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Abstract

In the last decades, the biomaterials and tissue engineering interdisciplinary research
fields have been two of the most dynamic ones and have attracted increasing attention
by the scientific community. With the advancements in the tissue engineering field the
necessity of study and develop a wide variety of biomaterials with different properties
has emerged. Among the different types of materials, polymers have proved to be an
excellent choice, due to their simple processing, flexibility, physical properties and due
to be easy to get in different shapes. In particular, piezoelectric polymers have attracted
interest since they respond to electrical and mechanical solicitations, allowing to
actively stimulating tissues. Further, interesting for tissue engineering are the polymer

structures in the form of micro and nanofibers.

In this work, the processing and characterization of two piezoelectric polymers, poly(L-
lactic acid) (PLLA) and poly(vinylidene fluoride) (PVDF), aiming tissue engineering
applications was achieved. Processing was achieved both in the form of films and
fibers. PLLA and PVDF electrospun fibers morphology was controlled by changing
process parameters such as applied voltage, feed rate and collector system. Regarding
PVDF fibers, the processing parameters allows to change the B-phase fraction between
50% and 85% and fiber diameter from a few hundreds of nanometers to micrometers.
Concerning PLLA fibers, the crystallinity was tailored between 0%, i.e. amorphous
fibers, and 50%, by annealing treatment. The PLLA fibers diameter was further reduced
by the introduction of poly(ethylene oxide) (PEO) polymer. In this way, electrospun
membranes were prepared with tailored fiber diameter from some micrometers for pure
PLLA membranes to few hundreds of nanometers by electrospinning of PLLA-PEO

solution.

PLLA degradation was also studied and it was observed that the samples degradation in
phosphate buffer solution (PBS) up to 20 weeks produces only a slight decrease in the
sample weight. The local properties of the PLLA and PVDF individual electrospun
fibers were studied by piezoelectric force microscopy (PFM) and the piezoelectric

response for both polymers have been proved.

Additionally, the biological response of PLLA and PVDF membranes was also
addressed.
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In the case of PLLA electrospun membranes, human chondrocytes were used and it was
found that proliferation of human chondrocytes cultured in the monolayer substrates is
not different on aligned or non-aligned amorphous mats. However, the differentiation
rate seems to be higher on the non-aligned amorphous mats. Furthermore, the
crystallization of the aligned mats showed nearly suppressed proliferation and the cells
had produced higher amounts of aggrecan, characteristic of the extracellular matrix of

hyaline cartilage.

In relation to the PVDF, the biological response to the polarization state was studied in
films. The effect of polarization on fibronectin conformation, cell adhesion and
proliferation has been studied. It was observed that polarization of a PVDF modifies the
conformation of adsorbed fibronectin on the material surface and therefore cell adhesion
on the fibronectin-coated substrates. As a consequence, a higher number of cells on the
substrate were observed in poled than in non-poled samples. These results open the

possibility of developing active substrates for cell culture and tissue engineering.

Further investigations on the piezoelectric effect on cell response were performed by
evaluating osteoblast growth in poled and non-poled PVDF (non-coated and coated with
thin titanium layer to get a more homogeneous charge distribution) under static and
dynamic conditions. The polarization and titanium layer modifies the mean roughness
of PVDF films surface and therefore also modifies cell adhesion and proliferation on the
samples, also, the positively charge of B-PVDF promotes higher adhesion and

proliferation on osteoblast.

Finally, dynamic culture with MC3T3-El cells showed higher cell proliferation on
"poled +" B-PVDF. Thus, results reported in this thesis have demonstrated that varying
surface electrical charge (when a mechanical solicitation is applied) influences cell
response and confirms the interest of electroactive polymers in cell culture and tissue

engineering applications.



Resumo

Nas ultimas décadas, os biomateriais ¢ a engenharia de tecidos t€ém sido dos campos
interdisciplinares mais dinamicos e que tém atraido cada vez mais atencao por parte da
comunidade cientifica. Com os avangos realizados em engenharia de tecidos, surgiu a
necessidade de estudar e desenvolver uma ampla variedade de biomateriais com
diferentes propriedades. Entre os diferentes tipos de materiais, os polimeros tém
provado serem uma excelente escolha devido as suas varias vantagens tais como o seu
simples processamento, flexibilidade, propriedades fisicas e serem facilmente obtidos
em diferentes formas. Em particular, os polimeros piezoelétricos tém atraido cada vez
mais interesse uma vez que conseguem responder a solicitacdes elétricas e mecanicas,
permitindo assim o estimulo ativo dos tecidos. Além disso, as estruturas poliméricas na

forma de micro e nanofibras mostraram ser interessantes para engenharia de tecidos.

Neste trabalho, o processamento e a caracterizacao de dois polimeros piezoelétricos, o
poli(L-acido lactico) (PLLA) e o poli(fluoreto de vinilideno) (PVDF), foram realizados
com o objetivo de serem utilizados para aplicagdes de engenharia de tecidos. O
processamento foi realizado sob a forma de filmes e fibras. A morfologia das fibras de
PVDF e PLLA foi controlada pela variagao dos parametros de processamento tais como
a tensdo aplicada, o fluxo e o coletor. Em relagdo as fibras de PVDF, os parametros do
processamento mostraram influenciar a fragcdo de fase 8 entre 50% e 85% e o didmetro
das fibras desde algumas centenas de nandmetros até micrometros. Em relacdo as fibras
de PLLA, a cristalinidade pode ser alterada de 0%, isto ¢, fibras amorfas, até¢ 50%,
através de um tratamento térmico. O didmetro das fibras de PLLA pode ainda ser
reduzido através da introducao do polimero poli(6xido de etileno) (PEO). Desta forma,
as membranas foram preparadas por electrospinning através de uma solugao de PLLA-

PEO com diametros de fibras desde micrometros até algumas centenas de nanémetros.

A degradacdo do PLLA também foi estudada e verificou-se que a degradagdo até
20 semanas das amostras numa solu¢do tampao de fosfato (PBS - phosphate buffer
solution) produz uma ligeira diminui¢do de peso na amostra. As propriedades locais das
fibras individuais de PLLA e PVDF foram estudadas por microscopia de forca

piezoelétrica (PFM) e a resposta piezoelétrica para ambos os polimeros foi verificada.

Além disso, a resposta bioldgica das membranas de PLLA e PVDF foi também

investigada.
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No caso das membranas de PLLA, os condrocitos humanos foram utilizados e
verificou-se que a sua proliferagdo, aquando cultivados nos substratos de monocamada,
¢ igual tanto para as membranas amorfas de fibras alinhadas como para as nao-
alinhadas. No entanto, a taxa de diferenciagdo parece ser maior nos substratos amorfos
de fibras ndo-alinhadas. Além disso, a cristalizagdo dos substratos amorfos de fibras
alinhadas demonstraram uma supressdo da proliferagdo, sendo que as células
produziram elevadas quantidades de agrecano, caracteristica da matriz extracelular da

cartilagem hialina.

Em relacdo ao PVDF, a resposta biologica relativamente ao estado de polarizacao foi
estudada em filmes. O efeito da polarizagdo na conformagdo da fibronectina, adesdo e
proliferacdo celular foi estudado. Verificou-se que a polarizagdo do PVDF tem
influéncia na conformagdo da fibronectina adsorvida na superficie do material e, por
conseguinte, na adesdo de células em substratos revestidos com fibronectina. Como
consequéncia, foi observado um maior nimero de células nos substratos polarizados
relativamente aos ndo-polarizados. Estes resultados abrem a possibilidade de

desenvolver substratos ativos para cultivo celular e para engenharia de tecidos.

Outras investigagdes sobre o efeito piezoelétrico na resposta celular foram realizadas
sob condi¢des estaticas e dindmicas, através da avaliacdo do crescimento de
osteoblastos em filmes de PVDF polarizados e nao-polarizados (ndo revestidos e
revestidos com uma camada fina de titanio para obter uma distribuicdo mais homogénea
de carga). Além disso, verificou-se que a camada de polarizacdo e de titdnio modificam
a rugosidade média da superficie dos filmes de PVDF e, portanto, também modificam a
adesdo e proliferacdo celular. Observou-se ainda que a carga positiva dos filmes [3-

PVDF promove uma maior adesao e proliferacao de osteoblastos.

Finalmente, um estudo dinamico realizado com as células MC3T3-E1 mostrou uma
maior proliferacdo celular nos filmes B-PVDF com polarizagdo positiva. Assim, os
resultados observados neste trabalho demonstraram que a variagdo da carga elétrica na
superficie (quando ¢ aplicada uma solicitacdo mecanica) influencia a resposta celular e
confirma o interesse dos polimeros eletroativos para cultivos celulares e aplicagcdes em

engenharia de tecidos.
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Introduction

1.1 Tissue engineering

The failure of organ function due to injury, disease or aging accounts for a significant
number of clinical disorders with a large social and economic cost [1]. To overcome
these limitations in organ transplantation and grafting, the field of tissue engineering
emerged about two decades ago.

The tissue engineering definition has evolved over the last few years. Tissue
engineering was initially defined, in 1988, by attendees of the first National Science
Foundation sponsored meeting as the ‘‘application of the principles and methods of
engineering and life sciences toward fundamental understanding of structure-function
relationship in normal and pathological mammalian tissues and the development of
biological substitutes for the repair or regeneration of tissue or organ function’ [2].
Thereafter, Langer and Vacanti [3] defined tissue engineering as a multidisciplinary
field that integrates principles of engineering and life sciences to develop biological
substitutes that restore, maintain or improve tissue function. Such engineering field
involves multidisciplinary knowledge that merges principles and innovations from
engineering, biology, life sciences, biotechnology and, in recent years, micro- and nano-
science and technology [4-6].

In order to achieve tissue regeneration, typically, three approaches have been
investigated singularly or in combination: biocompatible scaffolds, cell-based therapies
and tissue-inducing factors (figure 1.1). Thus, one of the basic strategies of the tissue
engineering is the construction of a biocompatible scaffold, which can be combined
with cells and bioreactor technologies in the design and fabrication of neo-

tissues/organs [7-9].
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Figure 1.1 — General process of tissue engineering. It involves seed cells on scaffold, culturing

in vitro and implant into the patient [10].

One of the most sensitive steps with respect to the tissue engineering process consists

on the choice of biomaterials with the desired features to be used as scaffolds.

1.1.1 Biomaterials for tissue engineering applications

In the last decades, a wide variety of biomaterials with different properties have been
studied and developed for biomedical applications, in particular for tissue engineering.
So, the first concern regarding the tissue engineering process is the choice of suitable

material.

The basic requirements for biomaterials to be used as scaffolds are their
biocompatibility and appropriate surface properties to favor cellular attachment,
proliferation and differentiation [11-12]. In addition to their biocompatibility, the
scaffolds from those materials should possess appropriate mechanical properties to
provide the correct stress environment for the tissues [13-14], and exhibit appropriate

surface structure and chemistry for cell adhesion [11, 15].

In general, materials can be divided into the following categories: metals, polymers
(natural and synthetic), ceramics, and composites (combination of the previous
mentioned materials).Over the last century, biocompatible materials such as metals,
ceramics and polymers have been extensively used for surgical implantation [16-17].

Metals and ceramics have contributed to major advances in the medical field,
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particularly in orthopedic tissue replacement. However, metals and ceramics are not
biodegradable (necessary for some applications) and their processability is limited. For
this reason, polymer materials have received increasing attention and have been widely
used in tissue engineering due to the easy control over processability and
biodegradability. Polymeric scaffolds can be either synthetic or natural. Nevertheless,
synthetic polymer offer, at the present moment, some advantages such as the possibility
of being tailored within a wide range of physical and chemical properties, being
fabricated into various shapes with desired morphologic features and large

predictability.

In this way, a variety of synthetic polymers such as poly(lactic acid) (PLA) [18-19],
poly(glycolic acid) (PGA) [20-21], poly(lactic-co-glycolic acid) (PLGA) [22-23],
poly(ethylene glycol) (PEG) [24-25] and polycaprolactone (PCL) [26] have been

widely used to produce materials/scaffolds for tissue engineering [27-28].

Although already exist an extensive list of polymer that have been studied regarding
tissue engineering applications, most of the scaffolds have been used in a passive way,
just as support for the cells and tissues. Nevertheless, it was verified that for some
specific applications active behavior of the material can be taken to advantage,
emerging, in this way, the need for development of smart materials for tissue

engineering applications [13].

1.1.2 Design and development of membranes and scaffolds

The design of materials and scaffolds able to guide the process of tissue regeneration
represents one of the most challenging features in tissue engineering. The biopolymer
characteristics are determined by the fabrication technique, which must be developed

such that it does not adversely affect the biocompatibility of the material [29].

Material and scaffold characteristics such as interconnectivity, pore size/curvature,
microporosity, macroporosity and surface roughness influence cellular response and for
this reason it is important to be able to control the process fabrication. Other highly
desirable features concerning scaffold fabrication include near-net-shape fabrication and
scalability for cost-effective production. It is also important to allow cell-seeded
scaffolds to be subjected to a strain environment, in order to better understand how cells

respond to mechanical stimuli.
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The fabrication technique for the tissue engineered scaffold is directly related to the
bulk and surface properties of the polymer and the proposed function of the scaffold.
Different techniques have been developed with the objective to improve scaffold design
by controlling the regular pore size, pore interconnectivity, porosity and pore

characteristics suitable for rapid nutrient diffusion and cell attachment.

The most important property of polymer materials is that they can be tailored
mechanically, chemically and biochemically to suit a specific application. The
techniques and methods developed to process biomaterials, include, for example,
include solvent-casting, gas foaming, fiber mesh and fiber bonding, phase separation,
melt molding and electrospinning [30]. Traditional methods, through material
processing and casting, have largely been unsuccessful for the control of internal
architecture to a high degree of accuracy or homogeneity. It has been demonstrated that
the control of the scaffold design is a crucial parameter for ensure vascularization and

bone deposition [31].

In the last decade, electrospinning technique has attracted large interest as it allows the
fabrication of fibrous non-woven micro- and nano- fibers for tissue engineering
applications, mainly due to the structural similarity to the tissue extracellular matrix

(ECM) [13].

1.1.2.1 Electrospinning

One attractive characteristic of electrospinning is its simplicity, possibility of large scale
productions, as well as the fast processing and inexpensive nature of the setup [32]. The
setup essentially consists on a capillary tube, a needle, attached to a syringe filled with
the polymer solution, a grounded collector and a high voltage power supply connected

to the capillary and the collector (Figure 1.2) [33].
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Figure 1.2 — Basic experimental electrospinning setup [34].

To obtain polymer based electrospun fibers, a polymeric solution is introduced in the
syringe. The application of an electric field using the high-voltage source causes an
electrostatic force that opposes the surface tension. Eventually, the charge repulsion
overcomes the surface tension, causing the initiation of a jet. As this jet moves, the
solvent evaporates and an appropriate collector can be used to capture the polymeric
fiber. Stability and directionality of the jet is dependent on the electrostatic fields
formed between the collector and the needle [33, 35-36]. The fiber morphology can be

observed by scanning electron microscopy (SEM) (figure 1.3).

Figure 1.3 — SEM images of PLA nanofibers produced by electrospinning: a) aligned and b)
non-aligned fibers (magnification of 2000X).

Many parameters influence the morphology of the resulting electrospun fibers, from
beaded fibers to fibers with pores on its surface. These parameters can be classified in

the type of polymer solution, processing conditions which include applied voltage, flow
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rate and effect of the collector, and ambient conditions [37]. Thereby, this technique has
the ability to produced fibers with diameter from micrometers to a few nanometers,
different orientation, high aspect ratio, high surface area, and having control over pore
geometry [13, 38]. These characteristics are favorable for in vitro and in vivo cellular
growth since they directly influence cell adhesion, cell expression, and transportation of

oxygen and nutrients to the cells.

Many different polymeric nanofibers have already been successfully processed by
electrospinning [39] and a large number are used in biomedical applications in

membranes and scaffolds preparation for tissue engineering [40-43].

Has mentioned before, the use of active membranes and scaffolds is one of the most
promising challenges in the tissue engineering process, thereby electroactive materials,
the can provide electrical or mechanical stimuli to the cells, are a promising type of

materials to be applied in this field.

1.2 Electroactive materials

Electroactive polymers (EAP) are polymers that respond to electrical stimulation with a
significant shape or size change. For many years EAP received relatively low attention
due to their poor actuation capability and the small number of available materials.
However, in the last years, EAP materials received increased attention from industry
and academia from different disciplines due to their wide variety of applications such as
biosensors, artificial muscles, actuators, environmentally sensitive membranes, visual
displays, components in high energy batteries and nano- and bio-related
technologies [44-45]. So, the contemporary interest in EAP is that those ‘“‘smart
materials” can respond to a variety of external stimuli [46]. There are a significant
number of different types of electroactive polymers that exhibit a variety of coupling
mechanisms [47]. In this work, only piezoelectric materials, with the ability to convert a

mechanical stimuli into a electrical one and vice-versa, will be discussed.

It has been shown that electrically charged surfaces influence cell behavior, such as cell
adhesion and morphology [48], growth of different cell types [49], enhancement of

cardiac [50-51] and nerve regeneration [50, 52]. Thus, a material that changes its
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surface charge as a response to mechanical stimuli present with the body can be a
promising approach for many tissue engineering applications (e. g., bone, cartilage and

nerve regeneration).

Various types of EAP materials have been investigated. Generally, they can be divided
into two groups, ionic and electronic EAPs, according to their principle of activation

(Table 1.1) [53].

Table 1.1 — Classification of electroactive polymers [53].

Electroactive polymers

Ionic EAP Electronic EAP

v Tonic polymer gels Piezoelectric polymers

v' Tonometric polymer-metal composites Electroactive graft elastomers
v Conductive polymers Electrostrictive paper

v" Carbon nanotubes Electrovisco-elastic elastomers

NN

v" Electrorheological fluids Liquid -crystal elastomers

In ionic EAPs, the activation forces are generated by diffusion of mobile ions, whereas
electric EAPs are generated by dielectrics driven by electric field. The electronic

polymers respond faster than ionic ones [54].

1.2.1 Conducting polymers

Conducting polymers have been studied for a wide range of potential applications in
biotechnology, including tissue engineering (neural and cardiac applications) [55]. In
those areas, the main used conductive polymers are polyaniline (PANI) [56],
polypyrrole (PPy) [57], polythiophenes (PT) [58], poly(3,4-ethylenedioxythiophene)
(PEDOT) [59].

A handful of studies have described experimental work assessing the biocompatibility
of conducting polymers. PPy has been one of most studied electrically conducting
polymers due to its good environmental stability, high conductivity, and easy

preparation either by chemical or by electrochemical polymerization [60]. However, the
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poor mechanical properties and processability of PPy have restricted its applications
[61]. For this reason, PANI appears to be a good alternative. Along the years, PANI has
demonstrated to be the most important conducting polymer due to its good

environmental stability, low cost and better processability [62].

Although some authors have highlighted the potential use of conducting polymers in
regulating cell responses, their limited processability due to weak mechanical properties

is an obstacle for fabrication of electrically active fibers for cell culture [51].

1.2.2 Piezoelectric polymers

In addition to conductive polymeric materials, piezoelectric polymers have been
investigated and showed be an interesting and promising approach for tissue
engineering applications. These polymers are being investigated for tissue engineering

applications due to their ability to subject cells to an electrical stimulation.

Piezoelectric materials produce a transient electrical response when they are
mechanically deformed. As a result, an electrical stimulus may be possible without
direct connection to a voltage source [63]. Thus, the use of intrinsically charged
piezoelectric polymers as tissue culture substrates can provide means of exposing cells

directly to local time-varying electrical stimuli.

Some studies involving piezoelectric polymers have been reported regarding cell
biocompatibility. One of the first studies was realized by Fine et al. [64]. Extruded
tubular nerve guidance channels from a vinylidenefluoride-trifluoroethylene copolymer
were used to repair a 10 mm gap in transected sciatic nerves of adult rats and it was
verified that nerves regenerated in positively poled channels presented a significantly
greater number of myelinated axons than those regenerated in unpoled channels.
Hereafter, Valentini et al. [65] cultured neurons (mouse neuroblastoma (Nb2a) cells)
directly on electrically charged poly(vinylidene fluoride) (PVDF) polymer growth
substrates to determine if local electrical charges enhance nerve fiber outgrowth in vitro.
It was also verified that the piezoelectric substrates exhibited significantly larger levels
of process outgrowth and neurite lengths at all time periods. Therefore, the enhanced
neurite outgrowth can been attributed to the surface charges presence [66]. This kind of
polymers have been especially studied for neural tissue engineering applications where

the piezoelectric response influence of different polymers was investigated: PVDF [65],



Introduction

poly[(vinylidenefluoride-co-trifluoroethylene] (PVDF-TrFE) [48, 67-69], PLGA [70]
and poly(L-lactic acid) (PLLA) [71-72]. Furthermore, the piezoelectric polymers
potential was also investigated for other fields of tissue engineering application such as

wound healing [73]; bone [74-75] and cartilage [76] regeneration.

Although some initial studies on piezoelectric polymers are being performed for cell
culture and tissue engineering applications, there is a need to fully understand their
influence in different cell growth, proliferation and differentiation both under static and
dynamic conditions. Further, it also has to be undertaken the tailoring of the
electroactive materials morphology and electroactive response in order to be adequate to
the different applications. PLLA, despite being one of the most investigated polymers,
the influence of its piezoelectricity remains poorly explored for bio-applications. PVDF,
on the other hand, is just beginning to the seen as an interesting biocompatible polymer

and promising choose for tissue engineering applications.

1.3 Objectives

The main objective of this thesis is to develop piezoelectric biomaterials with different
morphologies and properties for tissue engineering applications and to evaluate their

biological response.
The main focus areas of the present work are:

» The production and characterization of piezoelectric materials: PLLA and
PVDF.

* Study of the influence of the processing conditions on the micro and nano-
structure, phase content, crystallinity and electroactive response of the materials.

* The fabrication of membranes of the aforementioned materials for cell culture
and bioactivity studies.

* Study of the influence of these materials in cell growth, proliferation and
differentiation under static conditions.

* Development of a bioreactor to apply mechanical stimulation and study cell
growth and proliferation on the piezoelectric polymers under dynamical

conditions.

11
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1.4 Structure and methodology

The present thesis is divided in ten chapters intended to provide a comprehensive report
of the progress achieved during this investigation. The chapters are presented in such a
way that show the sequential progress obtained in a variety of works reported. Seven of
those chapters are based on published or submitted scientific papers. Two different
piezoelectric polymers were studied: PLLA and PVDF. Therefore the research on each

of those polymers is presented in a sequential way.

The chapter 1 shows the main objectives, structure and methodology of this work and
also refers to the literature review, where is given a general overview on the current

knowledge about piezoelectric biomaterials for tissue engineering applications.

The chapter 2 consists on the production of PLLA microfibers by electrospinning,
varying the applied potential, solution flow rate and collector conditions. PLLA fibers
with smoothly oriented and random morphologies obtained were characterized by SEM,

differential scanning calorimetry (DSC) and Fourier transform infrared (FTIR).

The PLLA fibers diameter was further reduced by the introduction of poly(ethylene
oxide) (PEO) polymer. This effect was presented in chapter 3. Also, the influence of the
PEO in the electrospinning process is discussed and the results are correlated to the
evolution of the PLLA fiber diameter. The PLLA degradation in phosphate buffer

solution (PBS) up to 20 weeks was also studied.

In the chapter 4, the local piezoelectric properties of the PLLA individual electrospun

fibers by piezoresponse force microscopy (PFM) are presented.

The chapter 5 presents the bioactivity of the produced PLLA fibers. PLLA electrospun
mats have been produced with random and aligned fiber orientation and different
degrees of crystallinity. The influence of these two factors was evaluated on the samples
hydrophobicity, adhesion, proliferation and differentiation of human chondrocytes

cultured in these substrates.

In the chapter 6 it is reported the production of PVDF. PVDF electrospun membranes
were obtained by electrospinning and the influence of the processing parameters on the
fiber morphology and fiber orientation and on the crystallinity and crystal phase
produced were studied. The local piezoelectric properties of individual electrospun

fibers were studied by PFM.
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On chapter 7, the influence of crystalline phase and the surface electrical charge of
electroactive PVDF films on the hydrophilicity, fibronectin absorption and biological

response in monolayer cell culture were evaluated with MC3T3-E1 osteoblast.

The chapter 8 focuses on the influence of the polarization of electroactive PVDF films
on the biological response of osteoblast cells cultivated under static and dynamic

conditions.

Finally, chapter 9 presents the overall conclusions and suggestions for future work.
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Tailoring the morphology and crystallinity of PLLA electrospun membranes

2.1 Introduction

Nanofibers can be produced by a variety of methods such as drawing, template
synthesis, self-assembly, wet spinning, electrospinning and phase separation [1].
However, most of these techniques cannot be upscaled, are specific to certain polymers
or cannot control the diameter and orientation of the fibers. Electrospinning has proven
to be an excellent method for the synthesis of thin fibers for a wide range of polymeric
materials. The electrospinning process was described by Formhals in the 1930s, and
was developed with the aim of commercializing textiles yarns [1]. This technique is
relatively versatile, simple, fast and efficient. Electrospun membranes have potential
biomedical applications such as scaffolds for tissue engineering, sutures, implants and

controlled drug delivery systems [2-4].

Poly(lactic acid) is one of the most commonly used biomaterials and exhibits a low
density, low processing power, elastomeric behavior, corrosion resistance and versatile
fabrication [5]. The use of PLA in the medical field has increased owing to its
biocompatibility, bioresorption, degradation, low toxicity and high mechanical

performance.

PLA is a linear polyester that exists in the form of two stereoisomers: poly(L-lactic
acid) and poly(D-lactic acid) (PDLA) and their racemic mixture is poly(D,L-lactic acid)
(PDLLA) [6]. PLLA is mainly used in biomedical applications. PLLA and PDLA are
semi-crystalline and PDLLA is an amorphous polymer [6-8]. The properties of PLA,
such as mechanical strength, crystallinity and melting temperature, are determined by
the polymer structure (which in turn is affected by the L and D ratio) and molecular
weight [9].

The most common stereoisomer, PLLA, crystallizes, depending on the conditions, in the
o-, B- or y- form. The a- form is the most common and stable polymorph. The a-form is
characterized by a 10; helical chain conformation where two chains belong to an
orthorhombic unit cell. The B-form is typically produced by stretching the o-form at
high drawing ratios and high temperatures. The y-form is produced by epitaxial

crystallization [6, 10-11].
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Several processing parameters affect the morphology and properties of electrospun
fibers. The most important ones are those corresponding to the initial polymer solution,
namely the solvent (its dielectric constant, volatility, boiling point, etc), the solution
concentration (which determines the viscosity) and the molecular weight of the
polymer (which must take into account polymer entanglement) [3]. Other important
parameters controlling the jet formation and solvent evaporation are the flow rate
through the needle, the needle diameter, the distance from the tip to the collector,
temperature, applied voltage, and the collection procedure (static or dynamic, i.e. the
use of a rotating drum collector). The rotating speed of the drum collector determines

the fiber diameter and orientation [12].

Several groups have reported the effect of electrospinning processing parameters on the
morphology of PLA fibers [13-16]. Tsuji et al. [13] found that the fiber diameter
decreases with increasing applied voltage. Tomaszewski et al. [14] studied the effect of
PLLA molecular weight and the viscosity of the spinning solution on the fiber
dimensions. Gu and Ren [15] investigated the effect of applied voltage and polymer
concentration on fiber diameter and found that the diameter increases with increasing
polymer concentration and decreases with increasing applied voltage. Zeng et al.
reported the effect of solution viscosity and electrical conductivity on the diameter and
morphology of fibers. A decrease in the fiber diameter and the formation of beaded
fibers were observed for low PLA concentrations in the spinning solution. However, an
increase in the electrical conductivity of the solution reduced bead formation [16].
Despite these studies, the control of electrospinning parameters to obtain fibers with the

desired morphology, crystallinity and molecular structure has yet to be achieved.

In this work, we studied the effect of the applied voltage, solution flow rate and
collecting procedure on the fiber characteristics and orientation. Furthermore, we
analyzed the development of microfiber crystallinity upon the annealing of PLLA
electrospun samples using DSC and FTIR.

2.2 Experimental

Materials: Purasorb PL18 PLLA, with an average molecular weight of 217.000-

225.000 g.mol™, was purchased from Purac and dissolved in a 3/7 vol/vol mixture of
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N,N-dimethylformamide (DMF, Merck) and dichloromethane (MC, Sigma-Aldrich) to
achieve a polymer concentration of 10 wt.% of the solution. The process was conducted

at room temperature using a magnetic stirrer until complete polymer dissolution.

Electrospinning: The polymer solution was placed in a commercial plastic syringe

(10 mL) fitted with a steel needle with 500 um inner diameter. Electrospinning was
conducted by applying a voltage between 12 and 25 kV with a PS/FC30P04 power
supply (Glassman). A syringe pump (Syringepump) tfed the polymer solution into the
needle tip at a rate between 1 and 8 mL.h™". The electrospun fibers were collected on a
grounded collecting plate (random fibers) placed 15 cm away from the needle. Oriented

fibers were produced using a grounded collecting drum of 20.3 cm.

Characterization: Electrospun fibers were coated with a thin gold layer using a sputter

coater (Polaron, SC502) and observed with SEM (JSM-6300, JEOL) at an accelerating

voltage of 20 kV. The mean fiber diameter and its distribution was calculated using

SEM image of a 40 fibers taken at 1000X magnification and Image J software [17].

FTIR measurements were performed at room temperature with a Perkin-Elmer
Spectrum 100 apparatus in the attenuated total reflectance mode from 4000 to 650 cm™.

FTIR spectra were collected by performing 32 scans with a resolution of 4 cm™.

The stability of the electrospun fiber mats was analyzed by DSC with a Perkin Elmer
Diamond setup. The samples were cut into ~2x2 mm™, 6 mg pieces, from the middle
region of the electrospun membranes, placed in 40 pl aluminum pans and heated
between 30 and 200 °C at a heating rate of 10 °C.min™". All experiments were performed
under a nitrogen gas flow. The glass transition temperature (Ty), cold-crystallization
temperature (Tcc), melting temperature (7,,), cold-crystallization enthalpy (AH¢c),
melting enthalpy (AH,,,) and degree of crystallinity (AX.) of all electrospun fiber mats

were evaluated.

2.3 Results and discussion

2.3.1 Processing parameters

Among the parameters affecting the fiber morphology and properties of electrospun

PLLA membranes, this work focuses on the effects of applied voltage, flow rate and
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collector conditions (stating or rotating). The effect of applied high voltage was
investigated while keeping the needle diameter constant at 0.5 mm, the flow rate at
4 mL.h™" and the travelling distance at 15 cm. The SEM pictures in figure 2.1 show the
effect of the applied voltage on the diameter of the electrospun fibers, as well as the

mean value + standard deviation of the diameter.

Figure 2.1 — SEM images of PLLA mats electrospun at a traveling distance of 15 cm, a needle
diameter of 0.50 mm, a flow rate of 4 mL.h"' and an applied voltage of a) 12 kV, b) 15 kV,
¢) 20 kV and d) 25 kV. The scale bar corresponds to 20 pm.

The diameter of the PLLA fibers ranges from 1.37 to 2.45 pm. It decreases when the
voltage is raised from 12 to 20 kV (figures 2.1 a) - ¢)) and increases at higher voltages
(figure 2.1 d)). The increase in fiber diameter with increasing voltage between 20 and
25 kV might be related to changes in the mass flow and jet dynamics [1, 15]. The mean
fiber diameters are smaller for the PLLA mats than for PLLA fibers prepared by
conventional solution-spinning (60 - 108 pm [18]) and melt-spinning methods (20 -
500 um [19]). A porous structure with a maximum pore size of ~ 60 um is created in

the PLLA electrospun mats.

Figure 2.2 shows SEM images of the samples obtained at 20 kV with a needle diameter

of 0.50 mm. The travelling distance was 15 cm and the solution feed rate was varied
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between 1 and 8 mL.h"'. The images reveal that the average fiber diameter increases
with increasing polymer feed rate from 1.03 pm at 1 mL.h™" to 1.91 um at 8 mL.h"". The

fibers have a smooth surface but contain numerous pores with a size larger than 30 um.

Figure 2.2 — SEM image of PLLA electrospun mats obtained at a traveling distance of 15 cm,
needle diameter of 0.50 mm, applied voltage of 20 kV and a flow rate of a) 1 mL.h™", b) 2 mL.h"
' ¢)4mL.h" and d) 8 mL.h"'". The scale bar corresponds to 20 pm.

The shape of the droplet on the hole of the electrode (steel needle tip) at the initial stage
of the electrospinning process was affect by several processing parameters such as
electrospinning voltage. Consequently, the resulting fiber morphology could be changed
from a typical cylindrical shape to a bead or string-of-pearls structure. The electric field
initiated the jet. Once the electric field is applied to the droplet of polymer solution at
the tip of the spinneret, the liquid surface is charged owing to the motion of the ions
through the liquid. At a high field, the electric force overcomes the surface tension and a
quasi-stable, straight and electrically charged jet is ejected [3, 20]. The balance between
the surface tension and the electric force determine the initial cone shape of the polymer

solution at the needle tip.
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2.3.2 Fibrils orientation using a rotating collector

Electrospun mats can be oriented using a rotating collector. The effect of the rotation
speed on fiber diameter and orientation is presented in figure 2.3, where the voltage was
maintained at 20 kV, the flow rate of 4 mL.h'l, the needle diameter at 0.50 mm and the
travelling distance at 15 cm. Figure 2.3 shows the PLLA fiber mats obtained by
electrospinning using a 20.3 cm drum collector, as well as the mean + standard

deviation of the fiber distribution.

Figure 2.3 — SEM images of PLLA nanofibers electrospun obtained at a traveling distance of
15 cm, a needle diameter of 0.50 mm, an applied voltage of 20 kV, a flow rate of 4 mL.h" and
a rotation speed of a) 500 rpm, b) 750 rpm, c¢) 1000 rpm, and d) 1500 rpm. The scale bar

corresponds to 20 pm.

The mean fiber diameter was larger at the lowest rotating speeds (500 and 750 rpm) and
the fiber orientation was partly random at these speeds. At higher rotation speeds
(1000 rpm), the fibers had a minimum diameter of the 0.86 um and were aligned in one
preferential direction; their pores were smaller and the structure more compact with
other samples. The fiber orientation had poorer alignment at 2000 rpm. The physical

mechanisms of electrospinning are still not well understood and some intuitive
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conjectures are given as follows. When the linear speed of the rotating drum surface,
which serves as a fiber collector, matches that of evaporated jet depositions, the fibers
are collected at the surface of the cylinder tightly in a circumferential manner, resulting
in good alignment. Such a speed can be called the alignment speed, and it is about
1000 rpm for PLLA. Randomly oriented fibers are collected at lower surface speeds, at
which the rapid caotic motion of the jet determines the deposition (figure 2.3 a) and b),
500 and 750 rpm, respectively) [21]. On the other hand, there is a limiting rotation
speed above which continuous fibers cannot be collected (figure 2.3 d), 1500 rpm). The
optimum rotation speed depends on the material used and the polymer concentration

[2, 12, 22-23].

2.3.3 Isothermal crystallization of electrospun mats

The thermal properties of electrospun PLLA were studied for an unoriented mat
obtained at an applied voltage of 20 kV, a traveling distance of 15 cm, a needle diameter
of 0.50 mm and a flow rate of 2 mL.h"'. However, the results and discussion can also be

applied to the samples obtained under other electrospinning conditions.

The deformation of the jet with rapid solidification during electrospinning often results
in a metastable phase [24]. In the case of PLLA, as it is a slowly crystallizing polymer
and because its glass transition temperature is above room temperature, the dry samples

collected at room temperature maintain a stable crystalline fraction.
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Figure 2.4 — DSC normalized thermograms of a PLLA sample electrospun at a traveling
distance of 15 cm, a needle diameter of 0.50 mm, an applied voltage of 20 kV and a flow rate of
2 mL.h". Scan 1 is the first heating scan, scan 2 was recorded after heating the sample to 65 °C
followed by cooling at 40 °C.min™" to 20 °C, and scan 3 was performed after cooling the sample

at 10 °C.min"" from 200 °C to 20 °C.

PLLA fibers electrospun from solution usually exhibit a cold-crystallization peak in
DSC heating scans [25-26]. Figure 2.4 shows three DSC heating scans performed on
electrospun PLLA samples. Scan 1 shows a normalized thermogram (heat flow divided
by sample mass and heating rate) recorded upon heating an untreated electrospun mat at
a rate of 10 °C.min"". A strong endothermic peak is observed at 59 °C and corresponds
to the glass transition in PLLA. This peak can be ascribed to the recovery of the
enthalpy of the sample, which was stored at room temperature (approximately 30 °C),
1.e. below T,, and therefore subjected to physical ageing. The second scan was recorded
after heating the sample to 65 °C (slightly above the glass transition temperature) and
rapidly cooling it to 20 °C. The glass transition peak is hardly apparent in this case since
physical ageing is erased by the first scan. Cold crystallization started immediately
above the glass transition temperature in scans 1 and 2 and corresponds to the broad
exotherm in the range of 65-120 °C with a minimum at 85 °C. Melting takes place
between 120 and 160 °C. The crystallinity degree of the electrospun mats was calculated

using the following equation:
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ax. =22 x99 (Eq. 2.1)

c 0
m

Here AH is the area under the thermogram between 65 and 160 °C (the baseline for
integration is shown in figure 2.4) and AHJ, is the enthalpy of melting for a fully
crystallized PLLA sample (93.1 J.g"' [27]). The calculation reveals that electrospun
fibers are nearly amorphous because the area between the thermogram and the
integration baseline is zero within the accuracy of the integration. From the area of
melting peak between 120 and 160 °C, the maximum degree of crystallinity produced in
the sample during the heating scan after cool crystallization was estimated as 30%. The
third heating scan, scan 3, was recorded after cooling the sample from 200 to 20 °C at a
rate of 10 °C.min™". As for the first scan, the total enthalpy of the exothermic and
endothermic peak is zero within the measurement accuracy, indicating that PLLA did
not crystallize from the melt at the cooling rate of 10 °C.min”, in agreement with
previous experiments [29]. Interestingly, cold crystallization in scan 3 is shifted by
more than 40 °C towards higher temperatures with respect to scans 1 and 2, and the
minimum of the exothermic peak is located at approximately 130 °C. The maximum
crystalline fraction produced by cold crystallization during the heating scan is 17%, as

evaluated by the area under the melting peak.

The differences between the thermograms corresponding to scans 1 and 3 suggest the
existence of different conformations of the polymer chains at the beginning of the scans.
The temperature range of cold crystallization in scan 1, immediately above the glass
transition temperature, indicates that numerous crystal nuclei were already present in the
glass [28-29]. The presence of these nuclei can be related to nonequilibrium chain
conformations imposed by the electrospinning process that were frozen upon the
evaporation of the solvent. The similarity between scans 1 and 2 in terms of the cold-
crystallization peak shows that nucleation is not due to physical ageing, which can
create crystal nuclei [29, 31]. During scan 1, PLLA crystallizes, melts and finally
stabilizes at 200 °C with equilibrium chain conformations which are then preserved
upon fast cooling to the glassy state. The cold crystallization of the PLLA initially in

this conformation is clearly slower than in the electrospun mat.
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No significant difference was found in the value of AC,=0.39 J.g" .K™' between scans 2
and 3. In both cases, the sample was nearly amorphous when the glass transition

occurred.
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Figure 2.5 — Crystalline fraction of electrospun samples annealed at different temperatures.

The development of crystallinity in the electrospun mats was further studied by
annealing them between the glass transition temperature and 140 °C for up to 48 h. The
samples were heated to the crystallization temperature in an oven, quenched to room
temperature and then transferred to the DSC setup and subjected to a heating scan at
10 °C.min™" from room temperature to 200 °C. Figure 2.5 shows the crystalline fraction
of the sample measured by DSC. Samples subjected to annealing at temperatures above
90 °C or for longer than 1 h did not exhibit a significant cold-crystallization exotherm
during the DSC heating scan. The crystalline fraction rapidly increases in the first few
minutes of annealing, as expected from the heating scan. For instance, after only 2 min
of annealing at 140 °C, crystallinity reaches 31%, whereas the maximum value for this
temperature is 49%. This result indicates that numerous nucleation centers are present in
the electrospun mat that grows simultaneously upon heating. This behavior is further
confirmed by the fact that PLLA films, obtained by casting from the solution used for
electrospinning and subjected to brief annealing at a low temperature, develop much
lower crystallinity than the electrospun mats. For instance, annealing at 90 °C for 1 h
yields an electrospun mat with 27% crystallinity, whereas the crystalline fraction of the

films subjected to the same treatment is only 9%. The total crystalline fraction after
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prolonged annealing at a high temperature does not significantly differ for electrospun
mats and PLLA films, whereas the distribution of crystal sizes is different since the
melting peaks are broader and shifted towards low temperatures for the electrospun mat

with respect to the film, as can be observed in figure 2.6.
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Figure 2.6 — Melting peaks of a PLLA film (black line) and an electrospun mat annealed at
140 °C for 48 h.

The effect of the high crystalline fractions obtained by isothermal treatment on the
properties of the electrospun fibers should be significant. Although characterization of
the mechanical properties of the electrospun mats is beyond the scope of this work,
SEM images taken before and after annealing (figure 2.7) show that highly crystalline
fibers become fragile and break spontaneously during isothermal crystallization. This
can be attributed to the fiber contraction induced by crystallization and the release of
internal residual stresses generated during processing. Figure 2.7 a) shows an image of
an untreated electrospun mat, in which PLLA is amorphous. No apparent change can be
observed in figure 2.7 b), which corresponds to a sample annealed at 70 °C for 48 h with
X. = 30%. On the other hand, in the sample crystallized at 140 °C (figures 2.7 ¢) and

2.7 d)) some fibers are broken and others have a rough surface.
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Figure 2.7 — SEM image of PLLA mats electrospun at a traveling distance of 15 cm, a needle
diameter of 0.50 mm, an applied voltage of 20 kV and a flow rate of 2 mL.h": a) as-produced,
b) crystallized at 70 °C for 48 h, ¢) and d) crystallized at 140 °C for 48 h. The scale bar

corresponds to 5 um in a)-c) and to 0.5 um in d).

2.3.4 Phase content

Previous studies have identified specific infrared absorption bands that are characteristic
of the vibrations of certain molecular groups of PLA in a given crystalline phase
(table 2.1). Thus, the evolution of the infrared spectra can be used to monitor the
development of crystallinity in this polymer. Whereas some vibration frequencies have
fixed frequencies, others shift significantly between the amorphous and crystalline o

and o’ forms.

In this work we followed the evolution of the FTIR transmission spectra after annealing
between 40 and 140 °C for up to 48 h, that is the same thermal treatment as that in the
DSC experiments. Figure 2.8 (and, in more detail, figure 2.9) shows the spectra after
48 h annealing at different temperatures. As can be seen in figure 2.5, the crystalline

fraction continuously increases with increasing annealing temperature.
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Figure 2.8 — FTIR transmission spectra of PLLA electrospun scaffolds before and after

annealing at the indicated temperatures for 48 h.

The FTIR spectrum of the as-produced samples does not depend significantly on the
electrospinning conditions. The effect of the applied voltage, flow rate and microfiber
orientation was systematically studied, and in all samples the infrared spectrum
corresponds to that of amorphous PLLA, in good agreement with the DSC results. In
particular, it is worth noting the absence of the absorption band at 921 cm™. PLLA
crystallizes into the o-form with the distorted 103 helix conformation from solution or
melt. Kang et al. reported that the 921 cm™ absorption band is characteristic of the a-
crystals [30], associated with the transition moment perpendicular to the chain axis, to
the CHj3 rocking mode combined with a minor contribution from the C—COO and O—CH
stretching modes of the a-crystals [31]. The characteristic band of the PLLA 3 crystal at
908 cm is absent in our spectra [32-33], suggesting that p PLLA does not form after

electrospinning or after subsequent annealing (figure 2.9 a)).
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Table 2.1 — Literature review of the relevant infrared bands associated with different phases of

PLLA.

IR frequency
1 Phase form Assignment Ref. No.
(cm
860 Amorphous [30]
871 o [11,30]
908 B [37]
Coupling of the C-C [11,30,37]
921 o backbone stretching with the
CHs; rocking mode
955 Amorphous [11,30,37]
1044 Amorphous, o’ and .~ v(C-CH3) [38,39]
1053 o v(C-CHa) [6,38]
1092 o’ and o vs(C-0-C) [38]
1107 o’ and o [38]
1134 Amorphous, o’ and o 1rs(CHs3) [38,39]
1183 Amorphous, o’ and o Vas(C-O-C)+r,5(CH3) [38,39]
1213 o’ and a Vas(C-O-C)+r,(CH3) [38]
1222 o Vas(C-O-C)+r,5(CH3) [6,38]
1268 Amorphous V(CH)+ v(COC) [39]
semicrystalline
1302 Amorphous C-H stretching [11]
1360 Semicrystalline ?lggn}(li)iilg) CH  wagging [39]
S(CH), CH wagging [39]
1363 Amorphous (lgen d)ing) EEINE
1368 Semicrystalline ?égrg)ihg) CH  wagging [39]
1382 o 84(CHs) [6,37]
1386 o’ eo 8s(CH3) [37]
1387 Amorphous 8s(CH3) [37]
1444 o das(CH3) [30,37]
1454 Amorphous 84s(CH3) [30,37]
1457 o’ and o 8as(CHs) [30,37]
1749 o v(C=0) [6,37,38]
1757 Amorphous v(C=0) [37]
1759 o v(C=0) [37]
1761 o’ v(C=0) [37]
2945 Amorphous vs(CH3) [37]
2946 o’ and o vs(CH3) [37]
2964 o vs(CHs) [6,37]
2995 Amorphous vs(CH3) [37]
2997 o’ and o Vas(CH3) [37]

3006 o Vas(CH3) [6,37]
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As shown in figure 2.9 a), the increase in the crystallization degree is accompanied by a
change in the shape of the absorption band between 840 and 880 cm™. The 860 and
871 cm™ bands, respectively, ascribed to the skeletal stretching and CHs rocking of
amorphous and crystalline (o) phases, overlap in this range [34]. With increasing
annealing temperature, and thus increasing degree of crystallinity, the peak shifts to
higher frequencies and significantly narrows as expected for crystal formation. Similar
changes occur in the region of the v,(C-O-C) + 1,5(CH3) modes in the amorphous phase
and in the o’ and o crystals (figure 2.9 b)), although the changes in the 955 cm™ band,

corresponding to the amorphous phase are less clear.
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Figure 2.9 — FTIR transmission spectra of PLLA electrospun scaffolds before and after

annealing at the indicated temperatures for 48 h.

The evolution of the infrared spectrum with annealing time follows similar trends.
Figure 2.10 a) shows the appearance of the 921 cm™ band and the shape change of the
840 and 880 cm™ bands, which is consistent with the increasing degree of crystallinity.
Figure 2.10 b) illustrates the changes in the region of the C=0 stretching band (1800—
1700 cm™), where the sift to higher frequency corresponds to the increasing
crystallization. In summary, we can conclude that the crystallization of our samples is

due to the presence of a-crystals in the mats.
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Figure 2.10 — FTIR transmission spectra of PLLA electrospun scaffolds before and after

annealing at 70 °C for the indicated times.

2.4 Conclusions

The fiber morphology of electrospun PLLA mats can be controlled by changing process
parameters such as the applied voltage, feed rate and the collector system. Moreover,
the degree of crystallinity of electrospun fibers can be easily tailored to between 50%
and 0%, i.e. amorphous fibers. Samples with the highest crystallinity are fragile and

spontaneously break during crystallization.

Random nanofibers were obtained on a plate collector, while oriented nanofibers were
collected using a 20.3 cm diameter drum. The optimum fiber alignment was observed
for a rotation speed of 1000 rpm, and for higher and lower drum rotation speeds, the
rapid chaotic motion of the jet resulted in randomly oriented fibers. The deformation of
the jet deformation with rapid solidification during electrospinning often results in a
metastable phase. PLLA electrospun scaffolds are nearly amorphous but are highly
nucleated. Crystals rapidly grow when the electrospun mat is heated to 70-140 °C.
Infrared transmission measurement suggests that the processing did not affect the PLLA
samples at a molecular level and that the development of crystallinity in the samples

after thermal annealing is due to the presence of the a-crystals in the electrospun mats.
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3. Fabrication of poly(lactic acid)-poly(ethylene oxide)

electrospun membranes with controlled micro to

nanofiber sizes
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This chapter is based on the following publication: C. Ribeiro, V. Sencadas, C.
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acid)-poly(ethylene oxide) electrospun membranes with controlled micro to nanofiber
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PLLA-PEO electrospun membranes with controlled micro to nanofiber sizes

3.1 Introduction

When the average diameter of polymer fibers are shrunk from micrometers to
nanometers, there appear several interesting characteristics such as larger surface area to
volume ratio, flexibility in surface functionalities and superior mechanical properties,

when compared to any other known form of the material [1-2].

It has been found that morphological characteristics such as fiber diameter and the
uniformity of the electrospun polymer fibers are dependent on parameters such as

processing conditions, solution properties and environmental conditions [2].

Electrospinning has proven to be an excellent method for the synthesis of submicron- or
nano-fibers from polymer solutions for a wide range of polymeric materials. The
electrospinning process was described by Formhals at the beginning of the 1930s,
towards the commercialization of textiles yarns [3]. This technique is relatively
versatile, simple, fast and efficient. Electrospinning membranes have attracted interest
to be used in biomedical applications, such as scaffolds for tissue engineering, sutures,
implants and controlled drug delivery systems, but also in other applications including
filtration, sensors, batteries, cell phones and for chemical warfare protection, among
others. [4-6]. In all these applications fiber diameter and membrane porosity are among

the key factors defining membrane performance.

Several processing parameters can influence the morphology and properties of the
electrospun fibers. The most important ones are those corresponding to the initial
polymer solution, the solution concentration and the molecular weight of the polymer
[5]. Moreover, the parameters that control the jet formation and solvent evaporation are
the flow rate through the needle, the needle diameter, distance from the tip to the
collector, temperature, applied voltage, and the collection procedure, static or dynamic,

using a rotating drum collector [7].

PLLA is a biodegradable polyester that has been used as a biomaterial for temporary
therapeutic applications, controlled drug release, support for cell culture and tissue
engineering. Its degradation by simple hydrolysis of the ester backbone in aqueous
environments such as body fluids makes it a good candidate for the implementation of

temporary applications.
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There are several works showing the effect of the electrospinning processing parameters
on the morphology of PLLA fibers [7-10]. Tsuji et al. found that the fiber diameter
decreases with increasing applied voltage [8]. Tomaszewski et al. studied the effect of
PLLA molecular weight and viscosity of spinning solutions in fiber thickness [9]. Gu
and Ren investigated the influence of applied voltage and polymer concentration on
fiber diameter, and found that fiber diameter tended to increase with increasing polymer
concentration and decreases with increasing applied voltage [10]. The influence of
solution viscosity and electrical conductivity on fiber diameter and morphology was
also investigated [11]. It was found that by reducing the PLLA concentrations in the
solution the fiber diameter decreases but, on the other hand, the formation of beaded
fibers was observed. The formation of beads can be reduced nevertheless by increasing

the electrical conductivity of the solution.

Despite these efforts, the precise knowledge for controlling the electrospinning
parameters in order to obtain fibers with the desired morphology, crystallinity and
molecular structure is still lacking, in particular in the case that nanosize fibers are to be

obtained.

The processing of an inorganic nanocomponent or polymer into another kind of
polymer or inorganic matrix by using electrospinning has been also studied by several
authors [12]. By co-electrospinning of two components that can be dissolved in a
common solvent, composite nanofibers can be obtained after the solvent evaporation.
The basic idea is to synthesize composite nanofibers allowing to provide new properties
to the composite materials or to control the fiber morphology [12]. Several studies
prove that it is possible to control the morphology of the composite nanofibers by
proper understanding the electrospinning process. As an example, Jing and coworkers
prove to obtain core/shell nanofibers of poly(ethylene oxide)/poly(ethylene glycol)-
poly(l-lactic acid) (PEO/PEG-PLA) by electrospinning [13]. It was observed that the
polymer with higher viscosity moves into the center of the electrospun fibers and the
component with lower viscosity is located outside. Additionally, as solvent evaporation
is fast, the formation of core/shell fibers occurs in blend system with high molecular
mobility. In this way, polymer blends with lower molecular weight tend to form
core/shell fibers rather than a co-continuous structure, as a result of their higher

molecular mobility [14].
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Poly(ethylene oxide) is a semi-crystalline hydrophilic polymer with high potential for

biomedical applications, due to its good biocompatibility and low toxicity.

Miscibility and phase separation of PLLA and PEO have been studied by several
authors [15-18]. It was found that melting point reduction of both PLLA and PEO
polymers occurs, in particular at PEO contents below 0.2 weight fraction. It was also
suggested that the inclusion of the two polymer molecules occurs in the amorphous state
[18]. Nakafaku studied the melting and crystallization behavior under pressure,
assuming its semi-miscible behavior. However, it is claimed that the melting and
crystallization behavior under different synthesization parameters is different depending

on the molecular weight of the PLLA and PEO [19].

Although the influence of the parameters of the electrospinning process on fiber
diameter has been well analyzed in PLLA, the information on the conditions required to
obtain ultra-fine nanofibers is scarce yet. In this work, PLLA and PEO blends were
prepared by electrospinning in order to achieve PLLA membranes with nanosize fibers.
The influence of the PEO in the blend electrospinning process is discussed, and the
results are correlated to the evolution of the PLLA fiber diameter. The selective removal
of PEO by water gives origin to smaller fiber diameter and to increased porosity of the
membranes in comparison to the PLLA membranes obtained under the same
electrospinning conditions. This study shows therefore an easy route to obtain

nanosized fiber PLLA porous membranes with large application potential in the

biomedical field.

3.2 Experimental

Materials: PLLA with a average molecular weight of 217.000 — 225.000 g.mol”,
Purasorb PL18 (Purac) and PEO with an average molecular weight of 100.000 g.mol
(Polysciences) were dissolved in a mixture of DMF (Merck) and MC (Sigma-Aldrich)
(3/7 vol/vol) to achieve a polymer concentration of 10 wt.% of the total solution. The
PLLA/PEO blends used in this work contained 75% and 50% by weight respectively of
PLLA. The polymer blend was dissolved at room temperature in a magnetic stirrer until

complete polymer dissolution.
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Electrospinning: The polymer solution was placed in a commercial plastic syringe

(10 mL) fitted with a steel needle with 500 pm of inner diameter. Electrospinning was
conducted at 20 kV with a high voltage power supply (Glassman, model PS/FC30P04).
A syringe pump (Syringepump) was used to feed the polymer solution into the needle
tip at rate between 2 mL.h". The electrospun fibers were collected in a ground

collecting plate (random fibers), placed at 15 cm from the needle.

Characterization: Electrospun fiber samples after and before PEO removal in water

were coated with a thin gold layer using a sputter coating (Polaron, model SC502
sputter coater) and their morphology was analyzed using a SEM (model JSM-6300,
JEOL) with an accelerating voltage of 5 kV. The nanofibers average diameter and its
distribution was calculated over approximately 50 fibers using de SEM image (5000X
magnification) and the Image J software [20]. A scanning probe microscope (Model
5500, Agilent) was employed for the atomic force microscopy (AFM) analysis of the

samples before and after PEO removal.

FTIR measurements were performed at room temperature in a Perkin-Elmer
Spectrum 100 apparatus in attenuated total reflection (ATR) mode from 4000 to 650

cm™. FTIR spectra were collected with 32 scans and a resolution of 4 cm’.

The thermal behavior of the electrospun fiber mats was analyzed by DSC
(measurements with a Perkin Elmer Diamond DSC apparatus). The samples were cut
into small pieces from the middle region of the electrospun membranes, placed into 40
ul aluminum pans and heated between 30 and 200 °C at a heating rate of 10 °C.min™".

All experiments were performed under a nitrogen purge. Ty, T¢c, T, AHce, AHy, and

AX of all electrospun samples were obtained.

Thermogravimetric analysis (TGA) was carried out in a Perkin-Elmer Pyris-1 TGA

apparatus from 30 to 700 °C at 20 °C.min"' under a nitrogen atmosphere.

Due to the porous nature of the membrane, which is fully opened and interconnected, a
suitable method to estimate the porosity of the samples is the pycnometer test. In this
work, and due to nature of the polymers used (PEO is water soluble), the porosity of the
samples were measured by an improved weight-method. The weight of the pycnometer,
filled with ethanol, was weighted and labeled as W1; the sample, whose weight was Ws,
was immersed in ethanol. After the pores of the membranes were saturated by ethanol,

additional ethanol was added to complete the volume of the pycnometer. Then, the
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pycnometer was weighted and labeled as W2 and the sample filled with ethanol was
taken out of the pycnometer. The residual weight of the ethanol and the pycnometer was

labeled. The porosity of the scaffold was calculated according to

£ = WZ_W3_W5

— (Eq.3.1)

The porosity of each membrane was obtained as the average of the values determined in

three samples.

Hydrolytic degradation: In vitro degradation of PLLA fibers with initial crystallinity of
0, 20, 30 and 45% and fiber size of 235 + 58, 583 + 225 and 1883 + 363 was carried out

in PBS. The samples were cut into squares of 15 x15 mm? (triplicate samples were used
for statistical purposes), immersed in 15 mL of PBS (pH 7.4; 0.8 g NaCl; 0.2 g KCI;
1.44 g Na,HPO4.2H,0 and 0.2 g KH,PO4 dissolved in 1L of distilled water) and
incubated in an air circulation oven (HERAEUS Vacuotherm) at 37 °C over 20 weeks.
The pH of the PBS solution was measured and renewed every 48 h. After various
periods of degradation one of the membrane samples was removed from the PBS,
washed with deionized water and dried in a vacuum oven (JP SELECTA
(VacuoTherm)) at 30 °C for 48 h. DSC, SEM and gel permeation chromatography
(GPC) -(Waters 1525 Binary HPLC pump, 4 columns Styrage/® HRITHF 7,8X300mm
Waters HPLC) performed at 35 °C with tetrahydrofuran as solvent, using a refractive
index detector (Waters 2414)- was performed after 2, 14 , 28 and 140 days.

3.3 Results and discussion

3.3.1 Scanning electron microscopy

Electrospinning of PLLA generally results in fibers with diameters in the range between
0.6 — 6.0 um, depending on the variation of the selected processing parameters [21].
Ultra-fine nanofibers with average diameter lower than 100 nm are obtained using a

mixture of solvents like dichloromethane/pyridine [2].

A quite high number of parameters have influence in the electrospinning process and

any study must fix some of them [1, 22]. In this work, solutions of PLLA and PEO in a
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blended solution of MC and DMF has been used. The high polarity of the DMF
facilitates the fiber formation while the high volatility of the MC allows a quick
evaporation from the fiber, maintaining the integrity of the fiber during the traveling

from the tip of the needle to the target.

Once the PLLA-PEO membranes are obtained, PEO was removed by immersing the
membranes in deionized water. After 24 h, the samples were dried at 40 °C until they
reach a constant mass. The PEO was in this way fully removed from the PLLA-PEO
electrospun fiber mesh, which is accompanied by a mass reduction of 25 and 50% of the
membrane, respectively. Figure 3.1 shows the SEM images of the obtained membrane
for the PLLA-PEO samples with 50 and 75% of PLLA, before the PEO removal, and
the respective fiber diameter distribution. It is observed that all fibrils present a very

smooth surface and that the obtained membranes are very porous.

From figure 3.1, it is possible to observe that the amount of PEO in the sample strongly
influences the fiber distribution in the electrospun mesh. For the sample with 75% of
PLLA and 25% of PEO, the fiber average diameter was 447 + 115 nm (figure 3.1 c))
and d)), but for the sample with 50% of PLLA and 50% of PEO a reduction of the fiber
average diameter to 262 = 70 nm (figure 3.1 a) and b)) was observed. The samples
obtained under the same processing conditions for pure PLLA sample has an average

fiber diameter of 1000 nm + 300 nm, as can be observed in figure 3.2.
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Figure 3.1 — Morphology of the PLLA-PEO membranes before PEO removal: a) SEM image of
the sample with 50% of PLLA, b) Fiber distribution for the 50/50 PLLA-PEO membrane,
¢) SEM image of the sample with 75% of PLLA sample, d) Fiber distribution for the 75/25
PLLA-PEO scaffold.
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Figure 3.2 — PLLA membrane obtained for the pure polymer by electrospinning at 20 kV with a

0.5 mm inner diameter needle placed at 15 cm from the collector.
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This decrease of the nanofiber diameter with increasing PEO leads to the conclusion
that the critical electric field needed to start the Taylor cone and consequently the
polymer jet for the PLLA and PEO are not the same, being smaller for the PEO
polymer. Therefore, the influence of the applied voltage on both polymer chains is not

the same.

The electric field is the drive motor to the jet initiation. In general, once the electric field
is applied on the droplet of the polymer solution at the tip of the spinneret, the liquid
surface becomes charged due to the motion of the ions through the liquid. When the
electric field is high enough such that the electric force overcomes the forces associated
to the surface tension, a quasi-stable, straight and electrically charged jet is ejected [1,
22]. The balance between the surface tension and the electric force is critical to
determine the initial cone shape of the polymer solution at the needle tip. It was
observed in our samples that the diameter of the nanofibers for the solution with PLLA

polymer is larger than for the PLLA-PEO blend solution.

The mechanisms behind the electrospinning technique are not well understood in detail
so far and some intuitive conjectures are given as follows to explain the observed facts.
In the case of the PLLA-PEO electrospun nanofibers, the critical electric field at which
the repulsive electrostatic forces overcome the surface tension are not the same for both
polymers. The discharge polymer solution undergoes instability and elongation process,
which allows the jet to become very long and thin and, in this stage, is the elongation of
the PEO in the solution that stretches the PLLA present in the solution, giving origin to
PLLA nanofibers with smaller diameter for the membranes with higher PEO content

(figures 3.1 and 3.2).

Another explanation for the significant reduction on the fiber diameter is related to the

viscosity of the solution that decreases in the presence of the PEO [15-16].

After removal of the PEO from the polymer mesh by immersing the scaffold in water,
the fiber distribution, morphology and geometry was characterized by SEM, and the

results are shown in figure 3.3.

It was observed that for the case of the PLLA-PEO electrospun polymer blend the
average diameter of the nanofibers decrease in both cases after removal of the PEO,
being more pronounced for the 75/25 PLLA-PEO polymer blend. The average diameter
found for the samples with 75/25 of PLLA-PEO suffer a reduction from 447 £ 115 nm
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to 353 = 80 nm, and for the 50/50 PLLA-PEQ, that reduction was not so pronounced,
and the average diameter of the nanofibers decreased from 262 + 70 nm to 235 + 58 nm
(figure 3.3). The fact that the average fiber diameter decreases more for the fibers with
lower PEO content shows that in this case lager amounts of PEO are located at the
surface of the fibers than in their interior. Therefore, a complete random distribution of
PLLA and PEO all along the fiber is not observed. Due to the semimiscible nature of
the polymers [9], for larger PLLA contents, phase separation is more provable to occur
and due to the lower relative density of the PEO in the solution it is drag to the fiber
surface. This process cannot take place completely before solvent evaporation in the
PLLA-PEO solution with 50% of each phase, where a more random polymer
distribution all along the fibers are obtained, with larger amounts of PEO located at the

interior of the fibers.
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image of the membrane with 75% PLLA, d) Fiber distribution for the 75/25 PLLA-PEO

membrane.



54

Chapter 3

In order to understand the influence of the PEO on the PLLA electrospun fibrils, the
topography of the samples was characterized by AFM (figure 3.4). It can be observed
that the electrospun fibers of the PLLA-PEO blend are quite smooth (figure 3.4 a)), but
on the other hand, after PEO removal, the presence of higher roughness and porosity
indicates that when processed, PLLA and PEO crystallizes along the nanofiber in a
random distribution, and after water dissolution of the PEO polymer from the
membrane, the volume occupied by this one gives rise to small pores distributed along
the fiber structure, resulting therefore in a higher roughness of the electrospun PLLA

remaining fibers.

X =20 m -
Y =20pum
Z=3992nm

Figure 3.4 — AFM topographic surface images of the PLLA-PEO (50/50) sample: a) before
PEO removal and b) after PEO removal in water for 24 h.

Finally, the porosity of the membranes was calculated according to equation 3.1 and the

results are presented in table 3.1.

Table 3.1 — Porosity of the PLLA-PEO samples for different PEO contents before and after

PEO removal.

PEO Amount | Porosity before PEO Removal | Porosity After PEO Removal
(“e) (%e) (“o)
0 66 £ 3 -
25 70 £3 75+3
50 71+3 79 + 4
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The electrospun mats of the PLLA with PEO have similar porosity than the one found
for the pure PLLA polymer membrane. Just a slight increase of the porosity is observed
for the PLLA-PEO membranes, when the PEO was removed. These facts support that,
despite larger amounts of PEO are at the surface of the fibers for the PLLA-PEO 75/25
samples, as the fiber average diameter decreases more than in the 50/50 membranes,
basically a random distribution of PEO and PLLA along the fibers is observed. Other
ways, larger diminution of the fiber diameter and increase of the fiber porosity will

occur by removing the relatively large quantity of PEO material from the membranes.

3.3.2 Thermal behavior

Figure 3.5 shows the thermo-gravimetric analysis for the pure PLLA, PEO and blends.
For the pure materials, as expected, one single degradation process was observed. The
degradation of PEO occurs at higher temperatures when compared to pure PLLA. In the
case of the polymer blends, two main degradation processes were observed. The first
one was due to the PLLA and the second one to the PEO thermal degradation processes,
respectively (figure 3.5). It was also observed that the blends have less thermal stability
than the pure PLLA and the 7, of the blends occurs at lowest temperatures when
compared to the pure polymers. It is also noticed that the increase of the PEO content in

the polymer blend decreases the 7, of the blend (figure 3.6).
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Figure 3.5 — a) TGA data for pure PLLA and PEO samples, as well as for the PLLA-PEO and
b) DTG curves for the obtained scaffolds.
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Figure 3.6 — Evolution of the 7, for the PLLA-PEO blends.

The jet instability and deformation with fast solidification during the electrospinning
process often results in a meta-stable phase [23]. Since PLLA is a slowly crystallizing
polymer and its glass transition temperature is above room temperature, the samples
collected at room temperature maintain a stable crystalline fraction. As mentioned in the
literature [24-25], PLLA electrospun fibers from solution usually exhibits a cold-
crystallization peak in DSC heating scans performed at 10 °C min™. Figure 3.7 shows
the first run of the DSC heating scans performed on electrospun PLLA, PEO as well as

for the electrospun blends.

In figure 3.7, the endothermic peak of PEO appears at about 56 °C. One method to
evaluate the miscibility of the polymers in the blend is the measurement of the variation
of 7, with the change of the weight fraction of the blend. The glass transition
temperature in the miscible amorphous polymer blend changes continuously between
the 7, temperatures of the polymer components. In the case of the immiscible pair of
blends, two glass transition temperatures appear separately due to the mixed polymers,
and they not change with the weight fraction [26]. In this polymer blend, the 7, of the
PLLA appears in the same temperature range and the variations of the glass transition
temperature of the PLLA with the weight faction is very difficult to detect, as it can be

observed in figure 3.7 a).



PLLA-PEO electrospun membranes with controlled micro to nanofiber sizes

a) T T T T b)
PLLA-PEO (75/25)
= % =
£ | = E
e | g
. PLLA-PEO (50/50) .
| N i %
30 60 9 120 150 180 30 4 60 75 % 105
Temperature / °C Temperature / °C

Figure 3.7 — DSC normalized thermograms of: a) electrospun PLLA and blend samples and

b) first heating scan of the pure PEO mesh.

T, of the PEO appears at about - 60 °C and the changes in the 7, of the PEO should be
detected. Nakafuku [18] showed that the 7, of the PEO increase slightly with the
decreasing of the weight fraction of the PEO, but the increasing rate was very small,
much smaller than the value that could be predicted using Fox equation. The authors

concluded that PLLA and PEO molecules are semimiscible [18].

The melting peak of the PLLA and PEO appears in the blends but the re-crystallization
peak of the PLLA only is clearly observed in the PLLA-PEO (50/50) blend during
heating. The temperature corresponding to the peak of the melting of the PLLA in the

blends is quite similar to the one observed to the pure PLLA.

In pure PLLA, a large overshot can be observed in the region of the glass transition,
around 54 °C. This endothermic peak can be ascribed to the recovering of enthalpy of
the sample stored at room temperature, around 30 °C below 7, and thus subjected to
physical ageing. The effect is also observed in the blends by a small peak that appears at
low temperature just before the melting temperature of the PEO and is more pronounced
for the blend with 75% PLLA. The melting temperature of the PEO in the blends
slightly increases with increasing amount of PEO present in the sample. Some authors
attribute this effect to morphological effects (lamellar size effects) [18]. They point that
the crystallization of the PEO is hindered by the PLLA molecule, because it is possible
that the PEO crystallize between the lamellae of the crystallized PLLA.
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3.3.3 Infrared spectra

Infrared measurements do not reveal any new vibrational modes or significant shifts of
the peak frequencies with respect to the characteristic absorption bands of the pure
components of the blends, what still supports the phase separation of the two polymers

in the blend.

FTIR spectra show that the PLLA-PEO membranes are composed by almost amorphous
PLLA nanofibers and by high crystalline PEO electrospun nanofibers, in good
agreement with DSC results and the morphology variations of the fibers after PEO

removal.

The absence of the absorption band at 921 cm™ in pure PLLA reveals that the polymer
crystallizes into a-crystals with the distorted 103 helix conformation from solution or
melt. Kister et al. reported that an absorption band at 921 cm™ is characteristic of the a-
crystals [27]. Kang et al. assigned this vibrational band associated to the transition
moment perpendicular to the chain axis to the CH; rocking mode combined with a
minor contribution from the C—COO and O—CH stretching modes of the a-crystals [28].
In our membranes there is a lack of the characteristic band of the PLLA B crystal at
908 cm™' [29-30], which reveals the nonexistence of this kind of crystalline structure
neither in the samples as obtained by electrospinning of the pure PLLA nor in the

PLLA-PEO electrospun blends (figure 3.8).

After removal of the PEO polymer from the blend by immersing the scaffold in water
for 24 h the infrared spectra of the sample only present the characteristic absorption
bands of the PLLA, without any distinctive absorption band of the PEO polymer, which
is in agreement with the thermal results, showing the poor miscibility of the PLLA and

PEO and that the PEO is completely removed from the samples.
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Figure 3.8 — Detail of FTIR spectra in the 650-2000 cm™' region for the pure PLLA and for the

PLLA-PEO blend membranes.

3.3.4 Hydrolytic degradation

The influence of morphology, fiber diameter and degree of crystallinity on the
degradation of the obtained PLLA membranes was studied by placing the samples in
PBS at 37 °C over 20 weeks and evaluating regularly the variation of the sample

characteristics.

The average fiber diameter of the membranes and the degree of porosity were measured
at different hydrolytic degradation periods in order to study the effect of the swelling in
the PLLA material. The porosity of the electrospun PLLA membranes remained
unchanged during the thermal annealing process performed to obtain the desired
crystalline fractions. As a general trend, a slight increase of the average fiber diameter is
observed for the electrospun PLLA samples with increasing degradation time, this
effect being independent of the degree of crystallinity of the samples. With respect to
the average porosity, a decrease is observed in all samples and the decrease is larger for
the samples with smaller mean diameter (& = 235 nm), where the porosity decreases
almost 30% (from 79% before degradation to 48% after 20 weeks hydrolytic
degradation). For the samples with higher average fiber diameter, just a slight decrease

of the porosity is observed (Table 3.2).
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Table 3.2 — Evolution of average fiber diameter and porosity for the samples after 20 weeks

hydrolytic degradation.

Porosity prior

Porosity after

Fiber diameter prior to Fiber diameter for 20 20 weeks
to degradation
degradation (nm) weeks (nm) %) degradation
o
(“o0)
AX=0% and AX=0% and
AX=0% AX=45% AX=0% AX=45%
45% 45%
235+70 315+55 321+76 353+90 79 48
583 +225 737+146 703 +139 826 + 203 66 52
1883 +363 18591330 1844+588 2133 +453 66 62

The influence of hydrolytic degradation on the samples surface and fiber morphology

was analyzed by SEM and it was observed that sample structure remains unchanged for

all fiber diameters and degrees of crystallinity (figure 3.9).
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Figure 3.9 — SEM micrographs for the PLLA membranes with 583 nm average diameter and
45% crystallinity after different in-vitro degradation time: a) 2 days, b) 14 days, ¢) 28 days and
d) 140 days.

Degradation of samples in PBS up to 20 weeks produced only a slight decrease in the
sample mass and no variation in the degree of crystallinity. Nevertheless, polymer
average molecular weight, as obtained by gel permeation chromatography, decreased
clearly in amorphous fibers. The degradation effect in molecular weight is less
important as the fiber crystallinity increases. Interestingly, as indicated before,
morphological characteristics of the membranes are affected by degradation: average
fiber diameter increases while membrane porosity decreases, i.e., the fibers are packed
closer together, probably due to the release of internal tensions. The observed variations
are just significant after 4 weeks, therefore, for the cell culture times used with these

membranes, the degradation process has no effects on sample characteristics.

3.4 Conclusions

Electrospinning of PLLA-PEO blends can be achieved from the solution of both

polymers in a common solvent: a mixture of MC and DMF. In this way, electrospun
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membranes can be prepared with tailored fiber diameter from some micrometers for
pure PLLA membranes to few hundreds of nanometers by electrospinning of PLLA-
PEO solution. The mean diameter of the fibrils in the electrospun mat decreases with
increasing PEO content in the blend, which also broadens the diameter distribution.
This fact is due both the larger interaction of PEO with the electric field, dragging also
the PLLA material, and to the reduction of the solution viscosity with increasing PEO
content. The PLLA-PEO membranes are composed by almost amorphous PLLA
nanofibers and by high crystalline PEO electrospun nanofibers. PEO extraction from the
electrospun blend is complete. This extraction decreases slightly the mean diameter of
the fibers (from 260 nm to 235 nm for the PLLA-PEO 50/50 membrane) and increases
membrane porosity (from 71% to 75% for the PLLA-PEO 50/50 membrane). These
facts indicate that PEO and PLLA are phase separated and nearly randomly distributed

along the nanofibers.
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4.1 Introduction

One of the key aspects of biological systems is the intricate relationship between the
biological response and relevant chemical/physical characteristics, including
piezoelectricity, e.g. in amino acid derivatives and calcified tissues [1]. Traditionally, it
has been believed that the polarization or more complex electromechanical responses in
biological systems are unambiguously defined by the biological molecular structure,
and cannot be tuned by the external electric fields. In other words, many biomaterials
possess piezoelectricity, but ferroelectricity is rather rare. Somewhat contrary to this
assumption, many of the early ferroelectrics are in fact partly organic. Rochelle salt is
such an example as it comprises tartrate groups [2]. Since then, several crystalline
organic materials have been identified as ferroelectrics but their polarization was too
low to be used in practical applications [3]. Very recently, strong ferroelectricity was
obtained in croconic acid crystals, showing a spontaneous polarization close to that of

barium titanate (= 20 pC cm™) at room temperature [4].

Piezoelectricity was observed in living tissues including bone [1, 5], dentin [6] and
tendon [7], among others. It is known that physical exercise, which is associated with an
applied stress to the material and translates into a piezoelectric signal from the bone to
the living cells, thus helping bone regeneration, although the mechanisms involved bone
mineralization and growth are unclear. The piezoelectric activity of the bone was
attributed to the collagen and is dependent on the direction of the applied load,
frequency and moisture [7-8]. Halperin et al. [5] reported that the piezoelectric

coefficient for the human bone can go up to 7 pC.N™".

PLA is known to be one of the most used biomaterials, due its low density, low
processing temperature, elastomeric behavior, corrosion resistance and versatile
fabrication processes, among others [9]. The use of PLA in the medical field has
increased due to its biocompatibility, bioresorption, biodegradation, low toxicity and
strong mechanical performance. PLA is a synthetic biodegradable polyester obtained by
the synthesis of a lactic acid (or lactide) which can be produced from renewable sources
such as corn or sugar cane [10-11]. PLA belongs to the aliphatic polyesters derived
from a-hydroxy acids. The building block of PLA, lactic acid (2-hydroxy proprionic

acid), can exist as optically active D- or L-enantiomers, and their ratio will play an
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important role on the PLA properties. This allows the production of a wide range of
PLA polymers to match performance requirements [12]. PLA is also known for its
piezoelectric activity with a piezoelectric constant ranging up to approximately
10 pC.N"'[13]. It consequently is considered as a promising material for bio applications
that can also take advantage of its stress induced electroactivity, advantageous for bone

growth and regeneration or neural recovery.

For many biological and biomedical applications it is an advantage to process the
material in the form of fibers or fiber mats. Nanofibers can be produced by a variety of
methods, such as drawing, template synthesis, self-assembly, wet spinning,
electrospinning and phase separation [14]. In particular, electrospinning has been
proven to be an excellent method for the synthesis of submicro- or nanofibers from
polymer solutions for a wide range of polymeric materials [15]. When the diameter of
the polymer fibers is downsized from micrometers to sub-micron or nanometer
dimensions novel opportunities appear, such as very large surface area to volume ratio,
flexibility in controlling surface functionalities, and superior mechanical performance

(stiffness and strength) as compared to any other form of the same material [14].

Membranes and scaffolds of biodegradable polymers find numerous applications in
tissue repair and regeneration. The tissue engineering approach relies upon the use of
polymer scaffolds, which act as supports for cell adhesion, proliferation and
differentiation, providing them mechanical reinforcement until the regenerated tissue is
able to sustain the applied forces “in vivo”. In some cases scaffolds also help the
organization of the produced extracellular matrix. Growth of cells on a polymeric
scaffold using the principles of tissue engineering provides a viable “in vitro” model for

biological experimentation [16].

Electrospun biodegradable polymer nanofibers are used in tissue engineering scaffold
applications for nerve [17], cartilage [18], bone [19] and heart [20] regeneration.
Electrospinning allows the production of polymeric nanofibers that closely mimic the

fibers in the extra cellular matrix [21].

The present work demonstrates the piezoelectric activity of electrospun PLA nanofibers.
Further, piezoelectricity is proven at a local level in single fibers, being this local
electromechanical response a key issue for the development of membranes with tailored

properties for applications in tissue engineering strategies.
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4.2 Experimental

Materials: PLLA (Purasorb PL18, Purac) with an average molecular weight of 217.000
—225.000 g.mol'1 was dissolved in a mixed solvent of DMF (Merck) and MC (Sigma-
Aldrich) (3/7 volume ratio) to achieve a polymer concentration of 10 wt.% of the
solution. The polymer solution was then dissolved at room temperature in a magnetic

stirrer until complete polymer dissolution.

For the electrospinning process a glass substrate was previously coated with a gold (Au)
thin layer in a Polaron SC502 Sputter coater. The polymer solution was placed in a
commercial plastic syringe (10 mL) fitted with a steel needle with 500 um of inner
diameter. Electrospinning was conducted at 20 kV with a high voltage power supply
(Glassman, model PS/FC30P04). A syringe pump (Syringepump) was used to feed the
polymer solutions into the needle tip at 2 mL.h"'. Single electrospun fibers were

collected on the ground glass/Au substrate placed at 15 cm apart from the needle tip.

To characterize the piezoelectric and (possible) ferroelectric nature of the
polycrystalline PLLA, PFM was used, a powerful tool for studying piezoelectric and
ferroelectric phenomena at the micro- and nanoscale [22]. In this method, a sharp
conductive Scanning Probe Microscopy tip in contact with the surface of the material is
periodically biased and bias-induced surface displacements are translated into the
mechanical motion of the tip. Both out-of-plane and in-plane displacements can be thus
monitored to get insight into the nanoscale piezoelectric and ferroelectric properties

[23].

The local piezoresponse measurements were performed with a commercial AFM
(Ntegra Prima, NT-MDT) equipped with external function generator and lock-in
amplifier as is described elsewhere [24]. Doped Si cantilevers were used with the spring
constants of 0.5 - 1 N.m™ driven at a frequency of 5 kHz. The experimental procedure
for the electrical polarization and subsequent measurement of the electroactive

properties of the PLLA nanofibers is shown in figure 4.1.
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4.3 Results

Morphology and piezoresponse studies of a PLLA individual nanofiber (which
including local poling) was performed by PFM, which is increasingly applied to analyze
the local ferroelectric and piezoelectric properties of thin films [25-26]. This spatial
resolution technique allows for a non-destructive characterization of the single
nanofibers by the direct monitoring of the domain structures. This technique allows
studying local properties such as polarization reversal and local piezoelectric activity

[25, 27]. A schematic of the experimental setup is shown in figure 4.1.

Photodiode

Uy (@) or Uy

An electrode

Figure 4.1 — Design of the experimental arrangement for the measurement of the electroactive

response of a single PLLA fiber.

Local studies of the piezoelectric response, the polarization switching and its time
retention were carried out. The topography of a single PLLA fiber was routinely
obtained (figure 4.2) indicating an average nanofiber diameter of ~ 800 nm. The fibers
show notable roughness at the edge of the fibers, unseen by SEM reported in the
past [28]. The surface of the fibers also reveals some roughness with RMS = 5.9 nm
(figure 4.2), in particular at the center, resembling a drawing procedure induced by the
applied electric field during the electrospinning process (figure 4.2). The small groove-
like structures are also seen and attributed to the carrier solvent evaporation during the

fiber polymer processing.
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Figure 4.2 — a) 3D topography image; b) detailed 3D topography image; c) cross-section
topography features of the fibers: roughness (above) and dimensions (below) of a single PLLA
fiber.

In order to investigate the polarization response a dc bias was locally applied to the
PLLA fiber through the AFM cantilever in order to polarize the sample. The
piezoresponse signal was immediately recorded after the poling procedure with an ac
bias of 5 V. PLLA nanofibers were poled with different dc bias amplitudes, ranging
from + 100 up to 200 V, in order to determine the maximum voltage required to switch
the dipoles and saturate the induced polarization of the samples. The PLLA dipolar
orientation corresponds to the internal rotation of the polar groups linked to asymmetric

carbon atoms in the main chain and it can be induced by high enough electric field [29].

As it can be observed in figure 4.3, the unpoled polymer presents areas with different
orientations of the polar phase that are distributed randomly along the fiber. The
piezoelectric contrast does not follow directly the topographic shape (figure 4.3 a) and
¢)), indicating that the effect is due to the intrinsic piezoelectric properties of the PLLA
and not originated from electrostatic effect and/or cross-talk with topography [30].
Magenta regions corresponds to the polarization oriented toward the substrate
(@ = 180°) and the bright regions are referred to the polarization terminated at the free

surface of the fiber.

Figure 4.3 b) and d) shows representative images of the poled PLLA nanofibers. The
electrical poling was achieved by applying a bias of 100 and 200 V between the
cantilever tip and grounded substrate, and verified by saturated hysteresis loops. For the
poled spot of the PLLA nanofiber the piezoresponse image (figure 4.3 b) and d)) shows
a homogeneous region with high contrast revealing that the dipole switching was

achieved. The obtained data confirm that well-defined areas can be readily poled with
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high voltages applied the PLA nanofibers, allowing suitable electro active patterning of
single fibers without their visible damage by positioning of the tip of the cantilever and

application of the bias field in specific places of the fibers.

By positioning the tip of the cantilever in the poled region of figures 4.3 b) and d), a
piezoelectric loop was then acquired. Figure 4.3 c) shows that the dipole switching is
clearly observed resulting in the formation of a large single domain with net

polarization aligned in the radial direction of the nanofibers with corresponding strong

piezoelectric activity.

Piezoresponse, d33 eff (a.u.) ~~
o (&2

200 -100 0 100 200
Uge (V)

Figure 4.3 — PLLA fiber surfaces poled at a) 100 V and b) 200 V; well defined poled regions
are obtained of fully poled material and c) measured hysteresis loops recorded in locations

shown by x in a) and b).

PLLA is a simple which has flexible molecular chains containing C=O dipoles. The
crystal structure of the PLA is characterized by the helical structure and in the PLLA
crystal, three piezoelectric constants df ,, dg}s, and dg ¢ were found. Fukada [31] shown
that shear piezoelectricity at the molecular level is originated from the dipole that
accompanies the asymmetric carbon. When the shear strain induced by the electric field
is applied to the molecular chain of the PLA through its side chain, the displacement
arises in all the atoms. The motions causing the change in polarization is the rotation of
the plane defined by the C-O and C=0O bond on the C-O bond of PLLA, which was
reported that is perpendicular to the electric field [13, 31]. Accordingly, the change in

polarization arises due to the applied stress.

It was observed that the material can be poled by applying biases in excess of ~100 V

but the piezoresponse maximum achieved in PLA fibers is lower when compared to the
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one found in literature (10 pC.N"! [13]). To increase the dipole alignment higher biases
of about 200 V were applied in order to promote the polarization rotation and full dipole
reversal (figure 4.3 ¢)) within the PLA fiber. As a result, the maximum value of the
piezoelectric coefficient attained under local poling was similar to the found in the

literature [13] and can be comparable to those of PVDF [32].

Piezoelectric effect on drawn PLA using films and rods has been investigated in the
past [33], and it was demonstrated that the d;, increases with the drawing ratio, reaching
values around 10 pC.N"' [13]. This is due to the increasing of the PLA polymers chains
alignment caused by stretching. During the electrospinning process, the applied electric
field between the needle tip and the ground collector accelerates and drawn the polymer
fiber during crystallization, probably giving origin high oriented polymer chains in

longitudinal direction of the fibers.

4.4 Conclusions

The piezoelectric response of PLLA electrospun fibers has been proven and
characterized by PFM. Domain switching and polarization patterning of individual
fibers has been achieved in this important biomaterial, allowing interesting possibilities
for novel tissue engineering and biomedical strategies, including sensor/actuator

applications.
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5.1 Introduction

The use of tissue engineering for restoring, maintaining or enhancing tissue and organ
function is a rapid growing field of investigation [1] with important achievements both
at “in vitro” and “in vivo” experimental levels. An important goal in this field is to
improve the success rate of tissue engineering strategies by creating more sophisticated
materials which can mimic the extra-cellular matrix, so that the body regenerates “neo-
native” functional tissues [2]. One of the major challenges in tissue engineering is
articular cartilage regeneration as current regeneration therapies fail producing
functional hyaline cartilage and the regenerated tissue has the characteristics of

fibrocartilage [3].

Biomaterials which mimic the ECM such as nanofibers have been pointed out as good
scaffolds for cartilage regeneration [4]. ECM typically consists on a viscoelastic
network with nanofibrous proteins that provide biological and chemical moieties as well
as physical framework supporting cell attachment and growth [5]. Chondrocytes seeded
on a scaffold should produce their own highly hydrated ECM which consists mainly in
collagen fibrils, predominantly collagen type II, and proteoglycans [6]. These products
will maintain the structural and functional integrity of chondrocytes such as shape,
polarity, migration, differentiation, apoptosis and gene expression. Cartilaginous matrix
is biosynthesized during the chondrogenic differentiation and can thus be used as a

marker of their differentiation [7-8].

PLLA is a biodegradable and biocompatible material approved by U.S. Food and Drug
Administration (FDA) for human clinical applications [9]. This polymer shows a wide
range of applications and can be processed in a variety of ways and in different forms.
PLLA nanofibers produced by electrospinning, the most common and versatile method
used to produce nanofibers, have a large interest due to their structural similarity to the
extracellular matrix of biological systems such as collagen fibers [10]. High surface area
to volume ratio and the characteristics described above indicates that it may serve as

effective tissue engineering scaffolds [11].

Electrospinning originates nanofibers with different morphology and hydrophobicity.
Recent findings showed that mammalian cells do respond to nanosized features

influencing the cellular behaviour, as for example, cell adhesion, proliferation, matrix
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production, cell morphology and orientation [9, 12-15]. Increasing evidences show that
surface patterning or alignment of nanofibers influences the guide cell growth direction
and morphology [5, 16-18]. Zhang et al. [19] show the contact guide of OP9 stroma
cells on grooves patterned in polydimethylsiloxane (PDMS) surface. The cell movement
velocity and cell number inside the microchannel, consisting in aligned nanofibers,
influenced the cells migratory ability. Further, the surface topography can induce the

cells to change their genetic code leaving them on tumor cell metastic form.

Several articles reported contradictory results about the effects of material topography,
hydrophobicity and wettability on cell behaviour [20]. Some correlations between the
wettability and cell behaviour have been reported showing that cells prefer to attach on
hydrophilic surfaces. Further studies found that cells adhere, spread and grow more
easily on substrates with moderate hydrophilicity [21]. To improve biomaterial surfaces
to make them more suitable to cell attachment and spreading, methods such as enriching
surfaces with ECM components or incorporation of natural polymers with synthetic
polymers have been reported. Cui et al. [22] studied the effects of different biomimetic
PLLA surfaces on articular chondrocytes in vitro in order to improve cytocompatibility.
Gelatin was used to modify PLLA film surfaces by two different processes: physical
entrapment and chemical coupling. The obtained surfaces showed different
hydrophobicity and cell adhesion. Proliferation and differentiation were more efficient
on the more hydrophilic surfaces which correspond to the PLLA films treated by
chemical coupling. Similar works with electrospun PLLA nanofibers modified with
cationized gelatin (CG) show the affinity of chondrocyte for the modified form instead
of the virgin form. The chondrocytes seeded in nanofiber PLLA membranes displayed a
dedifferentiated, fibroblast — like morphology, whereas chondrocytes seeded in CG—

PLLA nanofibers mats maintained their chondrocytic phenotype.

The goal of this work is evaluate the human articular chondrocyte behaviour seeding on
PLLA nanofiber scaffolds with different degree of crystallinity in order to assess the
optimal environmental conditions for regenerate hyaline cartilage. Cell adhesion,
proliferation and differentiation of chondrocytes, as well as their morphology and ECM

production detection were studied in an in vitro environment.
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5.2 Materials and methods

5.2.1 Preparation of PLLA electrospun membranes

Biodegradable PLLA electrospun membranes were prepared by electrospinning under
the conditions indicated in [23]. Alignment of the fibril mats was obtained using a
rotating collector while randomly oriented fiber mats were obtained with a flat collector.
The mean diameter of the fibrils was 700 nm (standard deviation + 235 nm). The
polymer fibers obtained after electrospinning were nearly amorphous, as determined by
DSC thermograms. Further isothermal annealing at temperatures in the range between
70 and 140 °C allows controlled crystallization of the polymer without disturbing fibrils
morphology [23]. In this way, oriented and non-oriented mats with approximately 0%,
8%, 27% and 50% of crystallinity were produced. The different PLLA samples used in

present work are designed as listed in table 5.1.

Table 5.1 — Specification of the PLLA samples.

Morphology of
PLLA fibers Crystallinity Symbol

Amorphous NO-PLLA-0

8% NO-PLLA-8
Non-oriented 707 s
50% NO-PLLA-50

Amorphous O-PLLA-0

8% O-PLLA-8

Oriented 70, —
50% O-PLLA-50

For cell culturing, circular samples with 6-7 mm of diameter of oriented and non-
oriented membranes with different degrees of crystallinity were cut and sterilized with
ethylene oxide. PLLA samples were hydrated by Hanks’ balanced salt solution (Sigma-
Aldrich) overnight before cell culture and after that the samples were washed 1 time for

5 min in Dulbecoo’s Modified Eagle’s Medium (DMEM, Invitrogen).
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5.2.2 Contact angle measurements

Contact angle measurements (sessile drop in dynamic mode) were performed at room
temperature in a Data Physics OCA20 device using ultrapure water as test liquid. The
contact angles were measured by depositing water drops (3 pnL) on the sample surfaces
using the software SCA20. At least 6 measurements in each PLLA electrospun
membranes were performed in different sample locations and the average contact angle

was taken for each sample.

5.2.3 Substrate topography measurements

The samples were measured using Tapping Mode with a MultiMode connected to a
NanoScope III (Veeco) with non-contacting silicon (ca. 47 -76 kHz, k: 1.2 - 6.4 N.m™)
from AppNano. All images (10 pm wide) were fitted to a plane using the Ist degree
flatten procedure included in the NanoScope solftware version 4.43rd8. The surface
roughness was calculated as Sq (root mean square from average flat surface) and Sa

(average absolute distance from average flat surface).

5.2.4 Cell culture

Human primary chondrocytes were obtained from cartilage specimens extracted from
knee samples otherwise discarded at the time of arthroplasty surgery in postmenopausal
woman, as described previously [8, 24]. Briefly, the articular cartilage was separated
from bone, cut into small fragments and treated with hyaluronidase at 0.5 mg.mL™,
pronase at 1 mg.mL™ and collagenase at 0.5 mg.mL™. The digested cartilage was
filtered with 70 um of pore size, centrifuged and finally placed on a tissue culture flask
with DMEM supplemented with 10% fetal bovine serum (FBS) and 50 pg.mL’
ascorbic acid. At confluence, the cells were subcultured maximum twice to obtain the
desired cell number. The cells that were not used immediately in experiments were

frozen in liquid nitrogen with 10% dimethyl sulfoxide (DMSO) until use.

Circular membranes of PLLA microfibers were placed in a 96-multi well plate and
cultured with 140 000 cell/well in DMEM medium supplemented with 10% FBS and
50 pg.mL™" ascorbic acid at 37 °C and 5% CO,. After two days of culture, the samples

were changed to new wells and cultured with DMEM supplemented with 1% of Insulin,
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Transferin and Selenium (ITS; BD Biosciences), 50 pg.mL™’ ascorbic acid and
10 ng.mL™" of transforming growth factor beta 1 (TGFf1), corresponding this step to the
zero time. The cell culture medium was replaced every 3 days during 28 days. The
negative control was the biomaterial without cells and cells cultured on tissue culture

polystyrene (TCPS) was used as a positive control.

5.2.5 Cell morphology

At 21 days of culture, chondrocytes were washed in Dulbecco’s Phosphate Buffered
saline (DPBS, Invitrogen) and fixed in 4% formaldehyde solution (Sigma-Aldrich) in
PBS during 10 min at room temperature. The samples were then rinsed with DPBS and
permeabilized with 0.1% Triton X-100 in PBS during 3 to 5 min at room temperature.
Then, the samples were incubated with Alexa Fluor® 488 phalloidin (/nvitrogen) at
6.6 uM during 20 min. Finally, samples were washed with PBS before being mounted
in a coverslip with aqueous mounting medium containing DAPI (Invitrogen). Overall
cell morphology was studied using a confocal laser scanning microscope (Leica TCS

SP5 CFS) with an excitation at 495 nm and emission at 518 nm.

After cell proliferation for the desired period of culture, all samples were washed with
PBS solution to remove the non-adherent cells and fixed with 0.25% of glutaraldehyde
for 1 h at room temperature. Following, the samples were dehydrated through a series of
graded alcohol series. The dried scaffolds were observed in SEM equipment (Leica

Cambridge S360) at an accelerating voltage of 15 kV.

5.2.6 Cell viability and proliferation

Cell viability assay and proliferation analysis was performed at 0, 7, 14 and 28 days of
culture on the material by (3,-(4,5-dymethylthiasol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) kit (Invitrogen) and Live/Dead Viability/Cytotoxicity Kit (Molecular
Probes).

MTT is an assay based on the cleavage of the tetrazolium salt in the presence of an
electron coupling reagent intracellular in viable cells. The amount of formazan dye

formed is directly correlated to the number of metabolically active cells in the culture
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and was measured at 550 nm using a plate reader (Biochrom Anthos 2010 Microplate

Reader).

The Live/Dead Viability/Cytotoxicity Kit, which provides two color fluorescence cell
staining, is based on the simultaneous determination of live and dead cells measuring
recognized parameters of cell viability; intracellular esterase activity and plasma
membrane integrity. The assay was evaluated by Confocal Fluorescent Microscope

(Leica TCS SP5 CFS).

5.2.7 Cell differentiation

The chondrocyte differentiation was determined using enzyme-linked immunosorbent

assay (ELISA) and immunohistochemical methods.

5.2.7.1 Human aggrecan

The quantitative measurement of human aggrecan (AGG) was evaluated at 7, 14 and
28 days by means of ELISA (KAP1461, DIAsource ImmunoAssays S.A., Belgium) in
cell culture supernatants from experimental wells according to the manufacture
protocol. The absorbance was measured at 450 nm by using a plate reader (Biochrom

Anthos 2010 Microplate Reader).

5.2.7.2 Collagen type II

Specimens were fixed with 50/50 of ethanol/acetone during 10 min at 7 and 21 days of
culture. The samples were rehydrated through washing with PBS during three times and
then incubated with blocking solution (10% FBS, 0.1% Triton x-100 in PBS) at room
temperature. Then, the samples were incubated with a mouse antibody anti-collagen
type II (Ab-1), 1 ug mL" (Calbiochem®) during 1 h. The samples were washed with
PBS and incubated with a secondary antibody Alexa Fluor® 488 anti-mouse
(Invitrogen) (1:200). Finally, samples were washed 2 times for removing the excess of
antibody before being mounted in a coverslip with mounting medium containing DAPI
staining (Invitrogen). The assay was performed at Confocal Fluorescent Microscope
(Leica TCS SP5 CFS) (ex/em ~495 nm/ ~515 nm for green fluorescence and ex/em
~358 nm/ ~461 nm for DAPI fluorescence).



Biological response of PLLA electrospun mats

5.2.8 Statistical analysis

All quantitative results were obtained from triplicate and were expressed as
mean + standard deviation. Statistical differences were determined by the analysis of
variance (ANOVA) using F-test for the evaluation of different groups. P values < 0.05

were considered to be statically significant.

5.3 Results

5.3.1 Contact angle measurements

The wettability of different PLLA membranes was determined and is shown in
figure 5.1. The amorphous non-oriented PLLA membrane shows to be the most
hydrophilic sample, with a water contact angle (WCA) of 65,9°. The annealing
treatment of non-oriented PLLA membranes produces a decrease of wettability in the
surface of these samples, at the same time than crystallinity increases. In this way, a
WCA of 118,1° was obtained for the NO-PLLA-50. A significant difference between
oriented and non-oriented PLLA membranes for the same degree of crystallinity was

observed.
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Figure 5.1 — Evaluation of water contact angle of PLLA membranes. Values are mean + SD.
No statistically significant difference in contact angle was found between non-oriented PLLA
membrane with 50% of crystallinity and oriented PLLA membrane amorphous and also

between oriented PLLA membrane with 8% and 27% of crystallinity.
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Annealing oriented PLLA membranes also affects the wettability of the samples, but in
a less effective way than in the non-oriented PLLA membranes is smaller. In this way,

the WCA of O-PLLA-0 is 121,3° and for O-PLLA-50 is 137,8°.

It is important to notice in this sense that the annealing treatment does not change the
morphology of the fiber mats [23], being the variations of the wettability to be fully
ascribed to variations in the nanotopography of the fiber and in the stiffness due to the

increase of the degree of crystallinity.

Figure 5.2 — a) Micrograph of static contact angle of non-oriented PLLA amorphous and

b) Micrograph of static contact angle of oriented PLLA amorphous.

5.3.2 Substrate topography measurements

The results from AFM (figure 5.3) show no strong differences in the roughness between
the samples. The RMS of NO-PLLA-0, NO-PLLA-50 and O-PLLA-0 were 14,410 nm,
14,408 nm and 22,110 nm, respectively.
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Figure 5.3 — AFM images of one nanofiber morphology on a) non-oriented PLLA amorphous
and b) non-oriented PLLA with 50% of crystallinity.

5.3.3 Cell attachment and cell morphology

The overall morphology of chondrocytes seeded in PLLA membranes after 7, 14 and 28
days was visualized by SEM (figure 5.4) and after 21 days in confocal fluorescence
microscopy after actin staining (figure 5.5). According to the evaluation form results
similar to the ones presented in figure 5.3, a higher density of cells was observed on
scaffolds at 14 days of cell culture independently of the degree of crystallinity of the

membranes.
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a) amorphous non-oriented PLLA membrane for 14 days; b) non-oriented PLLA membrane

with 27% of crystallinity for 7 days; ¢) oriented PLLA membrane with 27% of crystallinity for
7 days; d) amorphous oriented PLLA membrane for 14 days. The scale bar (50 pm) is valid for

all the images.

With respect to the comparison of cell morphology between oriented PLLA membranes
and non-oriented PLLA membranes, it was observed that cells exhibited a more
elongated morphology in oriented PLLA scaffolds (figure 5.5). However, no significant
differences were observed among cell cultures for a given fiber orientation of PLLA

membranes with different degrees of crystallinity (data not shown).
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Figure 5.5 — Confocal fluorescence microscopy images of chondrocyte cells after 21 days of
cell culture in PLLA membranes. a) non-oriented PLLA membrane amorphous; b) oriented
PLLA membrane amorphous. The scale bar (10 um) is valid for all the images (green:

cytoskeleton; blue: nucleus).

5.3.4 Cell viability and proliferation

The proliferation and viability of the attached cells in the eight types of PLLA
membranes after 7, 14 and 28 days in culture is shown in figure 5.6. For all the
membranes, the viable cell number increased to 14 days of cell culture and decreased

for longer cell culture time.

After 7 days of cell culture, cell viability and proliferation are similar for all the
evaluated samples with a slight increase compared to time 0. At 14 days of cell culture,
the amorphous PLLA membranes promote higher proliferation compared to crystalline
PLLA membranes. Among crystalline PLLA membranes, cell viability is significantly
lower in the case of the oriented PLLA membranes. Interestingly, the viability of the
attached cells of the non-oriented PLLA membranes was higher in PLLA membranes
with 27% of crystallinity than PLLA membranes with 8% and 50% of crystallinity. On
the oriented PLLA membranes no significant differences are observed with the increase

of crystallinity.
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Figure 5.6 — MTT absorbance results after cells seeded for 0, 7, 14 and 28 days on different

PLLA membranes. Values are mean = SD. *Significantly different (p<0.05) PLLA samples.

To verify the viability of the chondrocytes on the material, a live/dead assay was also
performed after 21 days of cell culture, confirming that most of adherent cells were

viable (figure 5.7).

Figure 5.7 — Fluorescence micrographs of live/dead of cell culture with chondrocyte cells
during 21 days in PLLA membranes. a) Non-oriented amorphous PLLA membrane; b) oriented

amorphous PLLA membrane. The scale bar (100 pm) is valid for all the images.

5.3.5 Cell differentiation

The presence of two hyaline cartilage biomarkers as AGG and type II collagen was
confirmed. The presence of type II collagen was observed at 21 days (figure 5.8) on the

amorphous non-oriented PLLA membrane and the same sample demonstrated to have
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the higher AGG production (figure 5.9). However, no type II collagen was observed in

the oriented PLLA membranes.

Figure 5.8 — Immunocytochemical visualization of type II collagen after 21 days of

chondrocytes culture in amorphous non-oriented PLLA membrane.

Aggrecan is the most common proteoglycans of the cartilage matrix [25] and its content
in supernatant after chondrocyte cells seeded for 7, 14 and 28 days is shown in

figure 5.9.
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Figure 5.9 — Human aggrecan production in supernatant after cells seeded for 7, 14 and 28 days
on different PLLA membranes. Values are mean = SD. No statistically significant difference in
concentration was found among samples after 7 and 28 days. At 14 days, significant differences

between PLLA non-oriented and oriented membranes were found.
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At 7 days, no differences are detected in the production of AGG between non-oriented
and oriented PLLA membranes. At 14 days it is evident the strong difference between
the non-oriented and oriented PLLA membranes. The NO-PLLA-0 shows the lowest
AGG production in the supernatant and the O-PLLA-50 the highest. At 28 days, the

same behaviour was observed with no strong differences between the main groups.

5.4 Discussion

Electrospinning is a powerful technique to produce micro- and nano-fibers and it is
know that the different fibrous structures can result in a remarkable increase of surface
hydrophobicity [26-28]. The present results show a large increase of water contact angle
with increasing degree crystallinity in randomly oriented fiber mats and a higher

hydrophobicity of the mats with aligned fibers with respect to the former ones.

Highly hydrophobous surfaces can be produced by introducing submicron roughness
into an inherently hydrophobous surface [29-31]. Electrospinning is very adequate to
generate roughness in the sub-micron range since both fibrils and fiber separation are in
this order of magnitude. It should, thus be expected that water contact angle in
electrospun mats depends on morphological parameters such as fiber orientation and
porosity or fiber diameter [32-34]. The generation of topography in the nanometric scale
on the submicron rough surface with an additional decoration of the electrospun fibrils
or the space among them produces an increased tendency to water repulsion producing
superhydrophobic surfaces. Thus, Li et al. found an important increase of
hydrophobicity when combining in a mat polystyrene and nylon6 electrospun fibers
with mean diameters quite different from each other [35]. The combination of thin and
thick fibers mimics the superhydrophobic surfaces of living organisms such as lotus leaf
[26]. Simultaneous contributions of chemical and topographical cues to hydrophobicity
can be obtained by coating electrospun fibers with more hydrophobic polymers [36].
Pisuchpen et al. obtained mats with WCA above 150° with poly(vinyl alcohol) fibers
coated with or silica or silanol nanoparticles. WCA as high as 178° were obtained with
electrospun polystyrene or poly(vinyl chloride) incorporating nanoparticles that modify
fibril surface roughness [37], or WAC above 140° in PVDF containing silica

nanoparticles [38]. On the other hand the air retention at the surface also contribute to
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water repellency, an increase of the stiffness has been shown to favor air retention at the

surface, too [39].

The development of crystallinity in PLLA films due to thermal treatments produces a
surface roughness that highly depends on the size of the spherulites [40-41]. It is
interesting to notice at this point that the variations in the degree of crystallinity in
PLLA films does not imply significant variations either in the contact angle (74° +/- 3
for 10% and 67% crystalline samples) [42] nor in the stiffness (Young Modulus of
3.4+/-0.3 and 3.5 +/- 0.2 GPa for 7% and 40-50% crystalline samples) [43]. When the
amorphous electrospun fibrils crystallize their stiffness and surface energy increase [23,

441, and at the same time surface nano-roughness is expected to be developed.

However, through the AFM images was possible to analyze at nanoscale the surface
roughness in our fibers. This assay is not easy to perform due to the nanofibers
proprieties. The membranes are soft materials and when the measurement is being done
sometimes the nanofibers, due to the physics effects, attach to the AFM tip stopping the
assay. The result shows a non existence of strong differences between the samples. The
roughness of NO-PLLA-0 was quite similar to the NO-PLLA-50 suggesting that the
crystallinity increase by annealing treatment has no effect in the surface roughness. On
the other hand, the comparison between NO-PLLA-0 and O-PLLA-50 indicate that
there also no changes in the roughness due to the orientation fibers, once the difference

of values was not quite disparate.

The combination of all these effects has as a consequence the clear increase of water
repellence of the mat surface. The effect is very apparent in randomly oriented fiber
mats as the WCA is quite low, much smaller than in the mats with aligned fibers. The
results reported in the literature with respect to the effect of fiber alignment are
contradictory. Wang et al. found higher WCA in randomly oriented electrospun PLLA
surfaces than in aligned ones [45], similar result was obtained by Kai et al. in
electrospun polycaprolactone, although significant increase of WCA with alignment
was found when the fibers were modified with gelatin [46-47]. In our case the high
hydrophobicity of the mats with aligned fibers (values of WCA of 120° for the
amorphous or 140° for the most crystalline mats) could be mainly due to the difference
in the average pore size (or inter-fiber distance) with respect to randomly oriented mats

that can be someway characterized by membrane porosity which is higher in randomly
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oriented mats [23]. The effect of the roughness seems to less important than compared

to the other effects.

The topography created by the membrane features has a strong influence on the
biological response of the cells seeded in its surface trough contact guidance. In spite of
the porosity of the electrospun mats, they must be considered as a two dimensional
substrates with respect to cell culture since inter-fiber spaces do not allow cell invasion
of the three dimensional fiber structure. Cell-substrate interaction mediated by proteins
adsorbed from the culture medium is crucial to control chondrocyte adhesion,
proliferation and consequently gene expression in monolayer culture [5, 48-49]. It has
been shown that nano-fibrilar substrates allow viable and proliferative chondrocyte
culture [33, 50]. Mature chondrocytes are non-proliferative cells in hyaline cartilage.
The first stage for chondrocytes proliferation when they are seeded on a flat substrate is
the recognition by integrins of specific ligands in the proteins adsorbed on the substrate
surface. Once adhered to these ligands, integrins cluster and form focal adhesions,
which establish links in the cytoplasm with a-actin fibers. Development of the actin
stress fibers of the cell cytoskeleton not only controls cell morphology but it establishes
a cross-talk between the cell nucleus and the extracellular matrix which is an important
signaling path regulating cell functions such as proliferation or gene expression.
Chondrocytes seeded on a flat PLLA substrate spread and develop well defined focal
adhesions and actin cytoskeleton. The peculiar morphology of electrospun mats imposes
strong limitations to the formation of focal adhesions. This fact is responsible for the
complex morphology of the cells cultured on electrospun mats [51] that can be observed
in the SEM pictures of figure 5.4. Substrate morphology limits cell spreading [40] as
can be observed in figure 5.5. Cells cultured in randomly aligned fiber mats have a non-
fully extended morphology although the actin cytoskeleton is well developed
(figure 5.5). Interestingly contact guidance makes that cells seeded in substrates with
aligned fibers adopt an elongated morphology that has been observed many times when
culturing different cell types on aligned electrospun membranes. Interestingly, the
imposed restriction to spreading does not reduce the ability of chondrocytes to
proliferate up to 14 days as can be seen by the MTT assays in the amorphous aligned or
non-aligned mats. The decrease in viability for longer times is a consequence of the
chondrogenic medium, without FBS, employed in cell culture. Nevertheless, cell

numbers are still important up to 21 days culture as seen in the live-dead test shown in
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figure 5.7. Interestingly, fiber orientation and the hydrophobicity associated does not
seem to affect cell proliferation in the case of amorphous fibers. The values of MTT
tests are nearly identical in both supports. Crystallinity seems to decrease proliferation
in the non-oriented supports, although dependence on crystallinity is not completely
systematic. Proliferation drops sharply with the development of crystallinity in aligned
fibers. It seems that proliferation is nearly suppressed when a limit in WCA is attained.
Ballester-Beltran et al. [29] have recently shown that superhydrophobous surfaces can
hinder the formation of focal adhesion. Suppression of proliferation in chondrocyte
culture seems to be a requirement for the expression of the genes characteristic of the
chondrocytes of hyaline cartilage and production of extracellular matrix. Interestingly,
supports with crystalline aligned fibers induce active production of aggrecan by cells,
collagen type II markers are positive only for several cells (figure 5.8). Lim et al.
showed good performance of highly hydrophobous electrospun fiber mats in tissue

production of bovine chondrocytes as well [33, 50, 52].

Some authors have been appointing the roughness as an important factor too on the cell
behaviour [53-55]. In the 90s, Lincks et al. [56] studied at the microscale the influence
of surface roughness and composition implants of pure titanium (Ti) and Ti-6Al-4V
alloy implants on MG63 osteoblast-like cells behaviour. The samples were machined
and either fine-polished or wet-ground, resulting in smooth and rough finishes,
respectively. He reported that osteoblast-like cells respond in a differential manner to
both surface roughness and material composition, which can be confirmed by decreased
proliferation and increased ALPase and osteocalcein. In his study, one conclusion can
be done that surface roughness may play one of the major roles in orthopedic implants
and consequently the roughness should be present on the implants design. A recently
study of Washburn et al. [57] investigated the crystallinity at nanoscale in cell response.
A PLLA films with a gradient in crystallinity degree were developed lead changes in
roughness from less than 1 to 13 nm. The most remarkable his finds suggests that the
MC3T3-E1 proliferation rate on the smooth regions of the films is much greater than

that on the rough regions.

However, our study shows that the roughness appears not to be the main factor on the
cell behaviour, appointing the orientation and hydrophobicity affect overload the other

factors, as already mentioned.
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5.5 Conclusions

PLLA electrospun fibers are nearly amorphous after the electrospinning process.
Aligned fiber mats are much more hydrophobous than randomly aligned ones. The fact
that the fibers are aligned parallel to each other may be not crucial for the repellency to
water. The inter-fiber void size can be also important and as detected by the difference
in porosity, inter-fiber spacing is smaller in aligned fibers. Crystallization of the fibrils
by thermal annealing at temperatures below melting does not affect membrane
morphology, but produce an important increase of hydrophobicity what is ascribed to
the tiny modification of the fiber roughness at nanometric scale and increase in fiber
stiffness. Proliferation of human chondrocytes cultured in monolayer on these substrates
is not different in aligned or non-aligned amorphous mats. However the differentiation
rate seems to be higher on the non-aligned amorphous mats where it was possible
observed amounts of aggrecan, characteristic of the extracellular matrix of hyaline
cartilage. The crystallization of the aligned mats show nearly suppresses proliferation.
The presence of collagen type II is only detected around part of the cultured cells, what

is not unexpected in a monolayer culture even if culture medium is chondrogenic.
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Polymorphism and nanofiber morphology of PVDF electrospun membranes

6.1 Introduction

Nanofibers can be produced by a variety of methods, such as drawing, template
synthesis, self-assembly, wet spinning, electrospinning and phase separation. Most of
these techniques present important drawbacks because sometimes processes are not
scalable and not specific for certain polymers or have no control over the diameter and
orientation of the fibers [1]. Electrospinning has demonstrated to be a unique method
for the synthesis of submicron- or nanofibers from polymer solutions, suitable for a
broad set of polymeric materials. This technique is relatively versatile, simple, fast and
efficient. Electrospinning of PVDF has attracted interest for the production of
membranes for various applications, including filtration, biomedical applications,

sensors, batteries, cell phones, for chemical warfare protection, among others [2-6].

The PVDF is a material with particular scientific and technological interest due to its
excellent properties including chemical resistance, good mechanical properties and, in

particular, excellent electrical properties, such as piezo-, pyro and ferroelectricity [7].

The PVDF is a semi-crystalline polymer known by its polymorphism. Depending on the
conditions of processing four different crystal structures: o, 3, v, and 6 can be obtained
[7-8]. The all trans, TTTT, planar zig-zag configuration confers to the B-phase the
highest resulting permanent dipole and consequently the best piezoelectric and
pyroelectric properties. Electroactive properties are also present in the y and & phases in
a lesser extent. The TGTG’ configuration of the o crystals makes the consecutive
permanent dipoles of the monomer units to orient in opposite directions, resulting in no
net dipole and therefore neutral polymer chain [7]. The P—phase is not formed by
crystallization from the melt, whereas the a—phase is obtained in a broad range of
crystallization temperatures [7-10]. Nevertheless, the B-phase can be produced by
thermal and mechanical treatments of samples initially in the a-phase [11-13] and also
by casting from solutions in several solvents [10]. These procedures produce the
coexistence of several crystalline phases. In this way, the electroactive properties of
PVDF heavily depend on the P-phase content, microstructure, and degree of
crystallinity of the samples, which in turn depend on the processing conditions.
Interestingly enough, it has been shown that the electrospinning conditions, namely

solution parameters, processing, and environmental conditions strongly affect not only
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fiber morphology but also the phase in which PVDF crystallizes. In this way
electrospinning seems to be a preferred technique for the development of electroactive

membranes from PVDF.

Thus, Zheng et al. [14] found that electrospinning at lower temperatures of the chamber
or fast evaporation of the solvent favor the formation of the B-phase. Further, high
voltage or high stretching ratio of the jets also benefits crystallization in the -phase, as
well as the alignment of the electrospun fibers by using a rotating collector also
favoured formation of B-phase [15]. It has been shown that the processing conditions
and the solvent used influenced the crystalline fraction [14-15], as well as fiber average
diameter [14-17], specific surface [17], surface tension [17], and mechanical properties

[15] of the membrane.

Despite previous investigations, there is a lack of systematic information and
understanding on how the different membranes processing parameters influence
crystallinity, electroactive phase content and morphology, which are the key issues for
tailoring membranes for specific applications. In this work we present a systematic
study of the influence of electrospinning parameters such as the applied voltage, flow
rate, needle diameter, and collecting procedure on the fiber morphology and orientation,
the ratio of - to a-phase and the total crystalline fraction present in the electrospun

fibers.

6.2 Experimental

Materials: PVDF (Solef 1100, Solvay) was dissolved in DMF (Merck) with a
concentration of 20% (w/w) of PVDF. The polymer was dissolved at room temperature
in a magnetic stirrer. The viscosity of the solution was measured in a rheometric

apparatus ViscoStar L plus.

Electrospinning: The polymer solution was placed in a plastic syringe (5 mL) fitted

with a steel needle of tip-diameter between 250 and 500 um. Electrospinning was
conducted in a range of 15 to 30 kV with a high voltage power supply (Glassman,
model PS/FC30P04). A syringe pump (Syringepump) was used to feed the polymer

solutions into the needle tip at rate between 0.5 and 4 mL.h"'. The electrospun fibers
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were collected in an aluminum and in a rotating drum that was placed at 15c¢m from the

needle, to obtain random and oriented nanofibers, respectively.

Characterization: Electrospun fibers were coated with gold using a sputter coating and

their morphology was observed by scanning electron microscopy (model JSM-6300,
JEOL) with an accelerating voltage of 20 kV and a magnification of 1000-10000X. The
size of nanofibers was measured on 4000X magnified SEM images using the Scion

Imaging software (Scioncorp).

FTIR measurements were performed at room temperature in a Perkin-Elmer
Spectrum 100 apparatus in ATR mode from 4000 to 650 cm™. Differential scanning
calorimetry measurements were performed in a Mettler-Toledo DSC823e apparatus at a
heating rate of 10 °C.min"". The samples for the DSC studies were cut into small pieces
from the middle region of the electrospun membranes and placed into 40 pL aluminum

pans. All experiments were performed under a nitrogen purge.

The local piezoresponse measurements of single PVDF fiber were performed with a
AFM (Ntegra Prima, NT-MDT). Doped Si cantilevers were used with spring constants
of 0.5 - 3 N.m™' driven at a frequency of 5 kHz. The experimental setup for the

measurement of the electroactive properties of the PVDF fibers is shown in figure 6.1.

Photodiode

Cantilever

Uac (W) or Udc

Au electrode

Figure 6.1 — Experimental setup for the measurement of the local piezoelectric response of

single PVDF electrospun fibers (the fiber in the figure is a real polymer fiber).
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6.3 Results and discussion

The main processing parameters that influence the morphology and properties of the
electrospun fibers are those corresponding to the initial polymer solution. Among these
parameters, the most relevant are the solvent used (its dielectric constant, volatility,
boiling point, and others), the solution concentration (that controls its viscosity), and the
molecular weight of the polymer (that must allow polymer entanglement). The main
parameters that control the jet formation and solvent evaporation are the flow rate
through the needle, the needle diameter, distance from the needle to the collector,
temperature, and applied voltage. Finally the collection procedure, static or rotating
collector, and the rotating collector speed are important parameters to determine the

fiber diameter and orientation [1].

The number of parameters that influence the process is thus quite high and the study
must fix some of them. In this work, we have used solutions of PVDF in DMF. The
high polarity of the solvent facilitates the fiber formation. When the polymer content of
the solution was lower than 20% microfibers did not form on the collector due to the
low viscosity of the solutions (e.g., for polymer concentrations of 15% the viscosity is
191.5 cP). The results obtained for lower concentrations suggest that the entanglement
of the molecules was not strong enough to overcome the repulsion of positive charge

arising from the applied external voltage.

Solutions with 20% of PVDF were successfully electrospun on aluminized flat plates,
and this concentration was fixed in all the study, the travelling distance between the
needle and the collector was fixed at 15 cm. The viscosity for this solution was
831.91 cP and perfect fibers were formed. The influence of different parameters
influencing jet formation: applied voltage, flow rate, and needle diameter was studied,
as they are the ones most strongly influencing the phase present in the polymer. On the
other hand, membranes of oriented fibers were obtained using a rotating collector and

the influence of the rotation speed was characterized.

6.3.1 Influence of applied voltage

The influence of applied high voltage was investigated keeping constant the value of the

needle diameter of 0.25 mm, flow rate of 4 mL.h'l, and travelling distance of 15 cm.
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The SEM pictures of figure 6.1 show the influence of applied voltage on the size of the
electrospun fibrils. A histogram of fiber diameter was determined from SEM images

and figure 6.2 shows the average + standard deviation.

la) d=49sxiz6hm . |\ b) d=A81192nm

I
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Figure 6.2 — SEM image of PVDF electrospun nanofibers obtained from a solution of 20/80
(20% PVDF + 80% DMF by w/w) at a traveling distance of 15cm, needle diameter of 0.25 mm
and flow rate of 4 mL.h™', with an applied voltage of a) 15 kV, b) 20 kV, ¢) 25 kV and d) 30 kV.

It can be observed that the average fiber diameter of the polymeric electrospun
membranes decreases from 495 nm to 403 nm with increasing voltage from 15 to
30kV. In electrospinning, the high voltage is the drive of the electrospinning
processing. The formation of ultra fine fibers is mainly achieved by the stretching and
acceleration of the jets in a high electric field [18-19]. High applied voltages can result
in a higher charge density on the surface of the ejected jets, thus the jet velocity
increases and higher elongation forces are imposed to the jet. Consequently, it has been
generally reported that the diameter of the final fibers becomes gradually smaller with
increasing applied voltages [20-24]. The result is not general since changes in the
applied voltage also affects other parameters of the process such as the traveling time of

the jet with the opposite effect on the fiber diameter [1], thus in some cases no clear
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effect of the applied voltage has been found [25]. In fact the changes in the fiber
diameter with the electric field in our case are quite modest. At the same time, an
increase in the applied voltage also enhances the degree of the instability of the jets
during the travel from the needle tip to the metal collector, which result in a broader

distribution of the fiber diameters [23].

The influence of the voltage on the crystalline phase of the polymer was characterized
by infrared FTIR spectroscopy. Figure 6.3 shows the FTIR spectra obtained for the

different electrospun scaffolds.
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Figure 6.3 — a) Detail of the FTIR spectra for the PVDF electrospun scaffolds obtained at
different applied voltages (lines indicates the absorption bands characteristics of the a- and B-

phase), b) Crystalline phase content of the polymeric membranes.

Figure 6.3 a) shows the characteristic absorption modes for the a-phase (855, 766, 615
and 531 cm ") and B-phase (510 and 840 cm ') without traces of the y-phase (431, 776,
812 and 833 cm ') [6, 26]. The general appearance of the spectra is similar for all
samples: neither vibrational modes are totally suppressed nor new modes seem to
appear due the increasing of the applied voltage. The evolution of the phase with
applied voltage was also studied by FTIR on these samples. The method explained
elsewhere [26] was applied to calculate the relative amount of a- and B-phase present in

the different samples (Eq. 6.1).

_ Aﬁ'
Fh) = (K /KA, +4, (Eq.6.)
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Here, F(B) represents the 3-phase content; 4, and 4gthe absorbance at 766 and 840 cm’
! corresponding to the o and B-phase of the material; K, and Kj are the absorption
coefficient at the respective wavenumber. The value of K, and Kz are 6.1x10* and
7.7x10% cm®.mol™’, respectively [26]. The results obtained for the non-polar a-phase and

for the electroactive P-phase amount present in each sample is illustrated in

figure 6.3 b).

Figure 6.3 b) demonstrates that the crystalline main phase in the polymeric scaffolds is
the P-phase, and the amount of the electroactive phase slightly decreases with
increasing the applied electrical voltage. The maximum fraction of B-phase present in
the scaffolds is = 86%, obtained for /' = 15 kV. For increasing voltages, the stretching
effect by the field is counterbalanced by the enhancement in the degree of the instability
of the jets, which result in not further increasing the amount of electroactive phase but

even an small decrease of the B-phase content.

In order to determine possible modifications in crystal structure and melting behavior,
DSC measurements were performed on raw PVDF and in the electrospun scaffolds with
different average fiber diameters. Figure 6.4 a) shows the DSC thermograms of the
samples. All samples showed similar endothermic peaks. It is to notice that the DSC
curves show two melting peaks. The melting point of the a-phase of PVDF is several
degrees lower than that of the B-phase and since FTIR results probe the presence of both
phases in the sample, the two melting peaks that superpose in the DSC thermogram
could be ascribed to the melting of both phases. Nevertheless this kind of results has to
be consider with care since the DSC heating thermograms recorded at low heating rates
can present more than one endotherm due to recrystallization taking place during the
scan itself after the first melting, and also a distribution of crystal sizes could produce
the same effect. So, a PVDF sample consisting of only oa-phase could present a
thermogram similar to the ones shown in figure 6.4 a). In the present case, contributions
of the two existing phases (proven by FTIR) and a distribution of crystal sizes must be

the main reasons for the observed thermograms.

The crystallinity degree of each sample was determined from the DSC curves using

Eq. 6.2:
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AX, = AH
xAH , + yAH

(Eq. 6.2)

where AH is the melting enthalpy of the sample under consideration; AH,and AH ,

are the melting enthalpies of 100% crystalline sample in the a- and B-phase,
respectively, and x and y are the amount of the a- and B-phase present in the sample,

respectively. In this study, a value of 93.07 J.g" and 103.4 J.g"' was used for the AH,,
and AH ,, respectively [26-27] and x and y were obtained from the FTIR measurements

as explained earlier (figure 6.3 b)).
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Figure 6.4 — a) DSC thermograms for the electrospun PVDF scaffolds processed at different
applied voltages and b) crystallinity degree and melting peak temperature of the obtained

electrospun mats.

Compared to a-PVDF films prepared by the conventional stretching method [6, 26], all
electrospun samples show higher crystallinity content, corresponding to higher melting
enthalpy. The solidification of the polymer molecular chains under high elongational
rate during the spinning process may enhance the development of the polymer
crystallinity. In other words, the molecular chains of PVDF partially crystallize under
elongation before they are immobilized in the collector, where the final crystallization

steps occur.

The peak temperature of the DSC thermograms (figure 6.4 b)), also show that samples
of PVDF obtained by electrospinning have higher melting temperature than the PVDF
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films. Melting temperature and crystallinity of the electrospun samples on the other

hand does not suffer significant changes with the applied voltage.

6.3.2 Influence of flow rate and needle diameter

When needle diameter is increased with respect to that used in the experiments
explained in the former section, the fraction of B-phase decreased sharply. With a
voltage of 20 kV, a traveling distance of 15 cm and a flow rate of 4 mL.h™', the increase
of the needle diameter from 0.25 mm to 0.50 mm results in a decrease of the B-phase
fraction from 86% to 53% as determined from the FTIR spectra. The fiber diameter
significantly decreased, as can be observed by comparing the SEM picture of
figure 6.2 b) with that of figure 6.5 d). The literature shows contradictory results in this
point, thus Macossay et al. [28] found no influence of the needle diameter on the
diameter of PMMA electrospun fibers, while Katti et al. reports that the fiber diameter

decrease with decreasing needle diameter [22].

The influence of flow rate was investigated keeping constant the value of the voltage of
20 kV and needle diameter of 0.5 mm. Figure 6.5 shows that increasing the flow rate in
the range from 0.5 to 4 mL.h"' produces small changes in the fiber morphology, the
increase of the fiber diameter with increasing flow rate that should be expected
according to some authors [1, 29] was not found in this case. Some beads appeared
when low flow rates were used with this larger needle diameter as also reported in
PVDF [15]. The increase in surface tension can be main responsible for the formation of
beads and loss of uniformity of the on the electrospun fibers. For a molecule within the
solution, there is a uniform attractive force exerted on it by other molecules surrounding
it. However, for a molecule at the surface of a solution, there is a net downward force as
the molecules below exert a larger attractive force. Thus, the surface is in tension and
this causes a contraction at the surface of the solution, which is balanced by repulsive
forces that arise from the collisions of the molecules from the interior of the solution.
The net effect of the pulling of all surface liquid molecules causes the liquid surface to

contract thereby reducing the surface area [1].
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Figure 6.5 — SEM image of PVDF electrospun nanofibers obtained from a solution of 20/80
(20% PVDF + 80%DMF by w/w) at a traveling distance of 15cm, needle diameter of 0.5 mm
and voltage of 20 kV, with an increase of flow rate from 0,5 to 4 mL.h! (a) 05 mL.h,

b) 1 mL.h", ¢) 2 mL.h", d) 4 mL.h"). The scale bar corresponds to 10 um.
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Figure 6.6 — a) Detail of the FTIR spectra for the PVDF electrospun membranes obtained at

different flow rates (lines indicates the absorption bands characteristics of the o- and -phase),

b) Crystalline phase content of the polymeric membranes.
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The fraction of PB-phase is almost stable for the flow rates under consideration,
indicating just a slight increasing trend with increasing flow rate (figure 6.6). This point
can be compared to the findings of Zheng et al. [14] that compared electrospun fibers
obtained from a solution of PVDF in a mixture of DMF and acetone at flow rate
75 mL.h" with those obtained at 5 mL.h™": the observed variations of the B-phase
content with increasing flow are only significant for much higher rates than the ones
used in the present investigation. Finally, neither the total crystalline fraction,
considering both o- and P-phases according to Eq. 6.2, nor the melting peak

temperature change significantly with the variation of the flow rate (figure 6.7).
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Figure 6.7 — a) DSC thermograms for the electrospun PVDF membranes processed at different
flow rate, b) Influence of the flow rate on the crystallinity degree and melting peak temperature

of the electrospun membranes.

The enhancement of the crystallization of PVDF in B-phase by decreasing needle
diameter or increasing flow rate can be related to the increase of the jet stretching
produced by both factors, favoring the ordering of the polymer chains in the all trans

conformation.

TPeak /1°C
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6.3.3 Fibrils orientation using a rotating collector

/

Figure 6.8 — SEM image of PVDF electrospun nanofibers obtained from a solution of 25/75
(25% PVDF + 75% DMF by w/w) at a traveling distance of 15 cm, needle diameter of 0.5 mm,
voltage of 20 kV and flow rate of 4 mL.h', with an increase of rotation from 750 to 2000 rpm:

a) 750 rpm, b) 1000 rpm, c) 1500 rpm, d) 2000 rpm.

The electrospun fibrils could be effectively oriented using a rotating collector even at
quite low rotation speed. The effect of the rotation speed on the fiber diameter is quite
apparent as shown in figure 6.8. The influence of rotation was investigated keeping the
value of the constant voltage of 20 kV, a flow rate of 4 mL.h" and needle diameter of
0.5 mm. As was explained in the former section, electrospun fibers obtained with
0.5 mm diameter needle contained around 50% of PVDF crystalline fraction in the (-
phase, and a similar result is obtained in the case of the aligned fibers collected at low
rotating speed. Interestingly, higher rotation speeds yield fibers with the same - to o-
phase ratios that can be obtained with narrower needles (figure 6.9). The effect of chain
orientation during collection can be observed in the DSC traces as well (figure 6.10).
After considering the differences in the mass of the samples, no significant change in
the total crystal fraction can be observed when varying the rotation speed from 500 to

2000 rpm. On the other hand, the shape of the melting endotherm changes slightly, the
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characteristic double peak shown by PVDF (see figure 6.4 a)) appears in the electrospun
fibers collected at 500 rpm but it disappears to form a single broad peak for higher
rotation speed and the maximum shifts towards lower temperatures. The diameter of the
fibrils is larger in the oriented fibers than in those produced using a flat collector using
the same parameters (compare figure 6.5 d) and 6.8 a)), the reason can be that each
oriented fiber rather than a monofilament is formed by more than one aligned fibrils that
crystallize simultaneously [30]. Crystallization process during the electrospinning
processing is an open research area both from the experimental and theoretical points of
view, depending also on the polymer type [1]. The present investigation supports the
arguments that, for PVDF, the crystallization process initiates in the travelling jet and
finishes once the fibers are in the collector, as factors related to the jet and the collector

influence the amount of B-phase content.
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Figure 6.9 — a) Detail of the FTIR spectra for the PVDF electrospun membranes obtained at
different rotations (lines indicates the absorption bands characteristics of a- and B-phase), b)

Crystalline phase content of the polymeric membranes.

The influence of the different processing parameters on the crystalline morphology of
electrospun fibers can be related to the well-known a- to B-phase transformation that
takes place when an a-PVDF film is deformed at strain ratios approximately 500% in
the temperature range ranging between 80 and 140 °C [11-13]. Under the tension
loading, after yield, not only the lamellae shifts with respect to each other and orient,
but they can be effectively melted and then recrystallization takes place under the

applied tension. In this way, the formation of the B-phase is favored by the amorphous
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chain orientation under irreversible flow. In the case of PVDF processed by
electrospinning the key factor that seems to determine crystal organization is the ability
of jet straining to orient polymer chains. Further, also the straining of the fibers during
collection at the same time than the solvent evaporates is able to enhance the all-trans

conformation of the polymer chains and their crystallization in 3-phase.
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Figure 6.10 — a) DSC thermograms for the electrospun PVDF membranes processed at
different rotations, b) Influence of the applied voltage in the crystallinity degree and melting

peak temperature of the electrospun membranes.

6.3.4 Local piezoelectric response of a single PVDF electrospun fiber

The piezoelectric characteristics of single fibers was demonstrated and evaluated by
PFM. The influence of the time of the applied electric field in the area and length of the
domain switching was studied and the nanofibers were submitted at an electric field of
+ 20 V during different time intervals (figure 6.11). A complete saturation was obtained
for this applied electric field, and as it can be observed in figure 6.11, the poled area
increases linearly with increasing poling time for the poling times under consideration.
It was also noticed that the minimum voltage measured for the poled sample is
independent of applied time (figure 6.11 ¢)). The domain area (figure 6.11 e)) and
domain length (figure 6.11 f)) increase almost linearly with increasing poling time. This
linear behavior, attributed to the semi crystalline nature of the polymer, allows precise
control of the poled dimensions within the fibers which is of large advantage for
patterning active areas on the fibers for applications such as data storage and sensors

and actuators.

TPeak /°C
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Figure 6.11 — PFM images of the patterns obtained for the E=20 V: a)t=55s,b)t=20s, c)
electrical response of the fiber for the different time intervals of the applied electric field, d)

poled area, e) domain area as a function of the applied time and f) domain length for the

different time of the applied electrical field.

6.4 Conclusions

Polyvinyl fluoride can be electrospun from a solution in DMF if the polymer

concentration is above 20% w/w. For lower concentrations, the density is too low to
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allow an stable electrospinning process with fiber formation. In present work, the
influence of different parameters influencing jet formation: applied voltage, flow rate,
and needle diameter on the morphology, B-phase, and crystallinity content of the
membranes was studied. Their parameters were chosen as they are the ones most
strongly influencing the phase present in the polymer, and therefore, its electroactivity.
Further, membranes of oriented fibers were obtained using a rotating collector and the
influence of the rotation speed on the morphology, B-phase content and crystallinity was

also characterized.

The fraction of B-phase can range between more than 85% to around 50% in the
parameter window explored in this work. Those parameters leading to a higher
stretching of the jet or straining of the fibrils during collection favor the formation of j3-
phase. In this way, increasing rotating speeds and decreasing needle diameters,
improves strongly the B-phase content. On the other hand, the range voltages and flow
rates used in the present investigations do not show large influence in the electroactive
phase content. The total crystalline fraction depends only slightly on the electrospinning
conditions but it is higher than in PVDF produced by other conventional methods from

the melt or casting from a solution.

Piezoelectric response, polarization switching and nanoscale patterning of the fibers
have been demonstrated and a function of applied field and poling time. In this way,
both the direct implementation of as electrospun fibers into electroactive applications
and the possibility of tailored patterning for specific applications have been

demonstrated.
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7.1 Introduction

In the last decades, a wide variety of biomaterials with different properties have been
studied and developed for biomedical applications. The cell/biomaterial interaction is a
complex multi-step process that consists of several events. The first observable event in
vivo or in a culture medium in vitro is the adsorption of proteins [1-2]. Then, cell
adhesion i1s mediated by cell-surface receptors that interact with specific ligands
recognized in the layer of proteins previously adsorbed on the biomaterial surface [3-4].
This protein layer is then reorganized and substituted by matrix proteins produced by
the cells [5-7]. The quality of this first phase of cell/biomaterial interactions will

influence the ability of the cells for proliferation and differentiation [8-9].

The adsorption of matrix proteins such as fibronectin (FN) on substrate surfaces has
been shown to be of large importance when culturing a variety of cells in vitro [10-11].
The activity of adsorbed proteins (i.e. the distribution, concentration, conformation and
motility) plays an important role in the biofunctionality of the biomaterial and allows
understanding the biological response in cell culture in the laboratory [4, 10]. The
surface characteristics such as chemical composition, topography, viscoelastic
properties, electric charge distribution and others determine how biological molecules
will be absorbed by the surface and, more particularly, it will also determine the
conformation of adsorbed molecules [8, 12]. In this way, the behavior of cells cultured

on substrates is highly dependent on these characteristics.

Previous studies have shown that electrically charged surfaces can influence cell
behavior in different aspects such as growth, adhesion or morphology of cells. Beyond
this, an electrically charged base for tissue engineering applications can be an
interesting and promising approach [13]. Electroactive polymers, in particular
piezoelectric PVDF, have attracted interest for biomedical applications in the
fabrication of sensors and actuators and supports for cell culture. PVDF shows good
biocompatibility, chemical resistance, and, in particular, excellent electroactive
properties, such as piezo-, pyro-, and ferroelectricity [14]. This polymer can be obtained
in four different crystalline phases, known as a, B, y and 4, depending on the processing
conditions. The B-phase is the one with the best piezoelectric and pyroelectric properties

[14-15].
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The processing conditions optimizing the electroactive properties of f-PVDF have been
previously studied both for films obtained from solvent evaporation [16-17] and for
films obtained by mechanical stretching [18-19]. Particularly relevant for the present
work are previous studies by scanning force microscopy in a piezoresponse mode on the
variations in the topological morphology and piezoelectric surface response of PVDF
[20]. The piezoelectric activity at a mesoscale reflects the semicrystalline nature of the
polymer: the piezoelectric activity of the f-phase at a mesoscopic scale is formed by
dispersed nanoregions instead of classical domains. Clear differences in the poled
region distribution and size, as well as in the local piezoactivity, have been identified in
the different forms of PVDF: in the poled S-PVDF samples, the piezoelectric activity is
more evident than before poling, the piezoelectric activity of p-PVDF being
independent of the processing method and morphology. No local piezoelectric activity
is obtained in a-PVDF, corresponding to the non-polarity of the macromolecule and the

absence of macroscopic piezoelectric response.

Due to the potential of electroactive materials in the biological and biomedical field, as
they respond to electrical and mechanical solicitations, the aim of this work is to
understand the role of the crystalline phase and polarity (i.e. surface charge) of
electroactive supports on the cell response. With this purpose, the polymer with the
largest electroactive response, B-phase PVDF, is investigated. As a first step fibronectin
from human plasma was adsorbed on the different PVDF films from solutions of
varying protein concentration. The surface density of adsorbed FN was quantified by
the ELISA technique and the protein distribution and conformation was observed by
AFM. Thereafter, the effect of polymer phase (o or B) and surface polarization on

preosteoblasts morphology, viability and proliferation was studied.

7.2 Materials and methods

7.2.1 Preparation of polymer films

PVDF films with thickness of around 30 pm were obtained by casting a 20% solution of
PVDF in DMF on a glass slide, applying the procedure reported in [16, 18]. Briefly, a
glass slide with the spread solution was kept inside an oven at a controlled temperature

of 120 °C for 60 min in order to assure the removal of the solvent and the isothermal
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crystallization of PVDF. After evaporation of the solvent, the sample was melted at
220 °C for 10 min. Then, the samples were removed from the oven, cooled to room
temperature and removed from the glass. The polymer obtained by this procedure is
predominantly a-PVDF. These films were then uniaxially drawn in a tensile machine at
a stretching velocity of ~ 1 mm.min™ at a temperature of 80 °C and a draw ratio
(R =L#nal/ Linitia) of 5. After this procedure, the B-phase content of the samples is
maximized up to ~85% [18-19]. The a to f phase transformation is accompanied by a
morphological transition from a spherulitic microstructure typical of the a- PVDF to a

microfibrilar microstructure [18].

The electrical poling of the B-PVDF films was performed by a corona discharge inside
of a home-made chamber and the piezoelectric response (ds3) of the poled samples was
analyzed with a wide range dss;-meter (model 8000, APC Int Ltd). The obtained value of
the piezoelectric ds; coefficient for the poled samples was ~ -32 pC.N"' [16].

For cell culturing, circular PVDF films with 11 mm diameter were cut from the
prepared films and sterilized by immersing several times in 70% ethanol for 15 min.
Before cell seeding, the samples were washed 5 times for 5 min in phosphate-buffered

saline solution.

The films used in this study were a-PVDF, non-poled B-PVDF, “poled +” B-PVDF (cell
culture on the positively charged side of the sample) and “poled —” B-PVDF (cell

culture on the negatively charged side of the sample).

7.2.2 Contact angle measurements

The contact angle measurements (sessile drop in static mode) were performed at room
temperature in a Data Physics OCA 20 device using distilled water as test liquid. All the
micrographs were taken at the same focal distance (20 cm) and the volume of the drops
was of 20 pl. The contact angles were determined after six repetitions for each sample

by using image analysis software (Image J) taking into account the entire drop shape.

7.2.3 Fibronectin adsorption

FN distribution on the different substrates was observed by AFM. Fibronectin from
human plasma (Sigma-Aldrich) was adsorbed on the different PVDF films (a-PVDF,

131



132

Chapter 7

non-poled B-PVDF, “poled +” B-PVDF and “poled —” B-PVDF) by immersing the
material sheets in FN solutions with different concentrations (1, 2 and 5 pg.mL™) in
modified saline (0.4% NaCl) for 10 min. After protein adsorption, the samples were
rinsed in saline solution to eliminate the non-adsorbed protein. After that, the samples
were dried by exposing their surface to a nitrogen flow for a few minutes. AFM
experiments were performed in tapping mode in air immediately after sample
preparation, using a Multimode AFM equipped with NanoScope Illa controller (Veeco),
at ambient conditions. Si-cantilevers with a constant force of 2,8 N.m™ and a resonance
frequency of 75 kHz were used. All the samples were characterized using a set-point
amplitude ratio of around 0.9. The NanoScope 5.30r2 software version was used for the

simultaneous recording of the height, phase and amplitude magnitudes of the images.

FN conformation was characterized by ELISA using monoclonal antibodies directed to
cell adhesion domains. FN was adsorbed on all samples from a solution of 5 pg.mL™" for
1 h at 37 °C. The same samples without FN were used as controls. After FN adsorption,
the surfaces of PVDF films were washed a few times in DPBS solution to remove non-
adsorbed protein. After the FN adsorption, the nonspecific binding sites of the PVDF
surface were blocked with DPBS with bovine serum albumin (DPBS++/BSA) 1% for
30 min at room temperature. Then, the samples were incubated in the presence of
monoclonal antibody IgG1 (DSHB University of lowa), directed against the synergic
site, in the FN repeat Illy, in dilution 1:4000 for 1h at 37 °C. Following the incubation,
each substrate was washed a few times with DPBS++/Tween 20. After being rinsed, a
secondary antibody, antimouse alkaline phosphatase (Jackson Immuno Research), in
dilution 1:5000 was added to the PVDF substrates for 1h at 37 °C and then washed
again as described above. The 4-methylumbelliferyl phosphate (4-MUP; Sigma-Aldrich)
was added to the samples for 45 min at 37 °C. The optical density (absorbance) of the
wells at a wavelength of 465 nm was measured using a standard plate reader (Victor III,

Perkin Elmer). Each experiment was performed in triplicate.

7.2.4 Cell adhesion and overall morphology
MC3T3-El cells (Riken cell bank, Japan) were cultivated in DMEM 1 gL glucose
(Gibco) containing 10% FBS (Fisher) and 1% penicillin/streptomycin (P/S) at 37 °C in

CO; incubator. To investigate the initial cell adhesion and overall cell morphology,
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osteoblast-like cells suspended in 400 pL of serum-free DMEM were seeded on the
substrates (PVDF samples disks and control glass covers) in 24-well TC plates at a cell
density of 1x10*cells/well. All samples (three repetitions per sample) were previously
coated with FN (20 ug.mL™) for 1 h at 37 °C. After 2 h of incubation, the cells were
rinsed with DPBS and fixed with formalin solution 10%, neutral buffered (Sigma-
Aldrich) (1 h at 4 °C). After that, the substrates were washed with DPBS, permeabilized
with Triton X-100 (5 min at room temperature) and incubated with a monoclonal mouse
antibody against vinculin (Sigma-Aldrich) (1:400 in 1% DPBS/BSA, at room
temperature for lh in agitation). The samples were rinsed a few times with 0.5%
DPBS/Tween 20. Thereafter, it was added Alexa Fluor 633-conjugated rabbit anti-
mouse secondary antibody (Invitrogen) (1:200 in 1% DPBS/BSA, at room temperature
for 1h in agitation) and, at the same time, Bodipy FL Phallacidin (Invitrogen) for actine
cytoskeleton (10 pL/sample). At last, the substrates were washed with 0.5%
DPBS/Tween 20 and mounted with Vectashield containing DAPI. Focal adhesions were
visualized by immune-fluorescence staining of vinculin. Images of adhered cells were
taken with a fluorescence microscope (Leica DM6000B). Cytoplasma observed by
cytoskeleton images were processed and analyzed using an in house software developed
under MATLAB R2009b (The MathWorks, Inc., Natick, MA, USA). Mean cell area

was calculated for every sample.

To determine the area covered by each cell, the processing of the cytoplasm images
consisted firstly in grayscaling and equalization. Afterwards, the images were binarized
using the Otsu’s method [21] and the existing gaps were filled using an erosion
morphological operator followed by a dilation one, using both a diamond structuring
element of size 3. The resulting image was size-filtered using an opening morphological
operator to eliminate remaining isolated pixels. In this way, a binary image stating the
cytoplasm coverage was obtained, allowing the calculation of the total area covered by

the cells or the mean area covered by each cell.

7.2.5 Cell viability and proliferation

For the study of cell viability and proliferation, the cells were seeded in 24-well TC
plates with PVDF films and glass covers used as control at a cell density of

10* cells/well for 3 days and 7 days, and incubated at 37 °C and 5% CO,. All samples
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(three repetitions for each sample) were previously immersed in a fibronectin solution
20 pg.mL™" for 1 h at 37 °C. After washing all samples with DPBS, cells were
suspended in DMEM without serum and seeded in the samples for 2 h at 37 °C and 5%
CO,. Finally, medium was replaced with DMEM containing 10% FBS.

For the quantification of cell viability and proliferation, 3-(4,5-dymethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2(4-sulfopheny)-2H tetrazolium (MTS) assay (CellTiter
96™ Aqueous One Solution Cell Proliferation Assay, Promega) was carried out. In this
assay, the samples were washed a few times with DPBS. Then, 600 pL of MTS solution
(prepared with DMEM low glucose without FBS, in a relation 1:5) was added to the
substrates and it was incubated for 3 h at 37 °C in a 5% CO, incubator. At the end of the
incubation period, 100 uL of each sample were transferred (in triplicate) into a 96 well-
plate. Finally, the absorbance at 490 nm, representing the proportion of viable cells, was

measured by an optical spectrometer (Victor III, Perkin Elmer).

For cell number quantification, after fixation with a formalin buffered solution, the cell
—supports constructs were mounted with Vectashield containing DAPI for fluorescence
microscopy (Leica DM6000B). For cell counting, the previously described software
was used. Cell nuclei images were firstly grayscaled and equalized, providing an output
grayscale image with its intensity values evenly distributed throughout the intensity
range. These new images were then binarized through the Otsu’s method and size-
filtered using an opening morphological operator. The cell nuclei were finally labeled

and counted. Thus, cell number per mm? was calculated.

7.2.6 Statistical analysis

The results were expressed in mean + standard deviation. Statistical comparisons were
made by ANOVA and F-tests were used for the evaluation of different groups. The

differences were considered significant when p<0.05.
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7.3 Results

7.3.1 Contact angle measurements

Surface wettability (generally referred to as hydrophobicity/hydrophilicity) is one of the
most important parameters affecting the biological response. According to the literature,
wettability affects protein adsorption and cell adhesion [22-23]. The wettability of the
different PVDF film surfaces was determined showing that (figure 7.1) the non-poled -
PVDF film is the more hydrophobic, with a contact angle of 76.8°, significantly higher
than that measured in a-PVDF. Corona treatment produces an increase of the
wettability of the B-PVDF films surface. The “poled +” B-PVDF film is the most
hydrophilic material with a contact angle of 31.8 °C, lower than that of the negatively

charged surface.
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Figure 7.1 — Evaluation of water contact angle of different PVDF films (Alfa, Beta non-poled,

poled + and poled -).

7.3.2 Surface topography

The processing conditions of PVDF influence the phase content, morphology and
electroactivity [20]. PVDF adopts an spherulitic morphology in the a phase [15], that
can be observed in the AFM pictures (figure 7.2 a), b)). Crystal lamellae are apparent
both in amplitude and phase images. The a-PVDF is a non-electroactive phase and the

mean roughness measured in 2 x 2 microns surface areas (average of 3 measurements)
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was around 68.5 nm. The topography of B-PVDF is quite different, being characterized
by an oriented microfibrilar microstructure [18] (figure 7.2 c), d)). When the B-PVDF
sample is poled there are no significant differences in morphology. With the AFM
analysis of the local piezoresponse data of the non-poled B-PVDF and poled samples, it
is shown [20] that a clear piezoresponse signal exists in both samples, being therefore
the domain contrast more pronounced in the poled samples. The mean roughness of the
non-poled B-PVDF is approximately 42 nm. The poling process does not affect the
topography of the samples which maintain the same mean roughness [20]. The analysis
of the line profiles of the topographic image and the corresponding domain contrast
image confirm that there is no relationship between the surface piezoelectric response

and the topography [20].

a)

Figure 7.2 — AFM images recorded in a 1 x 1 um area of: a) - b) a-PVDF and c) - d) non-poled
B-PVDF surfaces. a) - ¢) Phase and b) - d) amplitude pictures.
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7.3.3 Protein adsorption

The distribution of fibronectin adsorbed on the substrate can be observed by AFM
provided the surface density of protein molecules is low enough. If the amount of
protein adsorbed is too high, a continuous coating is formed preventing the observation
of single protein molecules as well as their distribution at the material interface. This is
the reason why FN was adsorbed on the substrates from aqueous solutions of varying
concentration. Figure 7.3 shows AFM images (height, phase and amplitude) of non-

poled B-PVDF films after FN adsorption from a 2 pg.mL™" solution.

lpm 1pm Ipm
Figure 7.3 — AFM images of non-poled B-PVDF with fibronectin adsorbed form a solution with

a concentration of 2 pg.mL™. a) Height, b) phase and ¢) amplitude magnitudes respectively.

Figure 7.4 shows the AFM images of the adsorbed proteins on the different PVDF
films. FN distribution and organization on the surface depends significantly on the type

of substrate and the concentration of the protein solutions.

The influence of the crystalline phase of the polymers is quite apparent when comparing
o-PVDF and non-poled B-PVDF films. In both cases at the lower solution
concentrations (1 — 2 pg.mL™), homogeneously distributed FN molecules on the
substrates are observed. When FN was adsorbed from a 2 pg.mL™ solution, a well
defined fibrillar distribution is found on B-PVDF, with the incipient formation of a
protein network. On the other hand, a more homogeneous FN distribution is found on a-
PVDF. Higher concentration of the FN solution (5 pg.mL™") gives rise to the formation
of a FN continuous protein coating that, in the case of a-PVDF, completely covers the
spherulitic topography of the polymer. Likewise, a- and B-PVDF surfaces display

similar appearance when they are completely covered by the protein layer.
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In the poled B-PVDF films, the situation is quite different: a dense coating is formed
already when FN is adsorbed from the 1 pg.mL™’ solution. By increasing FN
concentration, some changes in the topography of the protein surface are observed with

no observable differences between the “poled +” and “poled —” B-PVDF substrates.

IpgmL-! 2pg.mL! Spg.ml!

1pm Ipm 1pm
Figure 7.4 — Fibronectin distribution as observed by the amplitude magnitude in AFM on the

different substrates (a.—PVDF, B-PVDF non-poled, “poled +” B-PVDF and “poled - B-PVDF).
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Fibronectin was adsorbed for 10 min from solutions of different concentrations (1pg.mL™,

2 ugmL’, SpgmL™).
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Single molecules could not be distinctly observed by AFM even in smaller scans areas.
However, it can be inferred from FN adsorption from solution of concentration
2 ug.mL™"' that approximately the same amount of FN is adsorbed on the different
surfaces. Further, the differences in protein distribution observed at the lower
concentrations suggest surface-induced changes in FN conformation [24]. Thus, an
ELISA assay was performed to quantify differences in FN conformation, using
antibodies against adhesion related domains, in order to obtain information about
domain exposition. Figure 7.5 shows the results of the ELISA experiments for the
different PVDF films and the control substrate. These results confirm that adhesion
domains in poled B-PVDF films are more available for cell adhesion than in either non
poled B-PVDF or a-PVDF films. These domains are significantly masked in non-poled
B-PVDF. Nevertheless, the difference between positively or negatively charged surfaces

is not significant.
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Figure 7.5 — Monoclonal antibody binding for HFN7.1 monoclonal antibody on the different
PVDF samples after FN adsorption from a solution of concentration 5 pg.mL". * Significantly

different (p<0.05) PVDF samples.
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7.3.4 Cell attachment and cell proliferation

The overall morphology of the cells after 2 h is observed in figure 7.6. With respect to
cell morphology and cell area, no significant differences were detected between poled

and non-poled films, as well as between films in different phases and the control glass.

Figure 7.6 — Cell culture with pre-osteoblast cells during 2 h in negative poled B-PVDF film
(DAPI stained nuclei are shown in a), vinculin expression in b) and F-actin staining in c),
overlay d)) For comparison the overlay images of a-PVDF film and control glass are shown in

e) and f) respectively. The scale bar (100um) is valid for all the images.

Figure 7.7 shows the viability of the attached osteoblast cells in PVDF films and control
after 3 and 7 days of culture. For all substrates, the number of viable cells increased
with cell culture time. The substrates that seem to promote more active proliferation are
a-PVDF and both positive and negative poled B-PVDF films, with no significant
differences with respect to the control and among them. Cell viability is significantly
lower in the case of non-poled PVDF as shown by the MTS test. Nevertheless, when
cell nuclei were stained with DAPI and counted from fluorescence microscopy images
no significant differences in cell density between poled and non-poled B-PVDF

substrates was found (figure 7.8).

The shapes of the cells attached on the different substrates are quite similar to each
other and also similar to the control, as shown in figure 7.6. Cells are extended on the

substrates and form well defined and developed actin cytoskeleton. Using image



Fibronectin adsorption and cell response on electroactive PVDF films

analysis, the average surface covered by a cell was found to be 4475 + 349 pm? with no

significant differences among the substrates.
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Figure 7.7 — MTS absorbance results after cells seeded for 3 and 7 days on different PVDF
films and control substrate. * Significantly different (p<0.05) PVDF samples.

Cell density on the different substrates is represented in figure 7.8. After 3 days, all
samples show low number of cells. After 7 days of cell culture, the samples show
significant differences in the number of cells. Also, it can be also observed that the cell
distribution in the samples is not uniform. The control substrate shows the highest
number of cells mm™, but comparing just the different PVDF films, the non-poled p-
PVDF films show the lowest cell number and the poled a -PVDF films the highest

number, with no significant differences with both poled B-PVDF, positive and negative .

141



142

Chapter 7

Ho m[p- mB+ mBNP mcontrol

600

500

400

300

Cells/mm?

200

100

3days 7 days
Figure 7.8 — Cell density after for 3 and 7 days on different PVDF films and control substrate. *

Significantly different (p<0.05) PVDF samples.

7.4 Discussion

The surface properties of PVDF are influenced by its crystalline phase, not only because
of the different arrangement of crystal lamellae that, as shown in figure 7.2, leads to a
different roughness and surface topography, but also due to a different surface energy
leading to a quite hydrophobic material in the case of non-poled B-PVDF and to a more
hydrophilic one in the case of a-PVDF. The reason for these differences is related to the
different ordering of the permanent dipoles along the polymer chains in one and another
crystalline order. The configuration of PVDF chains crystallized in a-phase is a non-
polar trans-gauche-trans-gauche’, TGTG’, configuration, leading the consecutive
permanent dipoles of the monomer units to orient in opposite directions, resulting in no
net dipole per unit cell [14, 25]. The crystalline B-phase has an all trans planar zigzag
configuration, TTT, which confers to this crystalline phase the highest resulting
permanent dipolar moment and consequently the best electroactive properties [14, 25].
Note, nevertheless, that the non-poled B-phase PVDF shows a random distribution of
the dipolar moments, and therefore, the overall surface charge will be zero. Just by
poling the samples and alignment of the dipolar moments and an overall surface

distribution will be achieved [20].
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FN adsorption has been studied on different synthetic substrates. A straightforward
correlation between substrate hydrophilicity and FN adsorption does not exist since
other surface properties such as surface chemistry [26-27], the presence of particular
functional groups [28], roughness or the presence of patterning cues [27] also have an
important effect on FN adsorption. While many studies have shown that larger amounts
of protein get adsorbed on hydrophobic surfaces than on hydrophilic ones, as it is the
case with other matrix proteins as laminin, fibrinogen or vitronectin [29-30], the
literature also shows many important examples of higher activity of FN on hydrophilic
surfaces [31-32]. On the other hand, the conformation of FN on the substrate is also
highly influenced by other surface characteristics. It seems that an important
characteristic of FN with respect to cell adhesion is its ability to intermolecular linkage
forming a fibrillar structure (fibrillogenesis) or a protein network. Cell activity seems to
be essential for fibrillogenesis but it has been observed in some synthetic substrates in
absence of cells. This is the case of hydrophobous poly(ethyl acrylate) substrates [33-
34].

When the electroactive B-PVDF is poled by corona discharge, introducing a positive or
negative electric charge density, the wettability of the surface increase significantly as

shown in figure 7.1.

In the PVDF substrates of this work the observed behavior by adsorbed fibronectin is
peculiar in some aspects. Although the AFM images of figure 7.4 give no quantitative
information about protein adsorption, they suggest that adsorbed protein quantity is
higher in poled B-PVDF than in non-poled B-PVDF or in a-PVDF but only when
adsorbed from low FN concentration solutions. When FN is adsorbed from a 5 pg.mL",
the FN layer observed in all samples looks similar. When dispersed protein domains are
observed, the images suggest differences in distribution. The visual aspect in non-poled
B-PVDF is clearly different than in a-PVDF when immersed in the same FN solution.
Association in fibrils seems to appear only in non-poled 3-PVDF, which can be related
to the lower hydrophilicity of its surface. Randomly distributed FN aggregates can be

observed in a-PVDF or in the poled samples at very low FN concentration.

Data from the ELISA experiments complement the information obtained from the AFM
images. ELISA experiments were performed on samples after adsorption from a

5pugmL”’ FN solution, in which the surface appearance in AFM is that of a
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homogeneous coating of the PVDF surface (figure 7.4). The exposition of cell adhesion
domains is significantly higher in the poled B-PVDF samples with respect to non-poled
samples and also with respect to the control. It seems that the presence of a surface
distribution of electric charges overcomes the effect of other surface properties. On the
one hand, exposition of adhesion ligands in poled samples is higher than in non-poled
B-PVDF, that shows the same topography, despite the later having much lower

wettability. In the same way, it is higher than in a-PVDF.

MC3T3-E1 pre-osteoblasts were seeded on the substrates previously coated with FN
and in a culture medium in absence of serum in order to avoid the modification of the
protein layer adsorbed on the substrate. In order to allow long-term culture, medium
with FBS was added after initial adhesion. Cells adhere to all the substrates, develop
focal adhesions and organize the actin cytoskeleton. The shape of the cells and the
average surface covered per cell for the shortest times of cell culture seems to be equal
in the four substrates under study. Some of the differences in MC3T3-E1 pre-
osteoblasts are just shown after several days of culture and are in accordance with the
differences shown in protein adsorption and conformation. The low absorbance in MTS
experiments at 3 days culture does not allow us to detect significant differences among
the different samples due to the small signal, the absorbance being much lower than in
the control surface. Nevertheless, the cell numbers counted from fluorescence
microscope images clearly show that cell numbers are higher in the poled B-PVDF
samples what correlates with availability of cell adhesion sequences of the adsorbed
fibronectin, as determined by ELISA tests. At 7 days culture, the cell number and MTS
absorbance in non-poled B-PVDF sample seems still to be smaller than those in the
samples with a surface density of electric charges. MC3T3-E1 are highly proliferative
cells, reaching confluence in few days in tissue culture polystyrene or in the glass slides
used as controls in our experiments. This is shown by the high cell numbers and MTS
signal after 3 days culture in the controls in contrast with the slower culture
proliferation in all the PVDF substrates. Nevertheless, after relatively short times of
culture cells reach confluence in all substrates and at 7 days culture the cell numbers
and MTS signal tends to be the same in the a and positively or negatively poled (-
PVDF samples and also nearly the same as that of the controls. Only non-poled (-

PVDF shows significantly smaller MTS absorbance and small mean cell numbers than
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the rest culture surfaces at day 7. For longer culture time, this sample shows the same

cell number than the others.

These experiments show that the presence of electrical charge on the surface of the
piezoelectric material influences the distribution and conformation of adsorbed protein
layers on the material surface and in turn on cell adhesion. In this sense, the difference
between poled and non-poled states of the electroactive B-phase of PVDF is particularly
significant. If this material is deformed by the action of mechanical forces, the
piezoelectric effect will produce the variation of the electrical charge density at the
interfaces with the biological tissue. Thus, this type of substrate can be used for

simultaneous mechanical and electric stimulation of cells in culture.

7.5 Conclusions

It is shown that polarization of a PVDF electroactive crystalline phase to create both a
negative or positive electrical charge surface density modifies the conformation of
adsorbed FN at the material surface and therefore cell adhesion on the FN-coated
substrates. As a consequence, cell numbers on the substrate are significantly higher in
poled than in non-poled samples. Differences in FN adsorption between o- and non-
poled B-crystalline phases due to different surface topography, wettability and ordering
of polymer chain groups are detectable but can be considered less important. In this
way, these results open the possibility of developing active substrates for cell culture
and tissue engineering, influencing cell response through variation of the surface

electrical charge density when a mechanical solicitation is applied.
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8.1 Introduction

Cell/biomaterial compatibility and cell response are strongly influenced by the surface
properties of the biomaterial, such as surface charge, chemical composition and surface
energy [1-2]. In particular, surface charge and therefore electric field have been proved
to influence growth and differentiation of some cells types [3-4]. The cell/biomaterial
quality interactions influence cell adhesion, migration and proliferation, thus playing a
decisive role for tissue engineering applications [2, 5]. Further, the different cells may
behave differently on materials, according to surface morphology, hydrophobicity and
roughness [1, 5-6]. For instance, Huag et al. [5] found that osteoblast (hFOB1.19) and
fibroblast (L929) exhibit different responses on surfaces with different morphologies. In
general, it can be stated that osteoblastic cells prefer rougher surfaces, whereas
fibroblasts, the most common cell type found in connective tissue, favor smoother ones

[7-8]. Furthermore, the surface charge influence the cell attachment and behavior [6].

Indeed, it has been shown that electrically charged surfaces can influence cell behavior
in different aspects such as growth, adhesion or morphology of different cells types
including osteoblast, nervous and cardiac cells [3, 5, 9]. In this respect, piezoelectric
materials have the interesting ability to vary surface charge when a mechanical load is
applied [10], without the need of an external power source or connection wires, property
that can be taken to advantage in novel tissue engineering strategies. Verma et al. [11]
verified that surface charge is a critical factor for osteoblast adhesion, it was shown that
positively charged surfaces promote higher adhesion [12]. Schneider et al. [13]
observed that charged poly(hydroxyethyl methacrylic) acid promotes higher osteoblast
attachment and spreading, and positive charged scaffold supported higher cell

attachment and spreading than neutral charges.

Many body tissues react to mechanical and electrical stimulus, thus the use of
electroactive films, membranes and scaffolds shows a novel and potentially interesting
approach for tissue engineering applications [14]. PVDF is a semi-crystalline and
biocompatible polymer with the largest piezoelectric response [15-16], good mechanical
properties and excellent electroactive properties such as piezo-, pyro and
ferroelectricity [10]. The material can be prepared in the form of films, fibers [17] or

porous structures [18], allowing the production of materials with customized
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microstructure for biomedical applications, among others. Depending on the processing
conditions, four different crystalline structures can be obtained, known as a, B, y and 9,
being the B-phase the one with the higher piezoelectric and pyroelectric properties [10,
19]. The semicrystalline nature of PVDF is reflected by the piezoelectric activity at the
mesoscale. At mesoscopic scale, the piezoelectric activity of B-PVDF is formed by
dispersed nanoregions instead a classical regions [16]. So, the charge distribution is not
totally homogeneous on the PVDF film. It has been proven that the charge surface of
PVDF influence the cell viability and proliferation, being higher in poled (larger net

surface charge) than in non-poled samples [14, 20].

Considering the PVDF suitability, two challenges remain to make possible the
exploitation of electrical stimulus for cell culture purposes: evaluation of cell response
when a thin metal layer is deposited on top of polymer surface, which is needed in order
to get a more homogeneous surface charge and to eventually use the material as in-body
sensor and/or actuator, and to evaluate the effect under dynamical conditions. In this
sense, the aim of present work is to give answer to the aforementioned issues by
evaluating the cells cultured directly on the polymer or on the polymer coated with a
conductive thin titanium layer. Further, experiments were performed both under static
and dynamical conditions. MC3T3-E1 osteoblast where selected for this work, since
physiologically these cells are subjected to mechanical solicitations an can therefore be
stimulated by the corresponding varying charge density on the surface of the materials,

to evaluate cell adhesion, viability and proliferation in an in vitro environment.

8.2 Materials and methods

8.2.1 Preparation of PVDF samples

PVDF films were prepared as described previously in [21-22]. Briefly, PVDF (Solef
1010, Solvay) was mixed with DMF (20 wt.% PVDF), and films were obtained by
spreading the solution on a glass slide than was then kept inside an oven at a controlled
temperature of 120 °C for 60 min, to ensure the solvent removal by evaporation and the
isothermal crystallization of PVDF. Then, the sample was melted at 220 °C for 10 min,
removed from the oven and cooled down at room temperature. The polymer obtained by
this procedure is predominantly o-PVDF and the transformation into B-phase was

achieved by the conventional stretching procedure [15, 22]. Corona discharge was used
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to obtain the electrical poling of B-PVDF inside a home-made chamber and the
piezoelectric response (d33) verified with a wide range dss;-meter (model 8000, APC Int
Ltd). The obtained value of the piezoelectric ds3; coefficient for the poled samples was

~-32 pC.N"[15].

A thin titanium layer (approximately 30 nm) was deposited on top of some of the non-

poled and "poled +" B-PVDF samples by magnetron sputtering.

For the in vitro assays, circular PVDF films with 13 mm diameter were cut from the
prepared films and sterilized by immersing several times in 70% ethanol for 30 min.
Then, the samples were washed 5 times for 5 min in sterile PBS to eliminate any

residual ethanol.

The films used in the present study were non-poled B-PVDF, “poled +” B-PVDF (cell
culture on the positively charged side of the material), non-poled B-PVDF with titanium
(titanium deposited on the side in which the cell were cultured) and “poled +” B-PVDF

with titanium.

8.2.2 Substrate topography and contact angle measurements

The samples were measured using Tapping Mode with a MultiMode connected to a
NanoScope III (Veeco), with non-contacting silicon (ca. 47-76 kHz, k: 1.2 -6.4 N.m™")
from AppNano. All images (10 pm wide) were fitted to a plane using the 1st degree
flatten procedure included in the NanoScope software version 4.43rd8. The surface
roughness was calculated as Sq (root mean square from average flat surface) and Sa

(average absolute distance from average flat surface).

Contact angle measurements (sessile drop in dynamic mode) were performed at room
temperature in a Data Physics OCA20 set up using ultrapure water as test liquid. Water
drops (3 pL) were placed onto the surface of the PVDF samples. The contact angles
were measured using the software SCA20. Each sample was measured at six different

locations and the contact angle was taken as the average obtained for each sample.
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8.2.3 Cell culture

MC3T3-El osteoblasts (Riken cell bank, Japan) were cultivated in DMEM containing
1 g.L"! glucose (Gibco) supplemented with 10% FBS (Biochrom) and 1% P/S, at 37 °C

in a 95% humidified air containing 5% CO,. The medium was changed every 3 days.

Circular PVDF samples and glass covers used as control were placed in a 24-well tissue
culture polystyrene plate and 0.5 mL of cell suspension (3%10* cells.mL™") was added to
each well and incubated at 37 °C. Also, after 3 h of static culture, part of the cell-

cultured membranes was transferred onto a home-made bioreactor system.

A dynamic culture was performed with MC-3T3 E1 osteoblast on the same samples on
a home-made bioreactor system with mechanical stimulation by placing the culture
plate on a vertical vibration module at frequency of 1 Hz with amplitude of ~1 mm

(figure 8.1).

A
Figure 8.1 — Home-made bioreactor system used for dynamic cell culture at 1 Hz: a) schematic

system and b) system photography.

8.2.4 Cell viability and proliferation

The viability of MC-3T3 El osteoblasts on the different PVDF films under static
conditions was analyzed by Live/Dead Viability/Citotoxicity kit (Invitrogen, CA), by

observation in a fluorescence microscope (Olympus BX51 Microscope).

The evaluation of the cells viability/proliferation was also carried out by MTT assay.
The MTT assay measures the cell’s mitochondrial activity, which reflects the viable cell
number, and was carried out after 1, 3 and 5 days for the experiments performed under

static conditions and dynamic conditions. At each time point, the cell/films were
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transferred to new wells and fresh medium containing MTT was added. After 3 h of
incubation, the MTT crystals were dissolved and optical density was measured at 570

nm.

8.2.5 Statistical analysis

All quantitative results were obtained from triplicate samples. The results were
expressed as mean + standard deviation. Statistical differences were determined by
ANOVA using F-test for the evaluation of different groups. P values < 0.05 were

considered to be statically significant.

8.3 Results

8.3.1 Surface topography

The phase content, morphology and electroactivity of PVDF films depend on the
processing conditions [16]. The topography of the B-PVDF obtained after stretching
from a-PVDF is characterized by an oriented microfibillar microstructure. The poling
process of PVDF films induce no significant differences on morphology [22] and
sample topography, which maintains the same mean roughness [16]. The AFM analysis
of the local piezoresponse data of the non-poled B-PVDF and poled samples show [16]
that a clear piezoresponse signal exists in both samples, being therefore the domain

contrast more pronounced in the poled ones.

The AFM pictures of B-PVDF samples with and without titanium are displayed in
figure 8.2 keeping the same scale and scan size for comparison. The deposition of a
titanium thin layer on PVDF films increases the mean roughness (rms) of the samples,
as can be observed on figure 8.2, from 20,79 nm and 24,60 nm for the non-coated
samples (non-poled B-PVDF, “poled +” B-PVDF, respectively) to 29,72 nm and 26,06
nm, in average, for the coated ones (non-poled B-PVDF with titanium and “poled +” -
PVDF with titanium, respectively). Considering the titanium coated films, it can be
observed that the mean roughness is lower on "poled +" B-PVDF films (26,06 nm vs

29,72 nm, for the poled and non-poled ones, respectively). This is explained by the fact
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that the positive polymer charge promotes the titanium adhesion during the first

deposition steps, leading to a more homogeneous and therefore less rough surface.

b)

X 1.000 pu/div X 1.000 pm/div
um Z 200.000 nm/div ™ Z 200.000 nM/div

X 1.000 pm/div X 1.000 pm/div

[ Z 200.000 nw/div ™ Z 200.000 nw/di

Figure 8.2 — AFM pictures recorded in a 5x5 um area of different PVDF sample: a) non-poled;

b) non-poled with titanium; ¢) poled + and d) poled + with titanium.

8.3.2 Contact angle measurements

The surface energy, which is intimately related to wettability, is one of the key factors
governing biological interaction with a given material [23-25]. It is usually reported that
biomaterial surfaces with moderate hydrophilicity show improved cell growth and

higher biocompatibility [23].

The comparative wettability of the different PVDF samples was assessed by static
contact angle measurements as shown in figure 8.3. It is observed that the contact
angles of the different PVDF films are all below 90° and the "poled +" B-PVDF film is
the most hydrophilic one, with a contact angle around 60°. When the B-PVDF films are

poled by corona treatment their surface wettability increases, as shown in figure 8.3, due
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to the variations in the surface energy induced by the increased surface charge in the

poled samples [26].

Comparing B-PVDF film with and without titanium, it is observed that surface
wettability decreases with the titanium deposition. This can be ascribed to the roughness
increase with the deposition of the thin titanium layer (figure 8.2): the roughness effect
overshadows the influence of interfacial interactions and the contact angle value

increases with increasing surface roughness [23, 27-28].
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Figure 8.3 — Contact angle of the different PVDF films. Values are mean = SD.

8.3.3 Cell viability and proliferation

The viability of MC-3T3-E1 osteoblasts was investigated by LIVE/DEAD assay,
confirming the integrity of the cell membrane in all cases. Figure 8.4 shows that
virtually no dead MC-3T3-E1 osteoblasts after observed 3 days after cell seeding on
PVDF films.
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Figure 8.4 — LIVE/DEAD staining of MC-3T3-E1 osteoblasts a) PVDF non-poled and b)
PVDF non-poled with titanium; c) PVDF poled + and d) PVDF poled + with titanium after cell
culture for 3 days. The scale bar (50 um) is valid for all the images.

The proliferation of the attached cells on the different PVDF films and TPCS
throughout 5 days of culture under static and dynamic conditions is shown in figure 8.5.

The absorbance (Abs) was measured at 570 nm for all the samples at each time.

At day 1, the cell proliferation on PVDF under static conditions was similar to the
TPCS except for "poled +" B-PVDF with titanium that was higher. Comparing PVDF
samples, non-poled B-PVDF shows the lowest cell proliferation and osteoblasts seem to
prefer titanium surfaces. At day 3, "poled +" B-PVDF with titanium presents a higher

cell proliferation.
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Figure 8.5 — MTT results from proliferation assays of MC-3T3 osteoblast seeded on different
PVDF samples and on the control surface under static and dynamic conditions after a) 1 day,
b) 3 days and ¢) 5 days. = p<0,05 vs Glass control under static conditions; * p<0,05 vs PVDF

non-poled under static conditions; ® p<0,05 vs PVDF non-poled under dynamic conditions.
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The influence of a dynamic culture on cell proliferation in PVDF films was also studied
(figure 8.5). It is observed than the dynamic culture improves the cell viability on the

piezoelectric PVDF samples both with and without titanium coating.

After 5 days, both control TCPS and non-poled B-PVDF with titanium layer samples

under static and dynamic culture yield the same results.

8.4 Discussion

Previous studies on the osteoblast-PVDF interactions showed that can be used clinically
for promoting tissue growth [13]. The different types of B-PVDF films affect in a
different way the adhesion and proliferation of osteoblasts, as the cell response to
different surfaces primarily depend on the cell type [5]. Further, as mentioned before,
surface topography [5, 29-30] and surface charge have deep influence in cell adhesion
and proliferation [4, 11]. In particular, it has been shown that positive charged surfaces
supported higher cell attachment than neutral ones [12] and induce cell adhesion and
proliferation in a different way depending on the cell types [5, 13]. It was also observed
that positively charged B-PVDF films promote higher osteoblast adhesion and
proliferation. Thus, the combination of surface roughness and charge is a key point for

promoting cell adhesion and proliferation on material surface.

The goal of this work was the assessment that dynamic mechanical stimulus of a flat
surface with an electric charge distribution, and consequent effect on the response of
pre-osteoblastic cells in monolayer culture. Electroactive B-PVDF has an all-trans
planar "zig-zag" configuration and the unitary cell has a permanent dipolar moment. In
non-poled polymer samples (samples non-poled B-PVDF or non-poled B-PVDF with
titanium), dipoles are randomly oriented in the material and no net charge appear at the
surface. In these samples, dynamic mechanical solicitations have no effect on electric
charge distribution. Nevertheless, the same material present permanent surface
distribution of positive charges once electrically poled (samples "poled +" B-PVDF or
"poled +" B-PVDF with titanium), since polymer dipoles during the electrical poling
process rotate and align in the direction of the applied electrical field, acquiring a net

orientation in the space. When the polymer chains of these samples are dynamically
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deformed, the net surface charge oscillates with same frequency than the mechanical

stimulus.

Regarding static and dynamic conditions, it is possible to observe than cell proliferation
on "poled +" B-PVDF over 3 days is higher on dynamic conditions than on static
conditions, suggesting that the mechanical stimulus improve the osteoblast growth. It is
notice that this fact is not verified in the non-poled samples and therefore the observed
effect is to be ascribed to the varying charge density due to the mechanical stimulation.
These results suggest that surface charge is a relevant parameter to be considered in the
design of proper scaffolds and membranes for specific tissue engineering applications,
and piezoelectric materials may provide the necessary electrical stimulus for cell

growth, especially under a mechanically stimulus environment.

Assessment of the effect of this dynamic electric stimulation is demonstrated by the
higher proliferation observed in cell cultured on "poled +" B-PVDF under dynamic
conditions than in static wells. Further, this is also proven by the fact that there is no
significant difference (or even the opposite effect is found) between cells cultured on
non-poled B-PVDF in static and dynamic conditions (figure 8.5), where the surface
charge variations should be negligible. So, the effect of dynamic stimulation is not due
to mechanical action itself but to the electrical stimulation induced by piezoelectric
effect in the poled electroactive PVDF substrate. It is worth note that results
corresponding to first days of culture must be considered since proliferation rate of
these cells is high and culture reach confluence in short culture time (in just five days in
poled PVDF substrates), thus, proliferation tends to be similar in all membranes and in
all conditions after 5 days of growth. An interesting exception is non-coated and non-
poled B-PVDF substrates in which proliferation is clearly slower than to the ones
observed for the control samples, as seen in the fluorescence images like those shown in
figure 8.4 and in MTT measurements (figure 8.5). This feature was already shown in
our previous investigation [14] in which it was shown the significant difference between
fibronectin adsorption on poled and non-poled substrates and significantly smaller cell
numbers in non-poled B-PVDF with respect to both negatively or positively charged
PVDF surfaces.

Titanium coated samples allows reaching the same conclusion. Titanium layer has a
positive effect in poled samples which is significant in the first day although diminishes

in longer culture periods. In the case of non-poled samples proliferation of the titanium
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coated samples, non-poled B-PVDF with titanium samples is like that of control TCPS
wells, thus clearly improving proliferation with respect to non-coated samples. In the
case of poled samples titanium layer increases roughness but also increases
hydrophobicity, two factors that are expected to affect in opposite direction cell
proliferation. But certainly the main effect of titanium coating in these samples is the

charge surface distribution improvement.

8.5 Conclusions

Piezoelectric poly(vinylidene fluoride) has been studied as a suitable material for tissue
engineering applications due to its piezoelectric effect. In order to isolate the
piezoelectric effect on cell response, poled and non-poled material, as well as material
coated with a thin titanium layer to get a more homogeneous charge distribution, has
been tested in osteoblast under static and dynamic conditions. The polarization and
titanium layer deposition modifies mean roughness of PVDF films surface and therefore
cell adhesion and proliferation on the samples. Osteoblast adhesion and proliferation is
different depending on the samples, being the first more influenced by the piezoelectric
material. The positively charge of B-PVDF promotes higher adhesion and proliferation
on osteoblast. Dynamic culture with MC3T3-E1 cells showed higher cell proliferation
on "poled +" B-PVDF. In this way, these results demonstrated that varying surface
electrical charge when a mechanical solicitation is applied influences cell response and

confirms the electroactive polymers potential for cell culture and tissue engineering.
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9.1 Conclusions

Attempts to find tissue engineering solutions to treat injuries and diseases have made
necessary the development of polymers that meet a number of demanding requirements

in order to be part of those solutions.

Most of the polymers studied for cell culture and tissue engineering applications are
used in substrates liabilities. But, since it is well known that bone, cardiac and nervous
cells react to electrical stimuli, the necessity of active substrates has emerged. In this
way, electroactive polymers, particularly piezoelectric polymers, appear as interesting
materials as they can produce electrical response when are mechanically deformed and

vice-versa.

Thus, two piezoelectric polymers, PVDF and PLLA, were selected with this propose.
PVDF was used due to its high piezoelectric response and the PLLA due to its
biodegradability.

The processing of PVDF and PLLA in the form of films and fibers as well as their
characterization were achieved. PVDF and PLLA electrospun fiber membranes
morphology was controlled by changing process parameters such as applied voltage,
feed rate and collector system. Random nanofibers were obtained on a plate collector,
while oriented nanofibers were collected using a rotating drum. The piezoelectric
response of both polymers has been proven and characterized by PFM with the study of
local properties of individual electrospun fibers. In this way, these results have opened

the possibility of these electrospun fibers be used in bio-electroactive applications.

With respect to the PLLA fibers, the optimum fiber alignment was observed for a
rotation speed of 1000 rpm. It has been shown that the electrospinning processing
conditions had no effect in the PLLA polymer phase and that the PLLA as electrospun
membranes are nearly amorphous. Additionally, with annealing treatment, crystals
rapidly grew and the crystallinity degree of electrospun fibers was tailored between 0%,
i.e. amorphous fibers, and 50%. The PLLA fiber diameter obtained was around
micrometers but this diameter can be reduced by the introduction of PEO polymer
during the electrospinning process and further PEO removal. In this way, it was possible

to obtain electrospun membranes with few hundreds of nanometers.
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Concerning PVDF fibers, the optimum fiber alignment was also observed for a rotation
speed of 1000 rpm. The different combination of processing parameters showed strong
influence on the phase present in the fiber mats and therefore, its electroactivity. The
obtained B-phase fraction ranged between 50% and 85%. Further, it was possible obtain
fiber diameters with a few hundreds of nanometers to micrometers, the crystalline

fraction depending only slightly on the electrospinning conditions.

PVDF is a non biodegradable polymer while PLLA can be degraded. So, the PLLA
degradation was studied in contact to PBS up to 20 weeks and the main effect on the
samples was only a slight decrease in the sample weight. So, the polymer is stable for

applications up to 20 weeks.

After the processing and characterization of PVDF and PLLA membranes was
achieved, the biological response was addressed. Human chondrocytes and MC3T3-El
osteoblast were used in PLLA and PVDF membranes, respectively. This cell lines were
chosen due to the fact that can react to electrical stimulus. In both cases, the surface

properties of the polymers showed influence on the cell adhesion and proliferation.

In the case of PLLA electrospun membranes, adhesion, proliferation and differentiation
of human chondrocytes was studied in aligned and non-aligned amorphous and semi-
crystalline electrospun mats. It was verified that the proliferation of human
chondrocytes in the monolayer substrates is similar on aligned and non-aligned
amorphous mats. It was observed that proliferation was lower in the more crystalline
samples than in the amorphous ones and the crystallization of aligned mats showed
nearly suppresses proliferation. However, in the case of the differentiation rate, it was
observed significant differences between non-aligned and aligned mats, being higher on
the non-aligned ones with no significant differences between amorphous and crystalline

mats.

The influence of PVDF films on biological response was also investigated. First, the FN
conformation on poled and non-poled B-PVDF films was studied and was found that
poled PVDF films adsorbed higher FN amounts than non-poled samples. In this way, it
was verified that electrical surface charge density has modified the conformation of
adsorbed FN on the substrate surface and cell adhesion on the FN-coated samples. As a
consequence, cell number in the substrate was significantly higher in poled than in non-

poled films. The osteoblast adhesion and proliferation under static and dynamic
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conditions was also studied in order to evaluate the piezoelectric effect on cell response.
The osteoblast adhesion and proliferation was found to be different depending on the
poling state of the samples and it was possible to conclude that poled B-PVDF promotes
higher osteoblast adhesion and proliferation as well as that dynamic culture showed

higher cell proliferation on "poled +" B-PVDF.

In this way, these results confirm the viability of the materials for the development of

active substrates for cell culture and tissue engineering applications.

9.2 Future work

A number of valuable results were obtained in this research project which will be of

utility for future investigations.

It was found that piezoelectric polymers materials were promising candidates regarding
tissue engineering applications. However, it is important to continue the research on
these polymer based piezoelectric materials. The effect of morphology (aligned and non
aligned fibers) and polarization in the biological response was investigated separately to
better understand each effect. However, in the future those effects should be properly

combined in order optimize the biological response.

Following the same approaches, other morphologies than fibers, such as three
dimensional scaffolds, microspheres and/or fiber suspensions should be developed in
order to tailor biological response. Further, hybrid membranes and scaffolds can be
further produced in which the piezoelectric polymers are combined with specific

bioactive materials or drugs to target specific application goals.

Two cells types were used in this work. But, as it is know, cell types respond differently
to different material surface, so other cell types should be studied in order to determine
in which of them the electro-mechanical stimulus can be better taken to advantage for
tissue regeneration. In particular, the study of how dynamic electro- mechanical stimuli

affect mesenchymal stem cell differentiation seems to be an interesting challenge.

Each developed and optimized material should be also evaluated in vivo through the use
of animal models. Essential parameters such as inflammation, cellular proliferation and

differentiation must be investigated.
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