were obtained after 24 h and 48 h of
dissolution. Particularly at longer dissolution times (72 h and 120 h), an
intense reduction of molar mass and fibre diameter along with the
apparition of beads was revealed.

The in vitro behaviour of the scaffolds after 100 days of immersion in water
and PBS revealed some differences depending on the dissolution time prior
to electrospinning. However, for all the scaffolds, the nanoscaled structure
remained almost unaffected after the in vitro evaluation. This behaviour
was supported by the development of chemically-induced crystallisation,
that reduced the amorphous/crystalline proportion and prevented the
scaffold from hydrolytic degradation, as observed by the slightly
modification of the molar mass.

This tailoring procedure permitted to obtain scaffolds that maintained the
nanoscaled structure after such long in vitro evaluation. This is essential
for long-term PCL-based patches, when no-collapsing structures are
needed. Future investigations will open up the possibility of functionalising
this scaffolds with other components and studying the differentiation
ability of cells onto these devices, as well as studying their biodegradation
behaviour when implanted in vivo.
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Tailored electrospun nanofibrous polycaprolactone/gelatin
scaffolds into an acid hydrolytic solvent system

O. Gil-Castell, J. D. Badia, A. Ribes-Greus

Abstract

Blended nanofibrous scaffolds based on polycaprolactone (PCL) and
gelatin (Ge) were successfully prepared. A formic/acetic acid (1:1) mixture
was used to dissolve PCL/Ge blends from 100/0 to 20/80 %wt in steps of
10 %wt. The hydrolysis of the PCL diluted in the formic/acetic acid
mixture was considered as a method for tailoring the surface morphology
and physicochemical features of the nanofibrous PCL/Ge scaffolds as a
function of the dissolution time. The fibre diameter remained in the
nanoscale range for all the studied scaffolds, which is crucial to mimic the
extra-cellular matrix size. The reduction of the intrinsic viscosity, molar
mass and hydrodynamic radius found for the PCL molecules as a function
of the dissolution time, consequently diminished the entanglement
capability of the polymeric chains. Subsequently, the fibre diameter
decreased as dissolution time increased, for all the studied compositions.
While the crystallinity of the scaffolds with high PCL content increased as
a function of the dissolution time, the scaffolds with high percentage of Ge
showed the lowest crystallinity degree, which was ascribed to the hindering
effect of the Ge diffused among the PCL segments. The wettability
increased as a function of the Ge content due to the high hydrophilic
behaviour of these molecules. It also increased as a function of the
dissolution time, due to the more hydroxyl groups available in PCL
segments to interact with water molecules. As a whole, the
physicochemical assessment of the electrospun scaffolds revealed an
effective tailoring procedure to obtain functionalised PCL/Ge scaffolds
with specific properties as a function of the dissolution time before
electrospinning.

Keywords

Electrospinning; scaffold; polycaprolactone (PCL); gelatin (Ge); tailoring;
hydrolysis
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1. Introduction

Tissue engineering involves the combination of engineering, materials and
cells to improve or replace biological tissues. One of the fundamental
approaches of this field is the fabrication of biocompatible scaffolds that
provide the optimum conditions for cell adhesion and proliferation along
with tailored durability and performance. The development of synthetic
nanoscaled fibrous scaffolds that structurally mimic extra-cellular matrix
(ECM) in size and porosity has brought new possibilities in the field of
tissue regeneration [1].

The processing techniques to obtain artificial tissues are in continuous
development [2]. Electrospinning stands out as one of the most promising
techniques for the preparation of polymeric nanofibrous devices [3]-[5].
This method offers non-woven nanofibrous scaffolds with large area-to-
surface ratio and high porosity that have fulfilled novel biomedical
requirements [6], [7].

A variety of natural and synthetic polymers have been used for nanofibrous
scaffold fabrication, including polycaprolactone, poly(lactic acid),
poly(glycolic acid) and their copolymers [8]-[11]. Among them,
polycaprolactone (PCL) is a semicrystalline linear aliphatic polyester,
widely applied in biomedicine due to its good mechanical properties,
biocompatibility and slow biodegradability, being suitable for applications
which require certain structural durability [12]-[17]. However, the lack of
hydrophilic functional groups in the chemical structure of the PCL
macromolecules have prevented this material from an extended application
as an individual component. Several strategies such as coating, grafting or
blending with other components have been suggested in order to improve
the cell affinity of the scaffolds [18]. Actually, several hydrophilic
biopolymers including collagen, gelatin, fibrinogen or elastin have been
considered to improve the scaffold hydrophilicity and biocompatibility
[19]. Gelatin (Ge) is a natural biopolymer of excellent biocompatibility,
biodegradability and low cost in comparison to collagen. It contains
Arginyl-Glycyl-Aspartic amino acid sequence, which offers biochemical
signals to promote cell adhesion, migration, proliferation and
differentiation [20]. Thus, the combination of PCL and Ge into a
nanofibrous scaffold would retain the mechanical properties of PCL with
an improved cell affinity brought by the Ge. Actually, PCL/Ge nanofibrous
scaffolds have been proposed as a versatile substrate for cell seeding of
different tissues, including skin [21]-[26], muscle [27], cardiovascular
[28], [29], nerve [30]-[32], bone [33]-[36] and cartilage [37], [38].

The suitability of the electrospinning process is known to depend on the
synergistic effect of the solution and processing conditions [39]-[41].
Traditionally, highly toxic halogenated solvents such as chloroform,

384



Scaffolds for tissue engineering

hexafluoroisopropanol, trifluoroethylene, dimethylformamide, methylene
chloride or dichloroethane have been required for the effective
electrospinning of PCL and Ge [40], [42], [43]. In the last years, some
alternative solvents such as acetone [44], acetic acid [45], acetic acid/ethyl
acetate [46], tetrahydrofuran/methanol [47], tetrahydrofuran [40] or
formic/acetic acid mixture [48]-[50] have been proposed for the
electrospinning of the PCL. These solvents allow minimizing the risk to
health during manipulation [51] and reduce the toxicity of the scaffolds due
to retained residual solvent [52]. For the electrospinning of Ge, low-toxic
alternative solvents have also been considered, including acetic acid [53],
[54] or ethyl-acetate/acetic acid in water [55]. Specifically, the
formic/acetic mixture has been considered as a suitable candidate for the
electrospinning of PCL/Ge scaffolds [56]-[59].

Some studies in the bibliography correlate the influence of several features
of the scaffolds on their subsequent performance such as the composition,
the fibre diameter, the scaffold porosity, the molar mass, the glass transition
temperature or the crystallinity degree, among others [60]-[65]. The
hydrolytic degradation of the PCL molecules in the formic/acetic mixture
and results in the reduction of the polymer molar mass, and thus some of
the physicochemical properties of the electrospun scaffolds could be
expected to be altered as a function of the dissolution time [49]. Indeed, the
physicochemical behaviour of PCL/Ge scaffolds has not been correlated to
the dissolution time of the polymer in the formic/acetic acid solution before
electrospinning, and therefore represents an interesting line of research for
the tailoring of biomedical scaffolds.

The aim of this study was therefore to obtain tailored nanofibrous PCL/Ge
scaffolds in terms of the blend composition and the dissolution time into a
hydrolytic formic/acetic acid (1:1) solvent, and correlate them with the
impact on the structure, morphology and performance of these scaffolds.

2. Materials and methods
2.1. Materials

Polycaprolactone (PCL) was supplied by Perstorp as 3 mm diameter pellets
under the grade CAPA™ 6800 (M, = 85000 g-mol* and Tm 58-60 °C).
Gelatin (Ge) from porcine skin Type A, gel strength 300, was supplied by
Sigma-Aldrich. Formic acid and acetic acid (>99%) were used as solvents
for electrospinning. Tetrahydrofuran (>99.8%) was used for SEC sample
preparation and analysis. All solvents were supplied by Sigma-Aldrich and
were used without further purification.

2.2. Polymer solution and electrospinning

Nine blended compositions of PCL/Ge were prepared, ranging from 100/0
to 20/80 by weight proportion, by steps of 10 %wt. The solutions for
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electrospinning were prepared in a 1:1 formic/acetic acid mixture, with a
total solid concentration of 15 %wt and were electrospun after being
subjected to 30 °C and magnetic stirring for 24, 48, 72, 96 and 120 h. The
dissolution time ranged between the minimum time to reach complete
dissolution (24 h) and the time in which the viscosity of the solution still
ensured stable electrospinning (120 h).

Nanofibrous scaffolds were obtained by means of a Bioinicia Fluidnatek®
LE-10 electrospinning equipment, which contents a high voltage source, a
programmable syringe pump, a HSW Norm-Ject 20 mL Luer Lock syringe,
a Teflon® tubing, a gauge 21 metallic needle and a grounded flat collector.
The tip-to-collector distance was maintained constant at 15 cm. The
feeding rate and voltage varied as dissolution time increased between 1 to
0.2 mL-h"* and 25 to 19 kV, respectively. The working time was adjusted
for each case as a function of the feeding rate in order to obtain nanofibrous
structures with comparable surface density. The temperature and relative
humidity (RH) were kept constant along electrospinning at 22 °C and 35%
RH, respectively. The nanofibrous scaffolds were collected on waxed
paper, dried and stored for further analyses.

2.3. Scaffold characterization
2.3.1. Field-emission scanning electron microscopy (FE-SEM)

The surface topology of the specimens was analysed by means of a Zeiss
Ultra 55 field emission scanning electron microscope (FE-SEM). The
samples were cut into small pieces and dried at 50 °C in a vacuum oven for
24 h and then kept in a desiccator during 48 h. Afterwards, the specimens
were mounted on metal studs and sputter-coated with a platinum layer
during 10 s using a Leica EM MEDOQ20 sputter coater. FE-SEM images
were taken at 22 °C with a 2 kV voltage. The fibre diameters were measured
from the scanning electronic microscope images (10 000x) at random
locations (n=100) with the aid of the Image J® software.

2.3.2. Thermogravimetric analysis (TGA)

The thermo-oxidative decomposition profiles were obtained by means of a
Mettler-Toledo TGA 851 thermogravimetric analyser. The samples, with a
mass of about 4 mg were introduced in TGA Mettler-Toledo perforated
alumina crucibles, with capacity of 70 ul. The samples were analysed in
the temperature range of 25 to 800 °C with a heating rate of 10 °C-min,
under atmosphere of oxygen at a flow rate of 50 ml-min-1. The experiments
were performed in triplicates to ensure reproducibility.

2.3.3. Size exclusion chromatography (SEC)

Size exclusion chromatography (SEC) was carried out by means of a
Malvern Instruments Omnisec Resolve chromatograph. It combined an

386



Scaffolds for tissue engineering

integrated pump, a degasser, an autosampler and a column oven, along with
a Malvern Instruments Omnisec Reveal multi-detector —Ultraviolet (UV),
Refractive Index (RI), Low and Right Angle Light Scattering (LALS and
RALS) and Viscosity (VISC)-. A monodisperse polystyrene standard with
dn/dc value of 0.185 was used for universal calibration. Two columns from
Malvern Instruments (T2000 and T4000) were used (3008 mm).
Tetrahydrofuran (THF) was used as mobile phase at a flow rate of 1
mL-mint and a column temperature of 35 °C. The samples were dissolved
in THF with concentrations of around 2.0 mg-ml-* and filtered through 0.45
um PTFE filters. Two specimens per sample were analysed and the
obtained data were assessed in triplicates with the aid of the OMNISEC
V10™ software, and the averages were taken as representative values.

2.3.4. Differential scanning calorimetry (DSC)

The calorimetric data were obtained by means of a Mettler-Toledo DSC
820¢ differential scanning calorimeter, previously calibrated following the
procedure of In and Zn standards. The samples, with a mass of about 4 mg,
were analysed between 0 and 80 °C with a heating/cooling/heating rate of
10 °C-mint. All the experiments were run under nitrogen atmosphere at 50
mL-min-t. The specimens were characterised at least by triplicate and the
averages of temperatures and enthalpies were taken as representative
values.

The crystallinity degree (Xc) was evaluated from the melting enthalpy
results, by means of the Equation 1,

X. (%) =—2m 100 (Equation 1)

0
wpcr-Ahm

where Ahp is the melting enthalpy of the PCL melting, wecL is the weight
fraction of the PCL in the sample and Ahy® is the melting enthalpy of a
perfect crystal of PCL (148 J-g*) [66].

2.3.5. Water contact angle

The wettability of the scaffolds was characterized according to its water
contact angle at 22 °C. The static contact angle was evaluated by means of
a Theta Optical Tensiometer (KSV Instruments, Ltd) and a CCD (charge-
coupled device) camera connected to a computer. 2 uL of distilled water
were dropped on the sample surface and, after 2 s, the contact angle was
measured. The assays were repeated at three different sites of a given
sample to ensure reproducibility.
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3. Results and discussion
3.1. Validation of the electrospinning strategy

In order to validate the scaffold composition, the study of the thermo-
oxidative decomposition behaviour was considered as an appropriate
methodology, as proposed by Gautam et al. [67]. The thermo-oxidative
decomposition profiles as a function of the scaffold composition are plotted
in Figure 1.
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Figure 1. Thermo-oxidative decomposition profiles of electrospun scaffolds as a
function of the scaffold composition (PCL/Ge) for a dissolution time of 24 h.

Pure PCL (100/0) showed a multiple stage decomposition performance.
Humidity loss was observed in stage A, and primarily decomposition was
found in stage B, followed by a secondary decomposition in stage C,
reaching complete decomposition between 350 °C and 520 °C, as
corroborated by literature [67], [68]. The decomposition profile of pure Ge
(0/100) consisted of multiple stages. The vaporization of moisture took
place between 50 and 230 °C in the stage A, while the main decomposition
stage occurred between 250 °C and 400 °C in the stage B. Then the thermo-
oxidative decomposition continued until 600 °C in the stages C and D. This
multiple stage behaviour was ascribed to a complex thermo-oxidative
decomposition process that involves protein rupture and breakage of the
peptide bond, in line with previous research [34], [69].The scaffolds
showed an intermediate behaviour combining the thermo-oxidative
decomposition stages of both pure components. The increase of the Ge
content progressively displaced the onset of the decomposition towards
lower temperatures as well as promoted the decomposition in stages A and
D [26]. Although the main degradation stages of the PCL and Ge in the
scaffolds were overlapped, the study of the horizontal step for each stage,
especially for stages B and D, revealed a progressive behaviour as a
function of the scaffold composition, as gathered in Table 1. According to
bibliography, this phenomenon suggested a blending interaction between
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both components through hydrogen bonding between the ester group of the
PCL and the amine group of Ge molecules within the scaffold [26], [67],
[70].

Table 1. Mass loss (%) in the different stages during thermo-oxidative decomposition

of electrospun scaffolds for a dissolution time of 24 h. Standard deviation between 3
and 5% omitted for the sake of clarity.

(PCL/Ge) Mass loss (%)
(Yowt) Stage A StageB  StageC  Stage D

100/0 - 88.04 10.91 -

80/20 - 75.60 10.59 8.79
60/40 1.00 73.55 11.49 10.62
40/60 4.05 68.28 11.26 13.92
20/80 7.02 46.65 10.80 31.27
0/100 8.15 40.77 9.38 38.28

The scanning electron microscope images of the electrospun scaffolds as a
function of the PCL/Ge composition and dissolution time are shown in
Figure 2. Practicable scaffolds (), i.e, scaffolds which were adequately
handled without mechanical disaggregation of fibres, were found after 24
h and 48 h of dissolution for all the studied compositions. However, as
dissolution time increased, the scaffold usability was altered as perceived
by the formation of ultra-thin fibres and micro-scaled beads. Nevertheless,
the increase of the Ge content improved the electrospinning viability after
high dissolution times, giving rise to more stable and practicable scaffolds.

Scaffold composition (PCL/Ge) (%)
100/0 80/20 60/40 40/60 20/80

7 “)’.f DNy '* 7

Dissolution time (h)
%6 T2 48 24

120

Figure 2. FE-SEM images (10 000x) of electrospun scaffolds as a function of the
scaffold composition and the dissolution time. (%) Refer to the practicable scaffolds.
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3.2. Hydrolytic degradation of the PCL fraction

It is well known that suitable electrospinning depends on the confluence of
several conditions and requirements [39]. Among them, one of the main
factors is the solution viscosity, which is in turn affected by several
elements such as the solution concentration, the polymer molar mass or the
temperature [5]. Since the solid concentration (15 %wt) and the
temperature remained constant, the hypothetic molar mass reduction due
to the PCL chain scission may have resulted in excessively low viscosity
for suitable electrospinning after high dissolution time. Although the
hydrolysis and subsequent viscosity reduction of the Ge as a function of
time when diluted in formic acid has been reported by Ki et al. [71], the
addition of Ge to the blend may have contributed to retain enough viscosity
for suitable electrospinning, particularly for high dissolution times, when
the PCL molecules were severely hydrolytically degraded.

In order to evaluate the change in the molar mass of the PCL fraction of
the scaffolds when diluted into the formic/acetic mixture, size exclusion
chromatography (SEC) measurements were conducted regardless the
formation of practicable electrospun scaffolds. The molar mass
distributions are plotted in Figure 3a as a function of the dissolution time
for all PCL/Ge compositions. When the dissolution time increased, a
displacement of the molar mass distributions towards lower values was
observed, due to hydrolytic degradation of the ester bond and subsequent
chain scission [49], as visually suggested during the electrospinning
solution preparation. The chain scission is frequently terminated by
carboxylic acid end groups and hydroxyl end groups [72]. The hydrolytic
reaction may occur as a depolymerisation process and random chain
scission mechanism, highly catalysed by the formic/acetic acid solution.

Two different behaviours could be distinguished, depending on the
prevalence of one component or the other in the scaffold. For scaffolds with
high PCL content, a low molar mass peak (around 10 000 g-mol?)
appeared and increased for high dissolution times, turning the original
unimodal distribution into a bi-modal pattern. In contrast, for scaffolds
with high Ge content, a complex multi-modal behaviour was found,
attributed to the emulsion of PCL into the Ge matrix diluted in the
formic/acetic acid mixture [57]. The dissimilar hydrolytic degradation of
the PCL during dissolution in the acidic mixture may be ascribed to the
formation of a disperse phase (PCL) into a continuous matrix (Ge), as
reported by Kolbuk et al. [59].

The evolution of the average molar mass in number (My), the intrinsic
viscosity (IV) and the hydrodynamic radius (Rh), respectively, are shown
in Figure 3b, 3c and 3d through 3D plots as a function of the blend
composition and dissolution time.
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Figure 3. (a) Molar mass distributions as a function of the dissolution time for the
different PCL:Ge compositions. Dash lines stand for non-practicable scaffolds; (b)
Average molar mass; (c) Intrinsic viscosity; and (d) Hydrodynamic radius as a
function of the scaffold composition and dissolution time.
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The analysis of the intrinsic viscosity (IV) and the hydrodynamic radius
(Rh) of the PCL in the solvent used for the chromatographic analyses
(THF) corroborated the hydrolytic degradation of the polymer. A reduction
of the polymer chain length promoted lower number of macromolecular
entanglements, which is closely related to the 1V, and lower apparent size,
associated to the Rh. Shorter and smaller macromolecules exhibited lower
equivalent radius as dissolution time increased.

The average molar mass in number (Mn) values for the practicable and non-
practicable conditions are gathered in Table 2. An estimation of the critical
PCL molar mass to get suitable scaffolds for a given solution concentration
can be thus established for the different scaffold compositions and
dissolution times. The M, significantly decreased as a function of the
dissolution time, especially after 24 h of dissolution. The lowest M, values
were found for the scaffolds with high Ge percentage, electrospun after 120
h of dissolution.

Table 2. The average molar mass in number (Mn, g-mol*) of the PCL fraction for the

practicable and non-practicable (italics) conditions. Standard deviation between 2 and
5% omitted in the table for the sake of clarity. D.T. stands for dissolution time.

D.T. Scaffold composition (PCL/Ge) (Yowt)

(M) 100/0 90/10 80/20 70/30  60/40 50/50  40/60  30/70  20/80
24 36000 33000 34000 35500 36900 31200 29400 28900 31900
48 22900 23100 27500 21600 25000 18500 17000 16000 20500
72 17700 19600 17300 19200 18500 16800 12100 11200 11500
96 14800 15600 15100 13000 12300 12900 12800 9900 10500
120 12900 11400 13400 9900 9100 8300 6900 6100 6600

3.3. Scaffold characterisation
3.3.1. Surface morphology

The analysis of the morphology of the practicable electrospun scaffolds
was performed in terms of the fibre diameter, from scanning electron
microscope images. The fibre diameter distributions are represented in
Box-Whisker plots in Figure 4 as a function of the scaffold composition
and the dissolution time.

The fibre diameter remained in the nanoscale range for all the studied
scaffolds, which is crucial to mimic the extra-cellular matrix size, an
essential requirement for satisfactory cell attachment and proliferation [6].
Moreover, the fibre diameter obtained from the electrospinning of the
formic/acetic acid solution was lower to that found by other authors that
used traditional halogenated solvents [25], [26], [34], [36], [67], [73], [74].
Unimodal distributions were found regardless the composition with
average values between 100 and 200 nm for scaffolds prepared after 24 h
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of dissolution. For a given composition, thinner fibres were observed with
mean diameter with lower standard deviation as a function of the
dissolution time. It is interesting to note that the fibre diameter of the
scaffolds obtained after the longest practicable dissolution time decreased
to about half of the initial value (75-100 nm). Although several factors such
as temperature, feeding rate or voltage may influence the fibre diameter
during electrospinning, the reduction in the solution viscosity can be
ascribed as the main cause of the fibre diameter decrease. This fact revealed
lower molar masses and smaller hydrodynamic radiuses, which produced
the subsequent lower entanglement capability and resulted in
nanostructured scaffolds with lower fibre diameter.
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Figure 4. Fibre diameter distributions of the practicable electrospun scaffolds as a
function of the scaffold composition and the dissolution time.

3.3.2. Thermal properties

Calorimetric analyses were conducted on the nanofibrous PCL/Ge
scaffolds in order to study the fibre microstructure by the characterisation
of the crystalline population, which is known to play a key role during the
nanofibrous scaffold application [75]. The use of the differential scanning
calorimetry (DSC) is essential to understand the thermal properties of the
biopolymers subjected to different degrading conditions [76]-[80].
Indicators of the degradation such as the partial melting areas [77], the
crystallinity degree [81], the relative partial crystallinity [82] or the balance
among amorphous and rigid amorphous fractions [83] have been
previously proposed for monitoring the degradation of some biopolymers.
In this study, the balance between the evolution of the crystallinity degree
and the lamellar thickness offers interesting discussion, as shown
hereinafter. The calorimetric traces of the first heating scan for the different
compositions and dissolution times are shown in Figure 5.
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Figure 5. DSC first-heating traces of electrospun scaffolds as a function of the
scaffold composition and the dissolution time. Dash lines are used for the non-
practicable scaffolds.

A general overview of the DSC thermograms showed different melting
behaviours depending on the composition of the scaffolds, in line with the
observation of Kolbuk et al. through polarized optical microscopy [59]. For
the PCL/Ge scaffolds with compositions ranging from 100/0 to 50/50, a
typical semicrystalline behaviour was perceived. They showed a melting
transition associated to PCL (~62 °C) that moved towards lower values as
the PCL content decreased [57]. Then, an almost negligible wide
endotherm from 20 to 120 °C associated to the water release from Ge
molecules was observed [57]. For the 40/60, 30/70 and 20/80 scaffolds, the
melting behaviour associated to the PCL crystalline population moved
towards lower temperatures until disappearance, while the wide endotherm
from 20 to 120 °C gained importance. The melting temperatures (Tm) for
all compositions are gathered in Table 3. Since the characteristic peak of
the helix to random coil transition of the Ge (225 °C) was not observed for
these scaffolds, a random coil conformation of the Ge was expected [34].
Therefore, the formic/acetic acid mixture used as solvent for
electrospinning may have denaturalised the helix conformation to random
coil [45], [71].

As the dissolution time increased, the melting temperature of the PCL
decreased for all compositions. The melting events were revealed sharper
and displaced towards lower temperatures. Shorter PCL molecules caused
by the advance of the hydrolytic degradation resulted in the formation of
crystalline domains that melted at lower temperatures. This observation
suggested that the hydrolytic degradation of the PCL molecules resulted in
lower lamellar thickness and more concise crystalline populations,
according to our previous results [49].
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Table 3. PCL melting temperatures (Tm, °C) as a function of the scaffold composition
and the dissolution time. D.T. stands for dissolution time.

D.T. Scaffold composition (PCL/Ge) (%)

(h) 100/0  90/10  80/20 70/30  60/40  50/50  40/60  30/70  20/80
61.6 61.7 60.5 61.0 60.8 59.0 59.6 58.9 59.7

2 404 #11  +12 108 404 06 401 04 01
5o 632 6L5 604 603 628 567 561 5685 561
£02 +01  #01  #01  #01  +00 02 01 05
5 584 586 620 611 613 621 573 592
$01 %04  +01  #05 401 01 04 02
6 91 583 608 585 588 580 576 5856
$01  +03  +05 +03  +01 201  #02 01
o 588 585 603 577 583 582  5/3 551

+0.1 +0.1 0.2 0.1 0.1 0.2 0.0 0.5

The evolution of the crystallinity degree (Xc) for practicable scaffolds is
plotted in Figure 6. There, the influence of the PCL and Ge concentration
was perceived. For the scaffolds with PCL/Ge compositions ranging from
100/0 to 50/50, an increasing tendency of the X. was perceived, reaching
the maximum for the 50/50 composition. Then, the increase in the Ge
content lowered the Xc. According to bibliography, the high content of Ge
allowed the diffusion of PCL molecules which hindered its crystallisation
[59]. Therefore, a predominantly amorphous structure was expected for
scaffolds with high Ge content.
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Figure 6. Crystallinity degree (Xc) of the practicable electrospun scaffolds as a
function of the scaffold composition and the dissolution time (D.T.).

The scaffolds with high PCL content, from 100/0 to 60/40, showed an
increasing tendency of the X; as a function of the dissolution time, as a
consequence of the hydrolytic degradation of the PCL chains. Shorter
macromolecular segments with enhanced mobility were more capable of
forming crystalline domains than longer segments. Shorter segments
promoted enhanced crystallisation and orientation along the fibre axis [15].
However, scaffolds with high concentration of Ge, from 50/50 to 20/80,
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showed lower crystallinity degree as dissolution time increased. As
observed in the previous section by the SEC analysis, the higher hydrolytic
degradation of the PCL segments for these compositions seemed to result
in too short PCL segments to develop substantial crystallisation. In
addition, the lower molar mass and lower hydrodynamic radius found in
previous sections corroborates the presumable diffusion of the PCL
macromolecules into the Ge matrix, thus hindering the PCL crystallisation.

3.3.3. Wettability

Due to the biomedical purpose of these PCL/Ge scaffolds, an adequate
wettability is of crucial importance, since it is related to the attachment,
proliferation, migration and viability of cells [84], [85]. Therefore, the
water contact angle of the practicable scaffolds is shown in Figure 7 as a
function of the composition and the dissolution time.
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Figure 7. Water contact angle values (left) and selected drop pictures (right) of the
practicable electrospun scaffolds as a function of the scaffold composition and the
dissolution time (D.T.).

The pure PCL scaffold showed a contact angle of 134°, corroborating its
hydrophobic behaviour [45]. A crystallised structure, along with the
absence of available functional groups to interact with water molecules,
reduced water affinity and resulted in high contact angles. On the one hand,
PCL/Ge scaffolds with compositions ranging from 80/20 to 60/40 showed
similar values than that of pure PCL. Although the Ge content increased,
the PCL crystalline structure reduced the hydrophilic effect of the Ge. On
the other hand, for PCL/Ge scaffolds with compositions between 40/60 and
20/80, the water contact angle decreased, suggesting higher wettability.
This fact can be correlated with the highly hydrophilic nature of the Ge
macromolecules containing amide, amine and carboxyl groups available to
interact with water molecules [86].

Concerning the effect of the dissolution time, it promoted an increase of
the wettability of scaffolds, especially for the PCL/Ge scaffolds with
compositions between 40/60 and 20/80. The highly hydrolytically
degraded PCL segments with new carboxyl groups available to interact
with water molecules favoured the wettability of the scaffolds [32]. Indeed,
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the scaffolds with high content of Ge after long dissolution time showed
complete water impregnation (0°).

4, Conclusions

Ultrathin  nanofibrous scaffolds were successfully obtained by
electrospinning of polycaprolactone (PCL) and gelatin (Ge) in a 1:1
formic/acetic acid solvent at PCL/Ge compositions ranging from 100/0 to
20/80 %wt in steps of 10 %wt. The influence of the dissolution time in the
hydrolytic acid solvent was found to play a key role in the resultant molar
mass, fibre morphology, crystallinity and wettability of the electrospun
scaffolds.

The hydrolytic degradation of the ester bond of PCL segments was
corroborated by the reduction of the intrinsic viscosity, molar mass and
hydrodynamic radius as a function of the dissolution time. It reduced the
number of effective entanglements between PCL segments. Accordingly,
the fibre diameter of the electrospun scaffolds decreased as a function of
the dissolution time for all the studied compositions. The fibre diameter
remained in the nanoscale range for all the studied scaffolds, which is
crucial to mimic the extra-cellular matrix size.

An effective tailoring of the PCL/Ge scaffolds was achieved through the
defined acidic solvent system. These tailored scaffolds will show dissimilar
performance at service conditions, affecting to factors such as the scaffold
degradability or cell culture viability, among others. Future investigations
will open up the possibility of studying the differentiation ability of cells
onto these devices and study their biodegradation behaviour when
implanted in vivo.
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Validation of tailored electrospun nanofibrous
polycaprolactone/gelatin based scaffolds

O. Gil-Castell, J. D. Badia, I. Ontoria, D. Castellano, P. Sepulveda, A.
Ribes-Greus

Abstract

Polycaprolactone (PCL) and gelatin (Ge) blended nanofibrous scaffolds
were obtained by electrospinning as a function the PCL/Ge composition
and the dissolution time into a 1:1 formic/acetic acid solvent. The influence
of dissolution time in the hydrolytic acid solvent was found to play a key
role in the resultant physicochemical properties and morphology of the
electrospun scaffolds, as shown by the evaluation of the molar mass,
crystalline structure, surface morphology and water contact angle. The cell
adhesion and proliferation was found to be strongly influenced by the
PCL/Ge composition, as corroborated by the MTT assay, the fluorescence
analysis and the microscopy analyses. The effect of the dissolution time
was studied for the most cell-compatible compositions —60/40, 50/50 and
40/60 PCL/Ge—, being less prominent for the last. The in vitro degradation
in physiologic conditions was assessed on the selected 60/40, 50/50 and
40/60 PCL/Ge scaffolds, which revealed a progressive behaviour as a
function of the composition and dissolution time. The release of the Ge
fraction of the scaffolds during immersion was perceived in all cases. As
well, the scaffolds electrospun after high dissolution time revealed a
weakened structure, labile to degradation in physiologic conditions, more
significant for the 40/60 PCL/Ge composition. The biocompatibility of the
tailored 40/60 PCL/Ge scaffolds was corroborated by means of the
pyrogen test, in which scaffolds were found to be non-inflammatory.
Moreover, no inflammatory response was observed after a 15 day
subcutaneous in vivo implantation in mice. The perceived in vivo
progressive degradation behaviour as a function of the dissolution time,
and the partial or complete assimilation during implantation corroborated
the tailoring strategy to obtain highly biocompatible scaffolds with a
controlled degradation rate.

Keywords

Scaffold, tailored, polycaprolactone (PCL), gelatin, degradation, in vitro,
in vivo, biocompatibility
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1. Introduction

The regeneration of damaged and injured tissues is a field of great interest
that has been the focus of numerous research along the last decade. The
tissue engineering science involves the combination of engineering,
materials and cells to replace or substitute biological tissues. In this sense,
one of the main approaches of this field is the fabrication of biocompatible
scaffolds that provide the optimum conditions for cell adhesion and
proliferation along with tailored durability and performance. The
development of synthetic nanoscaled fibrous scaffolds that structurally
mimic extra-cellular matrix (ECM) in size and porosity has brought new
possibilities in this field [1].

In recent years, the application of electrospinning to produce scaffolds with
diameters in the nanometre scale that could mimic the natural extra-cellular
matrix has gained great attention [2]-[4]. Among all the polymers
considered for biodegradable scaffold fabrication, polyester based
materials such as polycaprolactone (PCL), poly(lactic-co-glycolic acid)
(PLGA) or polylactide (PLA) and their copolymers have been considered
as promising candidates for tissue regeneration application. Their intrinsic
structure with ester linkages labile to the hydrolytic degradation when
implanted in physiological conditions allows disintegration and
assimilation [5]-[8]. However, biocompatibility concerns such as
inflammatory response, poor cell adhesion or loss of the nanostructured
morphology have boosted the investigation of new candidates for scaffold
production. Several strategies have been suggested such as coating,
grafting or blending with other components in order to improve the scaffold
cell affinity [9].

Blending biodegradable synthetic polymers and natural materials by
electrospinning is a simple and cost-effective method to produce scaffolds,
that would bring the advantages of both synthetic and natural materials,
theoretically enhancing biocompatibility and offering the required
mechanical integrity for application in the tissue engineering science [10].
Among other materials, the combination of polycaprolactone (PCL) and
gelatin (Ge) has been proposed as a resourceful substrate for scaffold
fabrication in tissue engineering. Ge is a natural biopolymer with excellent
biocompatibility, biodegradability and low cost that offers biochemical
signals to promote cell adhesion, migration, proliferation and
differentiation [11]. Blended PCL/Ge scaffolds have found application for
regeneration of tissues such as skin [12]-[17], muscle [18], cardiovascular
[19], [20], nerve [21]-[23], bone [24]-[27] and cartilage [28], [29].
However, depending on the use of these nanofibres, the physico-chemical
properties and the usage duration of these materials needs to be taken into
account.
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Some studies in the bibliography correlate the influence of the
composition, the fibre diameter, the scaffold porosity, the molar mass, the
glass transition temperature or the crystallinity degree on the subsequent
performance of the scaffolds for tissue engineering [30]-[35]. Indeed, the
change of these features during application would determine the
satisfactory performance of these scaffolds. In this sense, some alternatives
can be considered. The appropriate balance of the composition of the
PCL/Ge blended nanofibres is crucial to promote the required cell affinity,
given the hydrophobic nature of PCL and the hydrophilic performance of
Ge [10]. Besides cytocompatibility and the affinity to the tissue to repair,
the scaffold durability may be of high relevance for an adequate
application. Therefore, the biodegradation rate of the scaffolds needs to be
controlled to match the rate of tissue regeneration [36], [37]. Apart from
adjusting scaffold composition, a promising alternative to tailor the
durability of the scaffolds has been recently proposed [38]. Electrospinning
PCL/Ge blend from a formic/acetic acid mixture has been proposed as an
effective mode to satisfactorily produce nanofibres [39]-[41]. In addition,
it can be considered as an effective method to tailor physico-chemical
properties through the hydrolytic degradation of the PCL fraction as a
function of the dissolution time prior to electrospinning [38]. Given the
hydrolytic degradation of the PCL molecules in the formic/acetic mixture
and the resulting reduction of the polymer molar mass, PCL/Ge scaffolds
with different grade of hydrolysis would result in diverse performance [42].

The aim of this study was therefore to validate the tailored PCL/Ge
scaffolds as a function of the composition and dissolution time prior to the
electrospinning. For this purpose, the in vitro degradation behaviour in
physiologic conditions needs to be deeply evaluated and correlated to the
biocompatibility performance, signifying an interesting line of research for
the development of tailored biomedical scaffolds.

2. Materials and methods
2.1. Materials

Polycaprolactone (PCL) was provided by Perstorp as 3 mm diameter
pellets under the grade CAPA™ 6800 (M, = 85000 g-mol* and T 58-60
°C). Gelatin (Ge) from porcine skin Type A, gel strength 300, was supplied
by Sigma-Aldrich. Formic acid and acetic acid (>99%) were used as
solvents for electrospinning. Tetrahydrofuran (>99.8%) was used for SEC
sample preparation and analysis. All solvents were supplied by Sigma-
Aldrich and used without further purification.

2.2. Polymer solution and electrospinning

PCL/Ge nanofibres were obtained as reported in a previous study [42].
Briefly, PCL/Ge blended solutions were prepared ranging from 100/0 to
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20/80 by weight proportion, by steps of 10% wt, in 1:1 formic/acetic acid
mixture, with a total solid concentration of 15% wt. and were electrospun
after being subjected to 30 °C and magnetic stirring for 24, 48, 72, 96 and
120 h. Nanofibres were obtained by means of a Bioinicia Fluidnateek®
LE-10 electrospinning equipment, which contents a high voltage source, a
programmable syringe pump, a HSW Norm-Ject 20 mL Luer Lok syringe,
a Teflon® tubing, a gauge 21 metallic needle and a grounded flat collector.
The tip-to-collector distance, the feeding rate and the voltage were set at
15 cm, 0.2 to 1 mL-h* and 19 to 25 kV, respectively. The process was
performed at 22 °C and 35% of relative humidity. The nanofibrous
scaffolds were collected on waxed paper, dried and stored for further
analyses. They showed a smooth surface and were circle-shaped with 10
cm of diameter.

2.3. Physico-chemical characterization
2.3.1. Field-emission scanning electron microscopy (FE-SEM)

The surface topology of the specimens was analysed by means of a Zeiss
Ultra 55 field emission scanning electron microscope (FE-SEM). The
samples were cut into small pieces and dried at 50 °C in a vacuum oven for
24 h and then kept in a desiccator during 48 h. Afterwards, the specimens
were mounted on metal studs and sputter-coated with a platinum layer
during 10 s using a Leica EM MEDO020 sputter coater. FE-SEM
micrographs were taken at 22 °C with a 2 kV voltage. The fibre diameters
were measured from the electronic micrographs (10 000x) at random
locations (n=100) with the aid of the Image J® software.

2.3.2. Size exclusion chromatography (SEC)

Size exclusion chromatography (SEC) was carried out by means of a
Malvern Instruments Omnisec Resolve chromatograph. It combined an
integrated pump, a degasser, an autosampler and a column oven, along with
a Malvern Instruments Omnisec Reveal multi-detector —Ultraviolet (UV),
Refractive Index (RI), Low and Right Angle Light Scattering (LALS and
RALS) and Viscosity (VISC)—. A monodisperse polystyrene standard with
dn/dc value of 0.185 was used for previous calibration. Two columns from
Malvern Instruments (T2000 and T4000) were used (300x8 mm).
Tetrahydrofuran (THF) was used as mobile phase at a flow rate of 1
mL-min-* and a column temperature of 35 °C. The samples were dissolved
in THF with concentrations of around 2.0 mg-ml-* and filtered through 0.45
pm PTFE filters. Two replicates per sample were performed and the
obtained data were analysed with the aid of the Omnisec V10™ software.

2.3.3. Differential scanning calorimetry (DSC)

The calorimetric data were obtained by means of a Mettler-Toledo DSC
820¢ differential scanning calorimeter (DSC), previously calibrated
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following the procedure of In and Zn standards. The samples, with a mass
of about 4 mg were analysed between 25 and 150 °C with a heating rate of
10 °C-mint. All experiments were run under nitrogen atmosphere at 50
mL-mint. The specimens were characterised at least by triplicate and the
averages of temperatures and enthalpies were taken as representative
values.

The crystallinity degree (Xc) was evaluated from the melting enthalpy
results, by means of the Equation 1,

X. (%) =—2m . 100 (Equation 1)

0
WpcLAhm

where Ahy, is the melting enthalpy of the sample, wecy is the weight fraction
of the PCL in the sample and Ahy® is the melting enthalpy of a perfect
crystal of PCL (148 J-g?) [43].

With the purpose of deeply characterise the crystalline structure of the
nanofibres, lamellar thickness distributions were calculated by applying the
Thomson-Gibbs equation (Equation 2) [44], [45],

Tm

le(Tn) = [( - —) - Ahmv]_l (Equation 2)

/) 20,

where Tm is the melting temperature; Tn is the equilibrium melting
temperature of an infinite crystal (348 K); e is the surface free energy of
the basal plane where the chains fold (106-10 J-m?); and Ahpy is the
melting enthalpy per volume unit (1.63-108 J-m3) [46].

2.3.4. Water contact angle

The wettability of the scaffolds was characterised according to its water
contact angle at 22 °C. The static contact angle was evaluated by means of
a KSV Instruments Theta Optical Tensiometer and a CCD (charge-coupled
device) camera connected to a computer. 2 pl. of distilled water were
dropped on the sample surface and, after 2 s, the contact angle was
measured. The assays were repeated at three different sites of a given
sample to ensure reproducibility.

2.4. In vitro hydrolytic degradation

Scaffolds of PCL/Ge were subjected to hydrolytic degradation in
phosphate buffer solution (PBS), according to international norm 1SO
10993-13:2010, method 4.3 [47]. The initial scaffolds were cut into
rectangular specimens with a mass around 10 mg. The specimens were
weighed (mo) and placed in a previous weighed vial (Myia)). 10 mL of
degradation medium were introduced and then the vials were sealed with
polytetrafluoroethylene (PTFE) threaded plugs and placed in a
thermostatically controlled oven at 37 °C. The pH of the PBS solution was
adjusted to 7.4 with NaOH 1 M. The effects of the hydrolytic degradation
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were evaluated along 180 days of immersion in three stages of 60 days.
The liquid fraction was analysed immediately after extraction, while the
solid fraction followed a washing-drying-keeping procedure before further
analyses. Then, samples were dried under vacuum to constant mass into
their degradation vials (mary) and saved for further analyses. The mass loss
of the specimens was calculated according to the Equation 3.

Mass loss (%) = 100 — T4"Twia) 49 (Equation 3)
0

2.5. Cell adhesion and proliferation

HL-1 cells were plated at 4-10* cells-cm? onto scaffolds in Claycomb
medium (Sigma-Aldrich) containing 10% foetal bovine serum (Linus) and
1% L-Glutamine (Millipore). Proliferation was measured after 48 h and 96
h by MTT assay. Absorbance was measured at 550 nm using a Perkin-
Elmer Victor3 1420 Multilabel Counter microplate reader. To observe the
cellular adhesion, cells were fixed with PFA 2% during 20 min at room
temperature, washed twice and stained with 4',6-diamidino-2-phenylindole
(DAPI) 48 h and 96 h after platting. Images were acquired by means of a
Leica DM2500 microscope. Experiments were done in triplicates. As well,
seeded scaffolds were fixed with 3% glutaraldehyde solution during 60 min
at 37 °C and subsequently critical point dried (CPD). This procedure
removed liquids from the specimen and avoids surface tension effects, by
never allowing a liquid/gas interface to develop [48]. The CPD protocol
consisted in dehydration through a graded series of ethanol (10%, 20%,
30%, 50% and 70%, each step for 10 min), and then immersed in 100%
ethanol twice for 30 min. The tissues were then transferred to a Leica
CPD300 critical point dryer, using liquefied carbon dioxide as transitional
fluid. Finally, samples were sputter-coated and analysed according to the
protocol described in section 2.3.1.

2.6. Pyrogen test and real-time polymerase chain reaction (RT-PCR)

Blood samples were collected from healthy volunteers from the Valencian
Blood Tissue Bank after informed consent and were processed as described
previously [49]. For this purpose, 6-10° isolated peripheral blood
mononuclear cells (PBMNC) were incubated with the corresponding
scaffolds for 5 h. Afterwards, RNA was obtained with the RNeasy Plus
Mini Kit and quantified using a Nanodrop ND-2000 (NanoDrop
Technologies). Then, 1 pg of total RNA was used for cDNA synthesis with
the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems).
Equal amounts of cDNa were used for the RT-PCR with LightCycler
FastStart DNA Master SYBR Green (Roche Life Science) according to the
manufacturer’s instructions. The following cytokines were analysed: IL-
1B, IL-6, IL-10 and TNF-a, gene expression levels were normalised to
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GAPDH and calculated using the comparative Ct method. Experiments
were done in triplicates.

2.7. In vivo subcutaneous implantation

For the in vivo subcutaneous implantation, 1 cm? of the corresponding
scaffolds were implanted in adult C57BL6J mice (n=18) provided by
Charles River Laboratories, as described previously [50]. Briefly, a
subcutaneous pocket was made at the dorsal region and the scaffolds were
implanted on top of the muscular fascia. Afterwards, the skin was sutured
with B/Braun Monosyn 3/0 and mice were sacrificed in the day 15 of
implantation. 3 mice were used for each of the scaffold composition.
Institutional ethical and animal care committees approved all these
procedures.

2.8. Histology

Skin sections were fixed with ethanol, embedded in paraffin and 5-10
transverse sections of 5 pum at the area of implantation were stained with
haematoxylin/eosin (H/E). Images were acquired with a digital
microimaging device Leica DMD108.

3. Results and discussion
3.1. Tailored electrospun PCL/Ge based nanofibrous scaffolds

The nanofibrous scaffolds, collected on a grounded flat collector, were
smooth and circle-shaped about 10 cm in diameter. While practical
scaffolds were found after 24 h and 48 h of dissolution for all the studied
compositions, the scaffold viability was altered as dissolution time
increased, as perceived by the formation of ultra-thin fibres and beads [42].
The surface morphology of the practical obtained scaffolds is shown in
Figure 1. As well, the main physico-chemical properties of these scaffolds
as a function of the composition and the dissolution time in terms of the
average molar mass in number (M,), the average fibre diameter (&), the
melting temperature (TmpcL) and the crystallinity degree (Xcpcr) of the PCL
fraction as well as the water contact angle (6) are gathered in Table 1.

The hydrolytic degradation of the ester bond of the PCL molecular chains
when diluted in 1:1 formic/acetic acid mixture reduced the molar mass of
the PCL chains [38]. Accordingly, a decrease of the average molar mass in
number (M) as a function of the dissolution time was observed in all cases
that corroborated the hydrolytic degradation. Indeed, the lower molar mass,
promoted lower intrinsic viscosity, which reduced their entanglement
capability, essential for the production of nanofibres via electrospinning
[4]. Nevertheless, the increase of the Ge content improved electrospinning
viability after high dissolution times. Even though a reduction of the PCL
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molar mass occurred, the rich-Ge compositions maintained high enough
viscosity to get practical scaffolds.

Although the fibre diameter (&) remained in the nanoscale range for all the
studied scaffolds, which is crucial to mimic the extra cellular matrix size,
it decreased as a function of the dissolution time for all the studied
compositions [51]. While scaffolds with high PCL content increased
crystallinity (Xc) as a function of the hydrolytic degradation, those
compositions in which Ge predominated showed the lowest crystallinity
degree. Ge diffused and interacted within the PCL molecules, hindering the
PCL crystallisation, resulting in an amorphous structure. The wettability
increased as a function of the Ge content due to the high hydrophilic
behaviour of these molecules as well as increased as a function of the
dissolution time, due to the more carboxyl groups available in PCL
segments to interact with water molecules [52]. The physicochemical
assessment of the electrospun scaffolds revealed an effective tailoring
procedure to obtain functionalised blended PCL/Ge scaffolds with specific
properties as a function of the dissolution preparation time prior to
electrospinning. All these modifications are considered of great importance
in the subsequent behaviour of the nanofibres [53].
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DT Scaffold composition (% wt) (PCL/Ge)
70/30 50/50

Figure 1. Surface micrographs (10 000x%, scale bar 2 um) of the practical electrospun scaffolds as a function of the scaffold composition and the
dissolution time (DT).
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Table 1. Physico-chemical properties of the scaffolds as a function of the composition and the dissolution time in terms of the average
molar mass in number (M), the average fibre diameter (&), the melting temperature (Tw) and the crystallinity degree (Xc) of the PCL
fraction as well as the water contact angle (6). Standard deviation was omitted for the sake of clarity.

DT Scaffold composition (% wt) (PCL/Ge)
(h) 100/0 90/10 80/20 70/30 60/40 50/50 40/60 30/70 20/80
Mn (g-molh 42030 42970 40640 38540 38720 31235 29435 28870 28930
9] (nm) 128 125 154 182 168 120 137 158 159
24 T (°C) 61.6 61.7 60.5 61.0 60.8 59.0 59.6 58.9 -
Xe (%) 38.9 36.5 34.8 36.0 42.7 56.6 38.3 75 -
0 © 1335 1334 134.9 132.2 1335 1304 1264 83.2 63.6
Mn (g-molh 25945 23115 27495 24300 26020 18510 17040 15990 18480
9] (nm) 101 99 111 126 131 112 109 133 137
48 T (°C) 63.2 61.5 60.4 60.3 62.8 58.7 58.1 58.5 -
Xe (%) 39.2 38.6 33.7 40.9 56.6 60.9 28.3 2.2 -
0 © 135.6 141.3 147.0 130.2 136.2 115.1 108.8 59.3 51.0
Mn (g-molh 19295 21630 18510 16820 12900 11232 11450
9] (nm) 81 98 86 75 102 111 97
72 T (°C) X X 62.0 61.1 61.3 58.5 57.3 58.2 -
Xe (%) 371 41.6 60.5 51.1 6.3 11 -
0 © 133.7 126.5 1204 109.2 60.1 44.2 0
Mn (g-molh 15870 12790 10874 10520
9] (nm) 76 74 107 106
96 Tm (°C) X X X X X 58.0 57.6 58.6 -
Xe (%) 48.1 74 0.9 -
0 © 80.3 55.6 0 0
Mn (g-mol™) 6867 6132 6558
9] (nm) 82 98 88
120 Tm (°C) X X X X X X 57.3 55.1 -
Xe (%) 4.8 0.1 -
0 © 0 0 0
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3.2. Cell adhesion and proliferation onto the PCL/Ge scaffolds as a
function of the composition and the dissolution time

The cell adhesion and proliferation was assessed in the scaffolds by means
of seeding HL-1 cells onto them. The cell viability was measured by MTT
assay at 48 and 96 h after plating. As shown in Figure 2, HL-1 cells were
able to adhere and proliferate over all the PCL/Ge scaffolds. No significant
differences were found between the control cells and similar percentage of
both PCL and Ge —60/40, 50/50, 40/60—, in terms of cell proliferation. In
this context, excessive presence of PCL or Ge in the scaffold impaired the
HL-1 cell growth.

Ratic absorbance (96 h/d8 h)

3 5?.“@ ﬁé\g b

> P e b
F & & & &S

Composition PCL/Ge (% wi.)

Figure 2. HL-1 cells viability as a function of the PCL/Ge scaffold composition
determined by MTT assay. The graphic showed the ratio between the absorbance
obtained at 550 nm measured at 96 and 48 h. Scaffolds with similar percentage of

PCL and Ge showed higher values of proliferation in comparison with the other

scaffolds.

In order to visually corroborate the cell adhesion onto the scaffolds, cells
were seeded, then fixed after 48 and 96 h and nuclear stained with DAPI.
Similar results as obtained by MTT were found by fluorescence
microscope images, as represented in Figure 3, for the different
compositions in steps of 20 %wt. Although cells were observed in all the
PCL scaffolds, scaffolds with similar percentage of both PCL and Ge
composition showed higher cellular adhesion than scaffolds with dissimilar
composition of both compounds.
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Cell culture time (h)
48 h 9 h

100/0

80/20

e A
- 200 pm

Figure 3. Representative overlapping images of nuclear staining with DAPI (blue)
and transmitted light (grey) of HL-1 cells cultured on 100/0, 80/20, 60/40, 40/60 and
20/80 PCL/Ge %wt. scaffolds for 48 h and 96 h. Magnification 5x; scale bar 200 um.

Scaffold composition (PCL/Ge) (% wt.)
40/60 60/40

20/80

Along with cell survival, the cell distribution and morphology is also one
of the parameters to take in account to evaluate the success of tissue-
engineering products as scaffolds [54], [55]. In this sense, cells were seeded
onto the 60/40, 50/50 and 40/60 PCL/Ge scaffolds for 96 h, subsequently
fixed, and microscopically observed by field-emission scanning electron
microscopy (FE-SEM). As expected by the results obtained by MTT assay
and fluorescence microscope, cells were completely attached to the
scaffolds forming a continuous layer that covered the scaffold’s surface
regardless the compaosition, as shown in Figure 4.
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Cell culture time (h)
Oh 96 h

60/40

50/50

40/60

10 pm

Figure 4. Scanning electronic microscope images of HL-1 cells cultured during 96 h
in 60/40, 50/50 and 40/60 PCL/Ge scaffolds. Scaffolds surface in absence of cells
(left) and scaffold’s surface covered by cells (right). Magnification 1000x%; scale bar
10 um.

Once studied the cell adhesion and proliferation as a function of the
scaffold composition, the 60/40, 50/50 and 40/60 PCL/Ge scaffolds were
considered for studying the tailoring effect as a function of the dissolution
time. As observed in section 3.1, the effect of the dissolution time was
significantly perceived in the nanofibre diameter, the molar mass or the
crystallinity, which are factors that can strongly define the cell adhesion
and proliferation behaviour [33], [56]-[58]. The cell proliferation was
studied in the selected compositions electrospun after 24, 48 and 72 h of
dissolution time by MTT assay. Although higher dissolution times resulted
into nanofibrous structures for rich-Ge compositions, they were not easy to
manipulate and were not considered for further analyses. As well, the 50/50
PCL/Ge scaffold electrospun after 72 h of dissolution time could not be
manipulated.

HL-1 cells were seeded onto the 60/40, 50/50 and 40/60 PCL/Ge scaffolds
and absorbance at 550 nm was measured after 48 and 96 h, which results
are plotted in Figure 5. In all cases, absorbance values increased after 96 h
of cell culture (ratio>1), indicating that cells were able to proliferate onto
the scaffolds. In general, a similar tendency was perceived in all the
compositions, in which proliferation decreased as dissolution time
increased. Nevertheless, for the composition of 40/60 PCL/Ge, the effect
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of the dissolution time was less prominent, especially in the scaffolds
electrospun after 72 h, suggesting that the proliferation ratio was not altered
by the dissolution time. The hydrolytic degradation of the PCL chains as a
function of the dissolution time in the formic/acetic acid mixture may have
generated new carboxyl groups in the PCL chain tails by the scission of the
ester bonds [38], [41]. Low molar mass PCL chains with a marked acidic
character may have decreased the pH in the surroundings of the scaffolds
which, in turn, slightly reduced the cell proliferation. However, as the Ge
content increased, this effect may have been buffered by the higher
proportion of biocompatible molecules, as perceived in the 40/60 PCL/Ge
scaffolds electrospun after 72 h.

Ratio absorbance (96 h/48 h)
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Compasition PCL/Ge (% wl.)

Figure 5. HL-1 cells viability for the 60/40, 50/50 and 40/60 PCL/Ge scaffold
compositions as a function of the dissolution time determined by MTT assay. The
graphic showed the ratio between the absorbance obtained at 550 nm and measured at
96 and 48 h. 60/40 and 50/50 scaffolds showed a proliferation decrease that depends
on the dissolution time. Similar results were obtained for the 40/60 scaffold.

The cellular adhesion was also visually assessed in the 60/40, 50/50 and
40/60 PCL/Ge scaffolds as a function of the dissolution time, which
representative images of cellular nuclear staining with DAPI are shown in
Figure 6. The absorbance measured increased at 96 h in comparison to that
measured after 48 h of cell culture, indicating that cells were able to
proliferate onto the scaffolds.
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Cell culture time (h)
48h 96 h

- 500 um

Figure 6. Representative images of cellular nuclear staining with DAPI (blue) of HL-
1 cells cultured on 60/40, 50/50 and 40/60 PCL/Ge scaffold compositions as a
function of the dissolution time. Images were acquired with a 5x magnification. Scale
bar 500 pum.

60/40-48 h

50/50 - 48 h

Scaffold composition (PCL/Ge) (% wt.)
40/60 —48 h

40/60-72 h

3.3. In vitro degradation in physiologic conditions of the 60/40, 50/50 and
40/60 PCL scaffolds as a function of the dissolution time

In this section, the in vitro degradation was assessed for the 60/40, 50/50
and the 40/60 PCL/Ge scaffolds as a function of the dissolution time after
three stages of immersion —60, 120 and 180 days— in physiologic
conditions (PBS, 37 °C). For this purpose, the changes of the mass, the
surface morphology, the molar mass and the thermal properties and
crystallinity of the scaffolds along immersion were evaluated.

3.2.1. Mass

The evaluation of the mass loss as a function of the immersion time is one
the most established procedures to ascertain the degradation of nanofibrous
scaffolds for biomedical applications [55]. For this reason, the mass loss
evolution as a function of the composition, the dissolution time prior to the
electrospinning and the immersion time in physiologic conditions was
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studied. The obtained results are plotted in Figure 7 by means of a 3D
graph.

N

Figure 7. Mass loss evolution as a function of the immersion time for the 60/40,
50/50 and 40/60 PCL/Ge scaffolds electrospun after different dissolution time.

The effect of the composition in the scaffolds was assessed in those
electrospun after 24 h of dissolution time. In general, the perceived mass
loss after 60 days of immersion is closely related to the Ge release from the
nanofibres, as it is highly soluble in aqueous environments [11]. In all the
studied scaffolds, the mass reduction mainly corresponded to the loss of
the percentage of Ge in the PCL/Ge blended nanofibres. Indeed, it has been
reported that, the release of Ge fraction in PCL/Ge blended nanofibres may
take place immediately after soaking nanofibres in physiologic conditions
[59]. In particular, for high Ge content, it was found a mass loss even higher
than that of the initial composition would suggest. It may be due to the
release of individual PCL chains that diffused and interacted within the Ge
molecules. Then, after the perceived mass loss in the first stage of
immersion during 60 days, the remnant scaffold slightly decreased in mass
after 120 and 180 days of soaking.

Regarding the effect of the dissolution time, dissimilar effect was found as
a function of the scaffold composition. While the 60/40 PCL/Ge
composition showed an almost identical behaviour for scaffolds
electrospun after 24, 48 and 72 h of dissolution time, those of 50/50 and
40/60, revealed a progressive higher degradation as dissolution time
increased. As commented in previous sections, scaffolds electrospun after
high dissolution time are composed of PCL chains with lower molar mass.
This weakened structure would be more labile to mass loss and even
resulted in complete disintegration along immersion for high dissolution
time. Concretely, given the complete disintegration of the scaffolds of
40/60 PCL/Ge electrospun after 72, 96 and 120 h, they were not considered
for further evaluation of the in vitro degradation in next sections.
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3.2.2. Molar mass

The in vitro hydrolytic degradation of the PCL fraction of the scaffolds was
monitored in terms of the molar mass by means of size exclusion
chromatography (SEC). This analysis brings valuable information of the
size of the polymer chains and is widely considered as an essential
technique to evaluate the degradation of polymeric materials [55].

The molar mass distributions for the 60/40, 50/50 and 40/60 PCL/Ge
scaffolds as a function of the dissolution time for the different immersion
stages are plotted in Figure 8. A slight displacement of the molar mass
distributions towards lower values was perceived. The low molar mass tail
slightly augmented as immersion time increased, that suggested hydrolytic
degradation of the PCL polymeric chains after such long exposition time.
As reported for PCL, slow hydrolytic degradation behaviour was expected
[60].
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Figure 8. Molar mass distributions as a function of the immersion time for the 60/40,
50/50 and 40/60 PCL/Ge scaffolds.

In order to deeply evaluate the molar mass evolution during immersion,
some specific parameters such as the average molar mass in number (M),
the average molar mass in weight (My), the polydispersity index (PDI), the
higher average molar mass (M;) the intrinsic viscosity (IV) and the
hydrodynamic radius (Rh) were assessed. The obtained results are gathered
in Table 2 as a function of the composition, the dissolution time and the
immersion time. Because of the hydrolytic degradation of the ester bond
and the subsequent chain scission, all these parameters slightly decreased
as immersion time increased.
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Table 2. Molar mass results, in terms of Mn, Mw, PDI, M, IV and Rh, as a function of
the immersion time for the 60/40, 50/50 and 40/60 PCL/Ge scaffolds.

DT Immersion Mn Mw M; v Rh
PCL/Ge PDI

(h) (days) (g:mol!)  (g-mol*) (@mol!)  (dL.g") (nm)

0 38720 74230 192 114300 0.687 8.89

60 38430 71380 186 109000 0.682 8.81

2 120 36600 68770 188 105600 0.597 8.04

180 32750 61150 1.87 86800 0.643 8.48

0 26020 49790 191 75700 0.516 7.09

60140 48 60 25840 45270 175 69670 0.489 6.75
120 24820 44300 178 64010 0.463 6.48

180 23650 42660 1.80 62730 0.482 6.72

0 18510 37030 2.00 57440 0.415 5.98

60 15430 32090 2.08 49990 0.378 5.51

2 120 17040 29910 176 45750 0.361 5.33

180 15120 26640 1.76 36360 0.319 4.92

0 34110 63930 1.87 98090 0.610 8.15

60 31235 58830 1.88 88800 0.592 7.84

24 120 30800 57420 1.86 86840 0.582 7.80

180 27480 57500 2.09 79050 0.579 7.75

0 18510 41760 2.26 68620 0.445 6.32

60 16570 35850 2.16 56050 0.393 5.75

50150 48 120 15370 34220 2.23 55790 0.388 5.66
180 11730 32360 2.76 51740 0.378 5.49

0 16820 30130 1.79 50100 0.352 5.29

60 13030 25920 1.99 40940 0.317 4.85

72 120 12610 23680 1.88 35750 0.306 4.59

180 12270 22890 1.87 36950 0.290 4.56

0 30720 61780 2.01 97170 0.606 8.01

60 29435 56390 1.92 84430 0.571 7.66

24 120 26660 54980 2.06 78960 0.565 7.50

180 25000 50830 2.03 77170 0.504 7.06

40/60

0 17040 54480 3.20 62480 0.394 5.90

60 16810 32290 1.92 52970 0.383 5.51

8 120 15030 29690 1.98 47470 0.355 5.24

180 15230 26700 175 37670 0.328 4.97

The advance of the hydrolysis promoted chain scission of the PCL
molecules, as suggested by the Mn, My and M, reduction. Moreover, the
analysis of the IV and Rh in the solvent used for the chromatographic
analysis (THF) corroborated the hydrolytic degradation of the polymer. On
the one hand, a reduction of the polymer chain length promoted lower
number of molecule entanglements, which is closely related to the IV. On
the other hand, smaller apparent size was found, associated to lower Rh.
Shorter and smaller molecules exhibited lower hydrodynamic radius as

424



Scaffolds for tissue engineering

immersion time increased. Regarding the polydispersity index (PDI), in
general, it decreased along immersion, which suggested the predominant
degradation of long PCL chains and resulted in more uniformity of the
polymeric segment lengths. These observations were more pronounced for
scaffolds with high Ge content and electrospun after high dissolution time.
Feeble PCL chains seemed to be more labile to the hydrolytic degradation.

3.2.3. Thermal properties and crystallinity

Calorimetric analyses were conducted on the nanofibrous PCL/Ge
scaffolds in order to study the changes in the fibre microstructure along
immersion by the characterisation of the crystalline population, which is
known to play a key role during the scaffold application [56]. The use of
differential scanning calorimetry (DSC) is essential to understand the
thermal properties of biopolymers subjected to degradation procedures
[61]-[65]. Some parameters can bring valuable information of the
degradation. The partial melting areas [62], the crystallinity degree [66],
the relative partial crystallinity [67] or the balance among amorphous and
rigid amorphous fractions [68] have been previously considered to evaluate
the degradation behaviour of some biopolymers.

The first heating scan calorimetric thermograms are plotted in Figure 9 as
a function of the immersion time. For all evaluated scaffolds, a typical
semicrystalline melting behaviour of the PCL fraction was observed with
a peak around 62 °C [38]. As Ge content increased, the melting peak of the
PCL mowed towards lower temperatures. Moreover, a wide endotherm
between 20 and 120 °C was perceived, associated to the water release from
Ge molecules [39].

As immersion time increased, the melting peak associated to the PCL
moved towards higher temperatures and increased in area. These
observations were corroborated from calorimetric results. The melting
enthalpy (Ahm) and the melting peak temperature (Tm) from the first heating
scan were evaluated as a function of the immersion time. These parameters
are closely related to the crystallinity degree (Xc) and the lamellar thickness
(Ic), respectively. The calculated Ahm, X¢, Tm and I are gathered in Table
3. Prior sections suggested that Ge was released in the first stages of
immersion. Accordingly, results for the scaffolds after 60, 120 and 180
days of immersion were evaluated considering entirely PCL samples.
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Figure 9. Calorimetric thermograms of the first heating scan as a function of the
immersion time for the 60/40, 50/50 and 40/60 PCL/Ge scaffolds.

The Ahn augmented as immersion time in physiologic conditions
increased, which suggested the crystallisation of the PCL molecules.
Indeed, the X moved from values around 30% to values around 60%,
which are close to the maximum crystallisation capacity of electrospun
PCL-based nanofibres [69]. Along immersion, shorter macromolecular
segments with enhanced mobility were more capable of forming crystalline
domains than longer non-degraded segments [70]. Moreover, the
plasticising effect of water absorbed by the nanofibres and the temperature
above the glass transition of the PCL, may have promoted the
rearrangement of polymer molecules into a crystalline structure, as
suggested by the increase of the crystallinity degree [71].

Moreover, the Tr, shifted towards higher temperatures, approximately 10%
increase after 180 days of immersion. Accordingly, the Ic considerably
increased from values around 35 to nearly 60 nm, as calculated by applying
the Thomson-Gibbs equation [44], [45]. This behaviour suggested that
crystallisation during immersion was produced from the development and
growth of the original crystalline structures.

The hydrolytically degraded scaffolds electrospun after several stages of
dissolution time showed, in general, higher X, after 180 days of immersion.
However, for high dissolution time, lower I were found as dissolution time
increased. Highly degraded short PCL segments rearranged and formed
small crystalline domains that may have hindered and prevented the
existing crystallites from growing. All these observations are in line with
our previous results and literature and would support the superior
hydrolytic stability of the PCL polymer [38], [59]. Moreover, amorphous
fractions were found to be more labile to hydrolytic attack than crystalline
domains, which confer high stability and resistance against degradation
[72].
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Table 3. Calorimetric results, in terms of the melting peak temperature (Tm) and
melting enthalpy (Ahm) from the first heating scan as a function of the immersion time
for the 60/40, 50/50 and 40/60 PCL/Ge scaffolds.

bellCe DT Immersion Ahm Xe Tm 18
(h) (Days) {-gh (%) (°C) (nm)
0 3098 2256 6042 3104
60 8911 6021 6392 4085
24 120 8442 5704 6674 5480
180 8474 5726 6705  56.93
0 5600 2270 6299  37.60
60 8557 5782 6705 5693
60/40 48 120 89.74 6064 6716  57.73
180 9539 6445 6801 6475
0 5290 2145 6142 3333
s 60 8064 5449 6473 4407
120 8682 5866 6624 5167
180 9215 6226 6672 5466
0 5279 1783 5838 27.23
60 9518 6431 6733 5901
24 120 8669 5857 6736 5924
180 9779 6607 6702 5672
0 21.00 7.09 5875 2785
60 9238 6242 6375 4023
50/50 48 120 9181 6203 6461 4356
180 9605 6490 6394 4092
0 5487 1854 6225 3550
60 8443 5705 6424 4206
& 120 10113 6833 6430 4230
180 10201 6893 6329 3865
0 5260 1484 5072 2962
60 8661 5852 6752 6051
24 120 8424 5692 6642 5275
10060 180 8942 6042 6829 6745
0 3.60 1.00 5846 27.36
60 7874 5320 6179 3426
48 120 - } } -
180 - - - -
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3.2.4. Surface morphology

The assessment of the surface morphology along immersion can visually
represent the changes in the nanofibrous structure of the scaffolds.
Degradation symptoms such as fibre conglutination, fibre breakage or
erosion can be perceived from electronic micrographs as obtained by
means of field-emission scanning electron microscopy (FE-SEM) [55].
Surface electronic micrographs of the of the 60/40, 50/50 and 40/60
PCL/Ge nanofibrous scaffolds as a function of the composition, the
dissolution time prior to electrospinning and the immersion time in
physiologic conditions are gathered in Figure 10. As well, the average
fibre diameter (&) of the scaffolds is included below the micrographs.

In general, the scaffolds retained the nanofibrous morphology along
immersion. Although the fibre diameter slightly increased as a function of
the immersion time, the porous structure remained almost unaffected for
the scaffolds prepared after 24 of dissolution time. Even though the mass
loss perceived in previous sections ascribed to the release of Ge would
suggest a reduction in the diameters of the nanofibres, the fibres slightly
swelled along immersion due to the penetration of the PBS solution.

However, if dissolution time (48 and 72 h) is taken into account, the results
revealed a slightly different behaviour. As the PCL chains were more
hydrolysed during electrospinning, the entanglement capability of these
molecules was considerably reduced, which resulted into a less compact
structure. Accordingly, immersion in physiologic conditions resulted in
higher swelling degree, reaching almost fibre conglutination in the case of
scaffolds electrospun after 72 h. From this observation, it can be deduced
that the degradation pattern of these scaffolds would be a first stage of
highly swelling degree along immersion until fibre conglutination and
subsequent bulk disintegration due to extended hydrolysis of the ester bond
of PCL molecules.
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Scaffold composition (% wt) (PCL/Ge)
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Figure 10. Surface micrographs (10 000x%, scale bar 2 um) as a function of the scaffold composition, the dissolution time (DT) and the immersion
time in physiologic conditions (PBS, 37 °C).
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3.4. Biocompatibility of the 40/60 PCL/Ge scaffold as a function of the
dissolution time

Once studied the cell adhesion and proliferation and the in vitro
degradation in physiologic conditions for the different compositions, the
scaffolds with the 40/60 PCL/Ge composition were selected for further
analyses. This composition showed good cell proliferation and showed a
progressive degradation behaviour as a function of the dissolution time.
Due to these promising observations, the inflammatory response and the in
vivo subcutaneous implantation was studied in the 40/60 PCL/Ge scaffolds
electrospun after 24, 48 and 72 h of dissolution time.

3.4.1. Inflammatory response

In order to examine the acute inflammatory response induction, the
quantification of gene expression levels of IL-1p, TL-6, IL-10 and TNF was
performed by means of a pyrogen test after being in contact during 5 h with
the scaffolds. For this purpose, PBMNCs isolated from four different
patients were incubated with PHB scaffolds as positive control, pure PCL
and 40/60 PCL/Ge scaffolds electrospun after 24, 48 and 72 h of
dissolution time. The obtained response in terms of fold change for the
different expression of the cited proteins are plotted in Figure 11.

-
B 16

IL-10

14 | T~

Fold change
oo
L

Curl PHB PCL PCL/Ge24h PCL/Ged48h PCL/Ge72h
(40/60) (40/60) (40/60)

Figure 11. Quantification of gene expression levels of IL-1p, IL-6, IL-10 and TNF of
PBMNCs incubated with no scaffolds (Ctrl), PHB (positive control), pure PCL and
the 40/60 PCL/Ge scaffolds electrospun after 24, 48 and 72 h of dissolution time.
Data are represented as mean + SD (standard deviation) of four independent
experiments performed in triplicates, *p<0.05.

Results showed that the pure PCL and the 40/60 PCL/Ge 24 h induced
similar expression levels in all the cytokines analysed and no significant
differences were found between these two scaffolds and the control cells.
However, the 40/60 PCL/Ge scaffolds prepared after 48 and 72 h of
dissolution time induced similar cytokine expression levels than the PHB
scaffold, which was used as a positive control given its well-known IL-1
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and IL-6 expression in PBMNCs [49]. This effect may be ascribed to the
increase in the carboxyl groups as a function of dissolution time that may
reduce the pH in the surrounding of the scaffolds and could promote the
increased expression of both cytokines. Nevertheless, this inflammatory
reaction is not necessarily adverse, and needs to be further studied after
longer time of interaction. For this reason, the in vivo implantation analysis
was assessed in the next section.

3.4.2. In vivo implantation

As well as for the study of the inflammatory response, the 40/60 PCL/Ge
scaffolds electrospun after 24, 48 and 72 h of dissolution time were
considered to assess their in vivo implantation behaviour. Moreover, the
pure PCL scaffold was also analysed as a reference to assess the effect of
the gelatin during implantation. Therefore, the selected scaffolds were
included in a subdermical pocket of healthy mice and evaluated after 15
days of implantation. Skin sections were obtained and the inflammation
process along with the scaffold morphology were analysed by H/E staining,
which resulting images are shown in Figure 12.

100/0-24 h

,,,,,,,,,,,,,,,,

40/60-24 h

,,,,,,,,,,,,,,,,

40/60—-48 h

,,,,,,,,,,,,,,,,

Scaffold composition (PCL/Ge) (% wt.)

40/60-72h

................

Figure 12. Representative images of the in vivo degradation of the scaffolds of pure
PCL and 40/60 PCL/Ge electrospun after 24, 48 and 72 h of dissolution time, grafted
in the dorsal region of C57BL6J mice. Skin sections taken from the grafted area after
15 days of implantation and stained with H/E. Black boxes indicate the amplified
regions. Images were acquired with no magnification (left), magnification 4x (middle)
and 20x (right). Scale bars are 1 mm, 100 um and 500 pum from left to right,
respectively.

In general, no chronic inflammation process was observed in any of the
scaffolds after 15 days of implantation. The images of the pure PCL
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scaffold clearly showed that it remained almost unaffected, and
subsequently it can be inferred that the complete degradation and
assimilation of this scaffold would last more than 15 days [73].

Regarding the influence of the dissolution time for the 40/60 PCL/Ge
scaffolds, noteworthy differences were observed. Whilst scaffold traces
were visible at dissolution time of 24 h, the scaffolds electrospun after 48
and 72 h almost disappeared during the 15 days of implantation. The
perceived progressive behaviour as a function of the dissolution time, and
the partial or complete assimilation during implantation confirmed and
corroborated the tailoring strategy to obtain highly biocompatible scaffolds
with a controlled degradation rate when implanted in vivo.

4, Conclusions

Polycaprolactone (PCL) and gelatin (Ge) blended nanofibrous scaffolds
were obtained by electrospinning as a function the PCL/Ge composition
and the dissolution time in the 1:1 formic/acetic acid solvent. The influence
of the dissolution time in the hydrolytic acid solvent was found to play a
key role in the resultant physicochemical properties and morphology of the
electrospun scaffolds. The hydrolytic degradation during dissolution prior
to electrospinning in the formic/acetic acid mixture reduced the molar mass
of the PCL fraction, increased the crystallinity degree and slightly lowered
the lamellar thickness. The increase in the Ge content in the blend resulted
in higher electrospinning viability for high dissolution time.

The cell adhesion and proliferation was found to be strongly influenced by
the PCL/Ge composition. In this context, the 60/40, 50/50 and 40/60
PCL/Ge compositions were found to be the most cell-compatible scaffolds,
as corroborated by the MTT assay, the fluorescence analysis and the
cellular layer covering the scaffold surface perceived in the microscopy
analyses. As well, the effect of the dissolution time slightly decreased the
cell-compatibility, being less prominent for the 40/60 PCL/Ge scaffolds.

The in vitro degradation in physiologic conditions of the 60/40, 50/50 and
40/60 PCL/Ge scaffolds revealed a progressive behaviour as a function of
the composition and dissolution time. The release of the Ge fraction of the
scaffolds during immersion was perceived in all cases. While the PCL
molar mass was barely affected, the crystallinity degree and the lamellar
thickness were developed during immersion. As well, scaffolds
electrospun after high dissolution time revealed a weakened structure,
more labile to degradation in physiologic conditions. This effect was more
significant for the scaffold containing higher percentage of Ge, i.e. the
40/60 PCL/Ge composition.

The biocompatibility of the tailored 40/60 PCL/Ge scaffolds was
corroborated by means of the pyrogen test, in which scaffolds obtained

432



Scaffolds for tissue engineering

after 24 h of dissolution time were found to be non-inflammatory. Although
the scaffolds electrospun after 48 and 72 h of dissolution time promoted an
increase of the cytokines IL-1p and IL-6 expression levels, they were found
to be similar to those of PHB in PBMNCSs, which are considered suitable.
This effect may be ascribed to the increase in the carboxyl groups as a
function of dissolution time that may reduce the pH in the surrounding of
the scaffolds and could promote the increased expression of both cytokines.
Nevertheless, this was not a chronic effect, as no inflammatory response
was observed after the 15 day subcutaneous in vivo implantation in mice.
As well, the perceived progressive behaviour as a function of the
dissolution time, and the partial or complete assimilation during
implantation confirmed and corroborated the tailoring strategy to obtain
highly biocompatible scaffolds with a controlled degradation rate when
implanted in vivo.
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Conclusions and future work

The functionalisation of polymers was considered as a feasible strategy to
achieve new requirements for smart applications, under a design-to-
validation research framework. This approach was based on a multi-stage
scheme, involving the design, processing, characterisation and validation
of the developed polymer-based materials to respond to the outcome-
oriented needs for different applications.

The particular conclusions for the different application fields are
summarised below.

Photo-stabilisation of polyolefins for outdoor applications

The photo-stabilisation of raw polypropylene was achieved by
means of the incorporation by hot melt extrusion of silicon
microparticles (Si) with maleic acid as coupling agent.

The incorporation of Si microparticles at 5 %wt. into the PP matrix
provided high photo-stabilisation and improved the performance
of polypropylene at long-term simulated photo-oxidative
conditions as demonstrated by the appearance, the crystalline
morphology, the mechanical properties and the thermal stability.

Polyelectrolyte membranes for fuel cells

The functionalisation of poly(vinyl alcohol) (PVA)-based
polyelectrolytes for direct ethanol fuel cells (DEFCs) was
approached from different perspectives. The crosslinking, blending
and combination with organic particles to induce stability and to
tailor its electric and proton conductivity were considered.

PVA/SSA/GO-based film membranes

The cross-linking of poly(vinyl alcohol) (PVVA) and sulfonated PVA
(SPVA) with sulfosuccinic acid (SSA), along with the combination
with 0.25 to 1.00 %wt. of graphene oxide (GO) and SGO resulted
in stable membranes after long-term evaluation subjected to service
conditions.

The addition of GO and SGO particles allowed to keep proton
conductivity and reduce the crossover of ethanol. Both effects were
more relevant for membranes functionalised with SGO.

PVA/SSA/GO-based electrospun membranes

Electrospinning allowed obtaining functionalised nanofibrous
PVA/SSA/GO-based and SPVA/SSA/GO-based membranes with
controlled size and morphology. The GO contributed to retain
humidity, which significantly influenced the proton conductivity.
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The crosslinked nanofibrous membranes were stable after an
accelerated hydrothermal assay. The developed nanofibrous
composite membranes can be considered as good candidates for
being exploited as valuable components for the preparation of
polyelectrolyte membranes.

PVA/SSA/CS-based film membranes

Functionalised chitosan (CS)/PVA blended membranes were
obtained by means of the combination with sulfosuccinic acid (SSA)
as crosslinking and sulfonating agent, and glycerol (GL) as
plasticiser. The combination of solvent-casting and thermal-
crosslinking permitted to obtain homogeneous membranes with
controlled morphology.

All the crosslinked CS/PVA membranes showed a synergetic
increase of the thermal stabilities and proton conductivity. However,
the increase of CS in the CS/PVA membranes resulted in higher
ethanol absorption capability, and showed maxima of diffusion
coefficient and proton conductivity for membranes with a 20 and 40
%wt. of CS. The addition of GL to the CS/PVA membranes reduced
the ethanol absorption, the diffusion coefficient and the proton
conductivity, and increased the ductile manageability of membranes
to be mounted on Membrane Electrode Assembly (MEASs). The
membrane 40CS/PVA/20GL showed the best behaviour in the
DEFC test.

Scaffolds for tissue engineering
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The functionalisation of electrospun scaffolds for tissue engineering
was performed by means of the combination of polyester-based
materials with natural polymers to induce biocompatibility, and the
control of the molar mass by means of the use of an acid hydrolytic
solvent system for the scaffold preparation.

Methodology for the in vitro validation of scaffolds: PLGA scaffolds
as a model-case

A methodology for the validation of polyester-based scaffolds was
defined by analysing and contrasting different analytical techniques
to assess their in vitro hydrolytic degradation and in vitro
biocompatibility. Poly(lactide-co-glycolide) (PLGA) scaffolds were
considered as a model-case. The results revealed indications to set
up an appropriate plan of analysis depending on the balance between
the interest in ascertaining the trigger of degradation or deep into the
knowledge of the causes and effects along validation.



Conclusions and future work

Comparative behaviour of polyester-based scaffolds

The comparison of the behaviour of poly(lactide-co-glycolide)
(PLGA), polycaprolactone (PCL), polydioxanone (PDO) and
polyhydroxybutyrate (PHB) scaffolds showed two different time
lifespan of application. On the one hand, scaffolds for short-time
applications were PLGA and PDO, and showed a fast disintegration
rate and, subsequently, a pronounced acidification of the medium.
On the other hand, scaffolds for long-term applications were PCL
and PHB, which resistant pattern was mainly ascribed to the stability
of the crystalline domains of the fibres.

PCL-based tailored scaffolds

Polycaprolactone (PCL) was selected as a promising candidate for
scaffold development. In order to tailor the morphology and the
future performance of these scaffolds, the control of the hydrolysis
of the PCL was considered as a function of the dissolution time into
a formic/acetic acid mixture prior to electrospinning.

Bead-free fibres were found for scaffolds electrospun after 24 and
48 h of dissolution time, with similar diameter. The decrease of the
fibre diameter along with the apparition of beads was especially
significant for scaffolds prepared after 72 h and 120 h of dissolution
time. A reduction of the molar mass and the lamellar thickness as
well as an increase of the crystallinity degree were observed as
hydrolysis degree progressed in the PCL.

The service life of the obtained scaffolds, evaluated by means of in
vitro assays under abiotic physiological conditions, revealed that, in
general, the molar mass was barely affected and the crystallinity
degree and the lamellar thickness increased along immersion,
preventing scaffolds from degradation. Scaffolds prepared after 24
and 48 h kept their fibre diameters, whereas those prepared after 72
h and 120 h showed a significant reduction. This PCL tailoring
procedure to obtain scaffolds that maintained the nanoscaled
structure after such long in vitro evaluation will bring new
opportunities in the design of long-term biomedical patches.

PCL/Ge-based tailored scaffolds

Nanofibrous scaffolds based on polycaprolactone (PCL) and gelatin
(Ge) were prepared in several compositions ranging from 100/0 to
20/80 %wt. to induce biocompatibility and degradability. The
hydrolysis of the PCL in the formic/acetic acid mixture daily up to
120 h was also considered as a tailoring method for the PCL/Ge
scaffolds. Although the fibre diameter remained in the nanoscale
range for all the studied scaffolds, the reduction of the molar mass
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of the PCL molecules as a function of the dissolution time,
diminished the entanglement capability of the polymeric chains, and
reduced the fibre diameter. Whereas the crystallinity of the scaffolds
with high PCL content increased as a function of the dissolution
time, the scaffolds with high percentage of Ge showed the lowest
crystallinity degree, which was ascribed to the hindering effect of
the Ge diffused among the PCL segments. The wettability increased
as a function of the Ge content due to its high hydrophilic behaviour.
It also increased as a function of the dissolution time, due to the
availability of more hydroxyl groups in the PCL segments to interact
with water molecules.

The in vitro cell adhesion and proliferation was found to be strongly
influenced by the PCL/Ge composition. In this context, the 60/40,
50/50 and 40/60 PCL/Ge compositions were the most cell-
compatible scaffolds. The increase in the dissolution time slightly
decreased the cell-compatibility, being less prominent for the 40/60
PCL/Ge scaffolds.

The in vitro degradation in physiologic conditions of the 60/40,
50/50 and 40/60 PCL/Ge scaffolds revealed a progressive behaviour
as a function of the composition and dissolution time. In general, the
release of the Ge fraction of the scaffolds during immersion was
perceived. While the molar mass of PCL was barely affected, the
crystallinity degree and the lamellar thickness developed during
immersion. The scaffolds electrospun after high dissolution time
revealed a weakened structure, more labile to in vitro degradation.
This effect was more significant for the scaffold containing high
percentage of Ge, i.e. the 40/60 PCL/Ge.

The in vitro biocompatibility of the 40/60 PCL/Ge scaffolds was
corroborated by means of the absence of inflammatory reactions.
The dissolution time promoted an increase of the cytokines IL-1§
and IL-6 expression levels, within a suitable performance range.
Indeed, this was not a chronic effect, as no inflammatory response
was observed after the 15 day subcutaneous in vivo implantation in
mice.

As a general conclusion, monitoring and understanding the in vitro
behaviour of polymer scaffolds both comprising the study of the
hydrolytic degradation and the cell seeding viability was essential to
ensure the desired functionality, according to a given biomedical
purpose.
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Future work

The field of polymer modification and functionalisation is in continuous
expansion. The possibilities to deepen and develop the research lines
proposed in this thesis are extensive. Figure 6.1 summarises the currently
developed work in terms of materials, morphology and processing
techniques. In this sense, the future work will involve the development of
new materials and compositions but also the progress by alternative.

The future work is likewise open to new research lines in which the
methodology proposed in this thesis could be applied following a design-
processing-characterisation-validation approach.

[ Currently developed J Future work
PP/Si PE/Si
PS/Si
Photo-stabilised :
olymers for outdoor o
POty o Other morphologies
applications
Melt-extrusion
Compression moulding Injection moulding
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Figure 6.1. Correlation between current and future work.
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ABBREVIATIONS

AC
ACTB
AFM
AIDS
AITEX
ASTM
ATP
ATR
BDIS
CCD
CH
CNT
CPD
CRU
CS
CsIC
Ctrl
DAFC
DAPI
DC
DETA
DLS
DMF
DMTA
DNA

DREMAP
DSC

DT

DTG
ECM

EN

FBS
FE-SEM
FR

FTIR

Alternating current

Human housekeeping actin-beta

Atomic force microscopy

Acquired immune deficiency syndrome
Textile Research Institute

American Society for Testing Materials
Adenosine triphosphate

Attenuated total reflectance

Broadband dielectric impedance spectrometer
Charge-coupled device

Chitin

Carbon nanotubes

Crytical point drying

Constitutional repeating unit

Chitosan

Consejo Superior de Investigaciones Cientificas
Control

Direct alcohol fuel cell
4',6-diamidino-2-phenylindole

Direct current

Dielectric thermal analysis

Dynamic light scattering
Dimethylformamide

Dynamic mechanical-thermal analysis
desoxiribonucleic acid

Research Group of Functionalisation, Degradation and
Recycling of Polymer Materials

Differential scanning calorimetry
Dissolution time

Derivative thermogravimetric curve
Extra-cellular matrix

European Standards Organisation

Foetal bovine serum

Field-emission scanning electron microscopy
Feeding rate

Fourier transformed infrared spectroscopy
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FWMH
GA
GC

Ge

GL

GO
GPC
HA
HaCaT
HALS
HFIP
HL-1
HPA
HV
ICTP
IIS La Fe
IR

ISO
I™
IUPAC
v
KTH
LALS
LCA
LMWC
M. Sc.

MAH
MALDI-
TOF-MS

MEA
MFI
MODA
MTT
MWD
NC
NMR
oIT
PAA
PAnNi
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Full width at medium height
Gluteraldehyde

Gas chromatography

Gelatin

Glycerol

Graphene oxide

Gel permeation chromatography
Hyaluronic acid

Human keratinocites

Hindered amine light stabiliser
Hexafluoroisopropanol

Mice cardiomyocites

Heteropolyacids

Hydroxyvalerate

Instute of Polymer Science and Technology
Sanitary Investigation Institute La Fe
Infrared

International Organisation for Standarisation
Materials Technology Institute
International Union of Pure and Applied Chemistry
Intrinsic viscosity

Kungliga Tekniska Hogskolan

Low angle light scattering

Life cycle assessments

Low molar mass compounds

Master of Science

Maleic anhydride

Matrix-assisted laser desorption-ionization time-of-flight
Mass spectrometry

Membrane-electrode assembly

Melt flow index

Microbial oxidative degradation analyser
Methyl tetrazolium

Molar mass distribution

Non-crosslinked

Nuclear magnetic resonance

Oxidation induction time

Poly(acrylic acid)

Polyanyline



PBAT
PBF
PBMC
PBMNC
PBS
PBS
PCL
PCL
PDI
PDO
PDX
PE
PEDOT
PEM
PEMFC
PET
PFA
PGA
PGS
Ph. D.
PHAs
PHB
PHBV
PHV
Pl
PLA
PLGA
PP
PPF
PPG
PPy
PS
PSSA
PSSA
PSU
PSW
PTFE
PVA
PVB

Poly(butylene adipate terephthalate)
Poly(butylene fumarate)

Peripheral blood mononuclear cell
Isolated peripheral blood mononuclear cells
Poly(butylene succinate)

Phosphate buffered saline
Polycaprolactone

Polycaprolactone

Polydispersity index

Polydioxanone

Polydioxanone

Polyethylene
Poly(3,4-ethylenedioxythiophene)
Polyelectrolyte membrane

Proton exchange membrane fuel cell
Poly(ethylene terephtalate)
Paraformaldehyde

Poly(glycolic acid)

Poly(glyceryl sebacate)
Phylosophig Doctor
Polyhydroxyalkanoates
Polyhydroxybutyrate
Poly(hydroxybutyrate-co-valerate)
Polyhydroxyvalerate

Polyimide

Poly(lactic acid) or poly(lactide)
Poly(lactic-co-glycolic acid) or Poly(lactide-co-glycolide)
Polypropylene

Poly(propylene fumarate)
Poly(propylene glycol)

Polypyrrole

Polystyrene

Polystyrene(sulfonic acid)
Polystyrene(sulfonic acid-co-maleic acid)
Polysulfone

Plastic solid waste
Polytetrafluoroethylene

Poly(vinyl alcohol)

Poly(vinyl butyral)
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PVC Poly(vinyl chloride)

PVDF Polyvinylidenefluoride

RALS Right angle light scattering
RETRACAR Cardiac Regeneration and Transplantation Group
RH Relative humidity

RI Refractive index

RNA Ribonucleic acid

RT-PCR Real-time polymerase chain reaction
SD Standard deviation

SDS Sodium dodecyl sulfate

SEA Sample-electrode assembly

SEC Size exclusion chromatography
SGO Sulfonated graphene oxide

SPEEK Sulfonated poly(ether-ether-ketone)
SPES Sulfonated poly(ether-sulfone)
SPVA Sulfonated poly(vinyl alcohol)
SSA Sulfosuccinic acid

TE-EC End-chain transesterifications

TEM Transmission electron microscopy
TE-MC Middle-chain transesterifications
TG Thermogravimetric curves

TGA Thermogravimetric analysis

THF Tetrahydrofuran

TPS Thermoplastic starch

UPV Universitat Politecnica de Valéncia
USA United States of America

uv Ultraviolet

VISC Viscosity
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SYMBOLS

mmmb>gogoo >

=
3]

him

Pmax

R

Rg

Rh

Si

To - Tonset
Te

Td

Te - Tendset
T

Tm

Tp - Tpeak
\Y

X

Xc

Area

Capacitance

Crosslinked

Diffusion coefficient
Increment

Voltage

Storage modulus

Loss modulus
Crystallisation enthalpy
Melting enthalpy

Current

Indium

Inductance

Thickness

Lamellar thickness

Mass

Average molar mass in number
Average molar mass in weight
Higher average molar mass
Number

Average fibre diameter
Maximum power
Resistance

Radius of giration
Hydrodynamic radius
Silicon

Onset temperature
Crystallisation temperature

Degradation (decomposition) temperature

Endset temperature

Glass transition temperature
Melting temperature

Peak temperature

Voltage

Reactance

Crystallinity degree
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Oelec

Oprot
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Impedance

Zinc

Phase angle
Deformation
Contact angle
Phase angle
Wavelength
Density

Tension

Electric conductivity
Proton conductivity
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