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Summary
Tissue engineering is an area of the biomedical and biomaterials fields addressing the development
and fabrication of biological tissues used for medical purposes. Combining autologous cells, tailored
scaffolds and selected growth factors, these artificial tissues can deliver personalized solutions for the
replacement and repair of human diseased tissues e.g. bone, cartilage, blood vessels, bladder, skin,
muscle. The successful applications of such biomimetic implants are of high importance nowadays to
provide a high-quality health care in spite of the increasing incidence of major diseases related to our
ageing society and modern lifestyle. Moreover, engineered tissues can also serve as in vitro biological
models using patient cells to screen and select appropriate treatments. With regard to the
pharmaceutical industry, they can support the drug development process by replacing part of the animal
experiments.
A proper functioning of artificial tissues involves, among others, the fabrication of scaffolds that fulfils
selected requirements in term of structural and mechanical properties. In principle, these properties
should mimic the one of the targeted native tissue to favor a mechanically stable integration of the
implant and modulate an adequate cell response for the growth of new functional tissue. In this regard,
electrostatic spinning approach (or electrospinning) has attracted increasing interest for the
development of such scaffolds. The resulting non-woven membranes composed of nano- to micron
scaled polymeric fibers exhibit unique characteristics toward tissue engineering applications. In
particular, their microscale architectures resemble the ones of the extracellular matrix composed of
collagen and elastin fiber networks and may therefore be suitable to support tissue regeneration.
Nevertheless, the control of the structural and mechanical properties of electrospun membranes is
still very challenging due to their complex multiscale architectures. The polymeric internal structures
providing nanofibers with extraordinary mechanical properties are not fully understood. Moreover,
tailoring the properties of the single fiber is difficult due to an un-elucidated fiber formation process by
electrospinning procedure. On the other side, fiber-to-fiber interactions are not well characterized and
their role in the mechanical deformation of the network is still elusive.
The goal of this thesis was to improve the tailoring of electrospun membranes by establishing
correlations between the structural and the mechanical properties, from the nanoscale up to the
membrane level, as well as the influence of selected fabrication parameters. For this purpose, procedures
by needleless electrospinning were elaborated for the production of poly(L-lactide) (PLLA) fibers with
different diameters ranging from 200 nm to over one micron. Methods were then developed to
investigate the mechanical properties of single nanofibers. In this regard, an AFM-based three-pointbending experiment as well as a micromechanical setup were used to measure the Young's modulus,
the yield stress and the hardening of fibers in function of their diameter. The results showed a drastic
increase in mechanical properties for decreasing fiber sizes. The analysis of respective fiber internal
structures revealed for the first time a linear relationship between the fiber stiffness and their degree of
crystallinity and molecular orientation in the amorphous phase.
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An approach for the investigation of non-crystalline, mesomorphic superstructures of PLLA fibers was
developed based on solvent-induced crystallization. The fiber mesomorphic architectures, which are
challenging to investigate due to their low contrast with the surrounding amorphous phase using most
of the analytical tools, were revealed after post-treatment in tailored acetone-water blend systems. In
this process, the architecture of the superstructures was preserved, while the underlying mesophase
were ordered in an α-crystalline phase, enhancing thus their contrast. With this method in place, we
demonstrated that a fast evaporation of the electrospinning solvent during the fiber formation favors
the growth of fibrillar superstructures, which, in turn, resulted in a higher fiber stiffness.
These findings describing the physical properties of single fibers and the influence of the fabrication
parameters were used to inform a 3D predictive numerical model of electrospun network, in
collaboration with the group of Prof Dr. E. Mazza at ETHZ. These models are of high importance to
further understand and predict the mechanical behavior of nanofibrous scaffolds and can assist their
development. The virtual networks were compared to real ones by simulating, respectively performing
uniaxial tensile testing. In addition, methods to visualize the deformation of real networks upon
stretching were developed using a custom-built tensile stage and electron microscopy. These
comparisons revealed good agreements between the virtual and real networks. What is more, the
numerical models helped elucidating the auxetic behavior of nanofiber networks, which was found to
be generated by the buckling of the fibers oriented transversally to the stretching forces and compressed
by the lateral contraction of the membrane.
In the last part, the methods developed for structural analyses at the fiber and network levels, and
the knowledge acquired during the thesis, e.g. concerning the fiber formation process, were applied to
closely investigate the multiscale architectures of membranes, from the nano- to the macroscale level.
This approach allowed us to demonstrate that the influence of fiber-to-fiber junctions on the
macroscopic membrane stiffness can overcome the one from the single fiber Young's modulus. These
results draw the attention on important aspects to be accounted for during the development of scaffolds
for tissue engineering applications.
In conclusion, this thesis provides important points of reference for the production of tailored
electrospun PLLA fibers, including by the use of pilot plant needleless equipment, and an extensive
understanding of the fiber formation process by the electrospinning procedure. Moreover, a set of
methods were established for the characterization of the multiscale architectures of nanofibrous
scaffolds. This work contributed as well to the development of a predictive numerical model that already
demonstrated its potential toward the understanding of fiber network properties. The newly acquired
knowledge will contribute to refine the development of advanced electrospun scaffolds with tailored
structural and mechanical properties e.g. for tissue engineering applications.

II

Résumé
Le génie tissulaire est une branche des domaines de la biomédecine et des biomatériaux, axé sur le
développement et la fabrication de tissues biologiques utilisés en médecine. Combinant des cellules
autologues, des facteurs de croissance et un "échafaudage" (ou matrice), ces tissus artificiels peuvent
offrir des traitements personnalisés pour le remplacement et la réparation de tissu humain malade,
comme l’os, le cartilage, les vaisseaux sanguins, la peau et le muscle. L’application réussite de tels
implants biomimétiques est de grande importance aujourd’hui afin d’assurer des soins de santé de
bonne qualité malgré l’incidence croissante de maladies majeures liées à notre société vieillissante et
mode de vie moderne. De plus, les tissus ainsi conçus peuvent aussi servir de modèles biologiques pour
tester in vitro l’efficacité de différents traitements pour un patient donné, avant de lui administrer celui
qui induit la meilleure réponse. Concernant l’industrie pharmaceutique, ces modèles peuvent assister le
développement de nouveaux médicaments en remplaçant une partie des expérimentations animales.
Le bon fonctionnement des tissus artificiels implique, entre autres, la fabrication d’une matrice qui
satisfait les exigences en termes de propriétés mécaniques et structurelles. En principe, ces propriétés
devraient mimer celles du tissu natif ciblé afin de favoriser une intégration mécaniquement stable de
l’implant et d’induire une réponse cellulaire adéquate. À cet égard, la technique appelée électrofilage a
suscité une attention grandissante pour le développement de tel matrices. Les membranes (ou
toiles) non-tissées qui en résultent, composées de fibres polymériques de dimension nano- à
micrométrique, présentent des caractéristiques uniques en vue d’applications en génie tissulaire. En
particulier, leurs architectures au niveau microscopique ressemblent à celle de la matrice extracellulaire
constituée de réseaux de fibres de collagène et d’élastine, et peuvent donc convenir pour supporter la
régénération tissulaire.
Néanmoins, contrôler les propriétés mécaniques et structurelles des membranes électrofilées reste
aujourd’hui encore un défi en raison de leur architectures complexes à dimensions « multi-échelles ».
Les structures moléculaires dotant les nanofibres de propriétés mécaniques extraordinaires ne sont
toujours pas entièrement comprises. De plus, confectionner des fibres présentant des caractéristiques
ciblées est difficile à cause de leur processus de formation qui n’a pas encore été complètement élucidé.
D’autre part, les interactions entre les fibres dans la membrane n’ont toujours pas été caractérisées et
leur rôle dans la déformation mécanique de ces tissus reste peu connue.
L’objectif de cette thèse était d’améliorer la conception de membranes électrofilées utilisées en génie
tissulaire en établissant des corrélations entre les caractéristiques structurelles et les propriétés
mécaniques qui en résultent ; ceci depuis l’échelle nanométrique jusqu’aux dimensions macroscopiques.
De plus, l’influence de paramètres de fabrication donnés sur lesdites propriétés a été étudiée. Dans ce
but, des procédures d'électrofilage dit "sans aiguille" ont été élaborées pour la production de fibres en
acide poly(L-lactique) (PLLA) ayant un diamètre allant de 200 nm à plus d'un micron. Des méthodes ont
ensuite été développées pour étudier les propriétés mécaniques de fibres individuelles. À cet égard, des
expériences de flexions en trois points utilisant un MFA ont été réalisées ainsi que des tests
micromécaniques pour mesurer le module de Young, la limite d'élasticité et durcissement des fibres en
fonction de leur diamètre. Les résultats ont montré qu'une augmentation drastique des propriétés
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mécaniques était liée à une taille de fibre décroissante. L'analyse des caractéristiques structurelles de ces
fibres a révélée pour la première fois une relation linéaire entre la rigidité mécanique et le degré de
cristallinité, ainsi que le degré d'orientation moléculaire dans la phase amorphe.
Une approche basée sur la cristallisation induite par solvant a été développée pour examiner les
superstructures non-cristallines, mésomorphes des fibres de PLLA. Ainsi, ces structures mésomorphes,
qui sont normalement difficiles à étudier au moyen de la plupart des outils analytiques en raison de leur
faible contraste par rapport à la phase amorphe environnante, ont été révélées après traitement des
fibres dans des mélanges ajustées d'acétone et d'eau. Dans ce processus, l'architecture des
superstructures était préservée, alors la phase mésomorphe sous-jacente était réordonnée en phase
cristalline α, augmentant ainsi leur contraste. Grâce à cette méthode, nous avons démontré qu'une
rapide évaporation du solvant d'électrofilage pendant la formation de la fibre favorise l'apparition de
superstructures fibrillaires, accroissant la rigidité de la fibre.
Ces découvertes décrivant les propriétés des fibres de PLLA et l'influence de paramètres de
fabrications ont été utilisé pour informer un modèle numérique 3D de toile électrofilée, en collaboration
avec le groupe du Prof. Dr. E. Mazza à l'ETHZ. Ces modèles sont de haute importance pour comprendre
de façon plus approfondie le comportement mécanique des membranes de nanofibres et peuvent
assister leur conception. Les toiles virtuelles ont été comparées aux membranes réelles en simulant /
effectuant des essais de traction uniaxiale. En outre, des méthodes permettant de visualiser la
déformation des membranes réelles ont été mises au point en combinant un dispositif de traction et un
microscope électronique à balayage. Ces comparaisons ont révélé une bonne concordance entre les
toiles virtuelles et réelles. De plus, ces modèles numériques ont aidé à élucider le comportement
auxétique des membranes de nanofibres, issu de la déformation des fibres orientées transversalement
aux forces d'étirement et compressées par la contraction latérale de la membrane.
Dans la dernière phase, les méthodes développées pour l'analyse structurelle au niveau de la fibre et
de la membrane, ainsi que les connaissances acquises durant cette thèse, concernant par exemple la
formation de la fibre, ont été appliquées pour examiner de près l'architecture multi-échelle des
membranes. Cette approche a permis de démontrer que l'influence des interactions entre fibres sur les
propriétés mécaniques de la membrane peuvent dépasser celle provenant des propriétés des fibres
elles-mêmes. Ces résultats ont de grandes conséquences sur la conception de matrices pour le génie
tissulaire.
En conclusion, cette thèse apporte d'important points de référence pour la production de fibres de
PLLA sur mesure, y compris par le biais d'installation pilote, et une compréhension plus étendue du
processus de formation de fibres par électrofilage. En outre, un ensemble de méthodes ont été établies
pour la caractérisation de l'architecture multi-échelle des membranes nanofibrillaires. Ce travail a aussi
grandement contribué au développement d'un modèle numérique prédictif, qui, à son tour, a démontré
son potentiel pour l'étude des propriétés de tel matrices. Ces nouvelles connaissances contribueront à
peaufiner la conception de membranes électrofilées avancées avec des propriétés structurelles et
mécaniques sur mesure, par exemple, en vue d'applications en génie tissulaire.
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1. Chapter 1
General introduction
1.1. Social context
During the last seventy years, the life expectancy in industrialized countries has continuously
improved. For instance, with an average lifespan of 83.6 years, Swiss citizens have nowadays one of the
highest life expectancy worldwide (OECD data 2017). Due the ageing population and modern lifestyle,
our society is facing new challenges to maintain a high-quality health care system. On one side, the
incidence of major human’s diseases such as cancers, diabetes and cardiovascular diseases increases and
the costs coming along are continuously growing. On the other side, the percentage of economically
active population decreased and the trend is not expected to change in the next decades (Fig. 1.1).
Urgent solutions are needed to avoid a significant decline of the health care quality and the increase of
related costs.
One way to address these problems relies on the technology advances to provide efficient medical
solutions that can be tailored to the individual patients and their age, while reducing related financial
burdens. In this regards, the development and refinement of low-cost biomaterials is of high interest for
many biomedical applications such as diagnosis, treatment, repair, and replacement of human tissues to
enhance care efficiency so as to lower the costs related to the patient care. In this regard, electrospinning
has emerged as a very promising technique for the cost-effective fabrication of scaffolds for tissue
engineering (Pham, Sharma, and Mikos 2006).

Figure 1.1. Rapidly ageing society. Historical data and projection of the percentage of population aged 65
years or over in Western Europe (United Nation, DESA, Population Division).
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1.2. Tissue engineering
1.2.1. General principles
Tissue engineering is an interdisciplinary field combining biomaterials and life sciences for the
fabrication of biological tissues intended for the replacement of human tissues or as biological models
for e.g. drug testing. These substitutes are engineered to closely mimic the biochemical, morphological,
and mechanical properties of the in vivo environment of the targeted organ. The development of such
tissues relies on the combination of three main components: a scaffold with tailored architecture,
adapted surface and mechanical properties, autologous cells, and selected growth factors that promote
cells differentiation, proliferation and functionality of the cells (Serbo and Gerecht 2013). The use of
autologous cells reduces the risk of immune response, helps the regeneration of the native tissue and
provides a personalized solution (Fig. 1.2). Based on these principles, substitutes for e.g. skin, bone,
cartilage and blood vessels were successfully conceived and applied to help the regeneration of targeted
tissues (Bose, Roy, and Bandyopadhyay 2012; Groeber et al. 2012; Hasan et al. 2014). However, the
number of products that can be widely applied is still limited, partially due to the difficulty to engineer
scaffolds that fulfill all the requirements.
The large variety of types of tissues in the human body requires scaffold manufacturing and
engineering design processes with high versatility, e.g. to tailor scaffold’s mechanical properties. While
myocardial and dermal tissues exhibit high elasticity and must resist stretching forces, bone tissues are
stiff and mostly undergo compression forces. Figure 1.3 shows the wide range of tissues Young’s
modulus of different organs. Recapitulating the mechanical behavior remains thus a challenge and
requires the development and refinement of advanced manufacturing processes.

Figure 1.2. Principles of the tissue engineering approach. (a) Cells are harvested from patient’s tissue and
(b) are then expanded in cell culture. (c) The graft is prepared by seeding patient’s cell on a tailored scaffold
in the presence of growth factors and selected external stimuli. (d) The graft is transplanted in the patient’s
affected tissue. (Serbo and Gerecht 2013)
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Figure 1.3. Major variations are observed in the stiffness of different human tissues. The Young’s modulus
of bulk poly(L-lactic acid) is indicated for comparison. Based on (Ghosh and Dawson 2018).

Among other types of biomaterials, important advances in the design of polymer-based biomaterials
were reported in the last 20 years (Shang et al. 2019). On the one hand, the synthesis of novel polymers
with tailorable mechanical properties and degradation kinetics provided new opportunities for the use
of polymeric materials for biomedical applications (Q. Z. Chen et al. 2008; Mahony et al. 2010). On the
other hand, the emergences of new manufacturing methods such as 3D-printing and electrospinning
enabled the fabrication of scaffolds with unprecedented architectures and, often, for a low cost (Xue et
al. 2019; Ozbolat and Hospodiuk 2016). However, selected techniques such as e.g. the electrostatic
spinning approaches involve complex polymer processes that still require important efforts to be fully
elucidated in order to precisely control the resulting structural and mechanical properties of downstream
products.
1.2.2. Design of scaffolds
Cell supporting scaffolds are designed to obtain desirable cellular interactions to help the growth
and regeneration of functional tissue. Thus, the objective is to recapitulate the in vivo microenvironment
of the targeted tissue, while allowing the proliferation and migration of cells, and the diffusion of
nutrients. In this section, requirements related to the type of materials, the physical properties and the
architecture of scaffold are discussed.
Selecting an adequate material, e.g. polymer, involves the consideration of different intrinsic
properties (Brannigan and Dove 2017). For instance, the biocompatibility is the ability of a material to
obtain a favorable response of the host tissue without triggering toxicity or immunological response,
and is thus an essential parameter (Babensee et al. 1998). Some polymers such as poly(l-lactic acid)
(PLLA) and polycaprolactone (PCL), and natural polymers such as collagen show good biocompatibility.
Moreover, these three polymers are also bio-absorbable, a property often required in tissue engineering
as the growth of new functional tissue should ideally be balanced by the degradation of the scaffold.
Other important parameters for the successful integration of an implant are adequate mechanical
properties, mimicking the ones of the host tissue (Harrysson et al. 2008; Hong et al. 2011). The stiffness
of the substrate on which cells are seeded can influence the fate and differentiation of selected cell types
(Watt and Huck 2013). Therefore, the intrinsic mechanical properties of the candidate materials must be
carefully considered. As an example, while PLLA exhibits a high stiffness and very limited range of
elasticity, polyurethane-based (PU) polymers are much softer and highly elastic (Weidenbacher et al.
2019; Bergström and Hayman 2016). Furthermore, the fabrication process and additional posttreatments can strongly alter the resulting mechanical properties and degradation kinetics of a polymer,
3

e.g. by increasing its degree of crystallinity. In this regard, the influence of the manufacturing processes
on the material’s mechanical and structural properties needs to be well understood and controlled.
The architecture of the scaffold is a critical factor for the growth of functional tissue. On the one hand,
the macroscopic architecture should promote the invasion of cells and the efficient diffusion of nutrients
and cell products into its entire volume thanks to a high porosity, appropriate pore size and
interconnectivity (Jafari et al. 2017; Karande, Ong, and Agrawal 2004). On the other hand, the microarchitecture should recapitulate the microenvironment of the native tissue e.g. to induce targeted cell
response and differentiation. The various manufacturing methods described in the next paragraphs
produce scaffolds with very different architectures and must be then chosen wisely.

1.2.3. Manufacturing processes of scaffolds
Various manufacturing processes were utilized for the fabrication of polymer-based scaffolds for
tissue engineering applications (Iu and Eter 2004; Lendlein, Weigel, and Schinkel 2006). The choice of
the adequate solution depends on the requirements needed for the specific application based on the
advantages/disadvantages of each processes. Common manufacturing techniques are described below
as a non-exhaustive list.

a.

Solvent casting and particulate leaching allows the fabrication of scaffolds whose pore size and
overall porosity can be tailored by the use of a mold filled with porogens of defined sizes and
amount (Janik and Marzec 2015; Worthington et al. 2015). In this process, selected polymer is
first dissolved by use of a solvent. Obtained solution is then casted in the porogens-filled mold.
After the complete evaporation of the casted solvent, the porogens are selectively dissolved and
leached out by immersing the solidified structure in an appropriate solvent, leaving behind a
porous scaffold. The drawbacks of this technique are a limited scaffold thickness and uncertain
pores interconnectivity. Moreover, the organic solvents used during the process must be
completely removed to avoid any cytotoxicity. Beside the choice of the polymer, the resulting
porosity is the predominant factor influencing the final mechanical properties.

b. Gas foaming employs the same principle as the previous technique, but without the use of
organic solvent and the porogens particles are replaced by a gas phase (Karimi et al. 2012). First,
the polymer is casted by high temperature compression molding into a disc-shaped structure.
Then, during the subsequent exposure to high pressure (e.g. by the use of CO2), the gas diffuses
into the polymer disc, forming pores within the solid. However, the pores interconnectivity,
which is a critical factor for tissue ingrowth and nutrient diffusion, is very limited. As for the
solvent casting and particulate leaching technique, the tailoring of the mechanical properties
depends mainly on the choice of the polymer and the porosity.
c.

Electrospinning (section 1.3)
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d. The fabrication of hydrogels is of high interest for tissue engineering due to their soft consistence
and high water content, resembling the extracellular matrix (ECM) (Van Vlierberghe, Dubruel,
and Schacht 2011). The 3D gel-like constructs consist of networks of crosslinked hydrophilic
polymer chains retaining large amounts of water. Hydrogels can be tailored to promote cell
proliferation and migration as well as tissue ingrowth. For instance, the pore size and the
porosity can be enhanced e.g. by using solvent casting/salt leaching method and the polymer
chains can be modified by grafting growth factors and other active molecules (Zhu and
Marchant 2011; Annabi et al. 2010). The mechanical properties of hydrogels are mostly
controlled by the crosslinking density and the type of polymer chain (Drury and Mooney 2003).
e.

3D-(bio)printing draws a high and still increasing attention due to the versatility and precise
control that this technique allows over the architecture of the scaffolds and the short time
needed for its fabrication (Ozbolat and Hospodiuk 2016; Chang et al. 2011). By combining
microextrusion and inkjet technologies, a wide range of polymers and hydrogels are available
for the printing of scaffolds with defined porosity and pore size. One important advantage of
this technique is the use of computer-assisted design and manufacturing (CAD/CAM) that allow
producing constructs fitting the shape of tissue defects imaged by computer tomography (CT)
scans or by MRI (Hollister 2006). Bioprinting offers the possibility to directly incorporate a cellsuspension within an adequate hydrogel-based bio-ink to precisely deposit cells within the
scaffold. However, in this special case, the materials available for printing are limited.
Furthermore, the printing resolution (~100 µm) of hydrogels still needs to be improved to
recapitulate the thin architectures of native tissues.

1.3. Electrospinning
1.3.1. General principles & applications
The electrostatic spinning (or electrospinning) technology is a versatile method for the production of
polymeric fibers whose diameters range from ~10 nanometers up to a few micrometers (Fig. 1.4) (B. D.
Li and Xia 2004). In this process, defined polymer (blend) solutions, dispersions or emulsions are
elaborated with respect to selected solution properties that can alter the fiber formation (section 1.3.3)
(Xue et al. 2019). Electrospinning uses electrostatic forces generated by a high voltage (typically 5 to 60
kV) applied between the reservoir output and the collector generating charges at the surface of the
polymer solution. When the electrostatic forces overcome the surface tension, a Taylor cone is formed
and a whipping jet travelling towards the collector appears. On the jet path, the polymer chains undergo
drawing forces along the fiber axis and the solvent evaporation increases the polymer concentration and
thus the viscosity of the jet (Schubert 2019). Further drawing forces may also be generated by the
whipping behavior of the jet/fiber. The time sequencing of solvent evaporation, polymer chain drawing,
fiber solidification, crystallization and deposition are influenced by many various electrospinning
parameters and strongly alter the resulting physical properties of obtained fibers and membranes
(section 1.3.3-1.3.5). Fully or almost completely solidified fibers are deposited on the collector forming
a non-woven membrane.
5

Figure 1.4. Schematic of an electrospinning setup. The syringe is loaded with a defined polymer solution
and enclosed with a needle. A voltage is applied between the needle and a shaped collector, inducing the
formation of a Taylor cone and a whipping jet. Polymer nanofibers are deposited on the collector, forming a
non-woven membrane (credit to S. Domaschke).

The versatility of the electrospinning technology explains the various possible applications employing
the non-woven membranes. Air and water electrospun filters take advantages of the small and
homogenous interfiber pore sizes to selectively filter out particles or pollutants (Letizia and Chiara 2018).
Piezoelectric devices use the electrospinning process to control the crystalline morphology and
structural phase evolution of the polymers to enhance their piezoelectric performances (X. Liu et al.
2017). Other applications such as drug delivery systems and bio-sensors exploit the tailorable, very high
surface area to volume ratio of nanofiber networks and the ease to embed active agents in a controlled
manner to improve their efficiency (Hrib et al. 2015; C. Huang et al. 2011). Tissue engineering takes
advantages of the resemblance between the nanofiber scaffold and the micro-architecture of the ECM
made of collagen and elastin fibers. Moreover, the possibility to tailor the fiber orientation, e.g. aligned
fibers by the use dynamic collectors, helps mimicking more closely the architecture of targeted native
tissues such as tendon (W. Liu et al. 2015), and to guide the migration and differentiation of certain cell
types (X. Wang, Ding, and Li 2013). In addition, electrospun scaffolds exhibit high pores interconnectivity
and high porosity. The main drawback toward selected tissue engineering applications are the small
pore sizes, which hinder effective cellular infiltration and tissue ingrowth within the network. Different
methods were thus developed in the last years to increase the pore sizes and allow cell invasion,
however, optimization and simplification of these processes are still needed (J. Wu and Hong 2016;
Zhong, Zhang, and Lim 2012).
Beside the standard needle-based setup illustrated in Figure 1.4, which can manufacture membranes
of limited sizes (maximum ~15x15 cm2), other devices allow the production of mats of greater areas. For
instance, the Nanospider (Elmarco, Czech Republic) is a pilot plant based on the needleless
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electrospinning. This device takes advantage of the possibility to create multiple Taylor cones from a
thin film of polymer solution deposited on a conductive drum or wire. This setup can be used to upscale
the production process toward industrial applications (Mohammadzadehmoghadam, Dong, and Jeffery
Davies 2015; Alamein et al. 2013). Many polymers were employed for the fabrication of nanofibers using
the Nanospider, such as polyvinyl alcohol (PVA), nylon-6, PCL, PLLA, and PU (Sedláková et al. 2018; ElNewehy et al. 2011; Yalcinkaya, Ceng, and Callioglu 2011; Hrib et al. 2015; Cengiz and Jirsak 2009).
However, the possibilities to tailor the electrospinning parameters are restricted compared to the use of
the needle-based equipment. On the one hand, solvents with a low flash point are not suitable for the
needleless electrospinning, impeding the ability to tune the polymer solution and thus, the resulting
fiber properties. On the other hand, the static collector of the Nanospider limits the possibilities to
control the fiber orientation.

1.3.2. Multiscale architecture
Every applications discussed earlier require defined membranes’ structural and mechanical properties
to achieve the best performances. In particular, tissue engineering demands the ability to manufacture
scaffolds with a wide range of stiffnesses to recapitulate the mechanical properties of the different
tissues of the human body (Fig. 2). In this regard, electrospun membranes are characterized by complex
multiscale architectures determined by various factors taking place from the nanoscale level up to the
network macroscopic level, rendering the prediction of their mechanical behavior difficult (Zündel, Ehret,
and Mazza 2019). Moreover, the fiber formation process is not fully elucidated yet and the intrinsic fiber
internal structure are still partially unknown. From previous research data, the predominant factors that
were identified to strongly influence the mechanical properties of these scaffolds can be divided into
three groups, depicted in Figure 1.5.

Figure 1.5. The multiscale architecture of an electrospun membrane. (left) The single fiber and
representation of typical internal structures of semi-crystalline nanofiber. The setup for the three-pointbending experiment is illustrated. (middle) Typical fiber-to-fiber junctions between fibers of different
diameters. (right) Geometrical arrangements of fiber networks, e.g. non-aligned vs. aligned fibers.
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1.3.3. Fiber’s Intrinsic properties
Nanofibers are known for their extraordinary mechanical properties compared to bulk-like structures
(Andrianov et al. 2019; Ghosal et al. 2018). Since they constitute the construction unit of electrospun
membranes, it is essential to understand and control their mechanical and structural properties to be
able to refine the development of scaffolds intended for tissue engineering applications. Many studies
investigated the fiber properties and how the latter can be tuned by varying the electrospinning
conditions (Pham, Sharma, and Mikos 2006; C. Huang et al. 2011). For instance, the solvent systems used
in the polymer solution strongly influence the fiber formation process. As examples, increased
polymer/solvent ratio, higher solution viscosity and/or reduced solution conductivity favor the formation
of thicker fibers (Sill and von Recum 2008; C. Huang et al. 2011), while highly volatile solutions induce
the formation of microstructures at the fiber surface (Megelski et al. 2002; Yazgan et al. 2017). All these
electrospinning solution parameters alter the solvent evaporation and the fiber solidification process,
impacting the resulting fiber morphology and structure, and thus, the mechanical properties (Maleki et
al. 2013; Lim, Tan, and Ng 2008). The starting polymer solution requires thus adequate tailoring to obtain
homogenous fibers with targeted properties.
In order to understand the intrinsic properties of electrospun fibers, many studies investigated the
mechanical and structural properties of nanofibers in function of their diameter. For instance, the
mechanical properties of fibers can be described by their Young's modulus Ef and yield stress 𝑃𝑌 . Ef
represents a homogenized stiffness property, averaging for the structural fluctuations along and across
the fiber e.g. semi-crystalline lamellar arrangements. Among many techniques developed to measure
the fiber mechanical properties (Mohammadzadehmoghadam, Dong, and Jeffery Davies 2015), AFMbased three-point-bending (Fig. 1.5) and nanomechanical tensile testing are the most commonly used.
Such experiments revealed a drastic increase of Ef for decreasing fiber diameters, below a threshold value
(Janković et al. 2013; Arinstein et al. 2007; Lim, Tan, and Ng 2008). These observations imply that the
fiber formation process alters the resulting internal fibers structures in function of the fiber size.
Different instruments are employed to probe the internal architecture of fibers, depending on their
structural properties. Wide-angle X-ray scattering (WAXS), polarized Fourier-transform infrared
spectroscopy (FTIR) and polarized Raman spectroscopy are well suited to study the molecular orientation
and the structural conformation of amorphous, mesomorphic and crystalline phases (Y. Wang et al. 2014;
Richard-Lacroix and Pellerin 2012; Kongkhlang et al. 2008; Kakade et al. 2007; Leon M. Bellan 2008). For
instance, 2D-WAXS experiments revealed that a thinner fiber diameter improves the orientation of the
crystalline phase as well as the degree of crystallinity, e.g. of PCL or PLLA fibers (J. Liu et al. 2017; Wong,
Baji, and Leng 2008). Increased molecular orientation is also observed within fully amorphous fibers
(polystyrene PS) of decreasing diameters, together with a higher chain disentanglement (Fig. 1.6)
(Richard-Lacroix and Pellerin 2015). Complementary mechanical experiments demonstrated that the
orientation in the amorphous phase strongly influences the fiber stiffness.
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Figure 1.6. Schematic of the internal structure of amorphous PS electrospun fibers. The fiber shell (orange)
comprises partially disentangled chains, while the core (blue) is composed of bulk-like entangled chains. The
chain orientation along the fiber axis increases for decreasing diameter, while the core / shell volume ratio
diminishes, leading to enhanced fiber mechanical properties. (Richard-Lacroix and Pellerin 2015).

Small angle scattering (SAXS), transmission electron microscopy (TEM), and AFM phase imaging take
advantage of the density/mass difference between the amorphous and crystalline phases to distinguish
the two phases and probe e.g. internal superstructures. As an example, the denser chain packing of
crystalline structures induce a higher scattering of electrons than the amorphous phase, which let more
electron passes through towards the TEM detector. AFM phase imaging and TEM revealed that the
formation of fibrillar crystalline superstructures is favored by decreasing fiber diameter, while the
presence of stacked lamellar arrangements is promoted in thicker fibers (Fig. 1.7) (Yoshioka, Dersch,
Tsuji, et al. 2010; Lim, Tan, and Ng 2008). These differences in the semi-crystalline structures contribute
to the enhanced mechanical properties of thinner fibers. Although the fiber formation process by
electrospinning is not well understood yet, more frequent presence of fibrillar structures in thinner fibers
may be ascribed to faster fiber solidification occurring in the jet path (Lim, Tan, and Ng 2008). Polymer
chains elongated by the drawing process are thus “frozen” in a stretched state. Further stretching until
the fiber reaches the collector favors then the formation of fibrillar superstructures and enhanced
molecular orientation.
Beside the electrospinning (solution) parameters and resulting fiber diameters, the type of collector
also influences the fiber internal structure. Higher chain orientation was observed in the amorphous
phase of PLLA fibers collected at high take up velocity using a rotating drum (X. Zhang et al. 2012). Such
setup enhances the drawing forces applied to the fibers, which can increase the molecular orientation
and the crystallinity of the polymer through a strain-induced crystallization process (Inai, Kotaki, and
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Ramakrishna 2005; Zussman, Burman, and Cohen 2006). A corresponding enhancement of the fiber
stiffness was measured as well in those studies (Bai et al. 2014). Similar increased in fiber Young's
modulus may also be expected by using an array of conductive strips as a collector or other
electrospinning setups that induces additional drawing forces, e.g. by the electrostatic field to span over
the groove separating the strips (Yoshioka, Dersch, Greiner, et al. 2010).

Figure 1.7. Crystalline superstructures at the surface of PCL fibers, acquired by AFM phase imaging.
Comparison between two fibers of different diameter: (a) 150 nm, (b) 450 nm. Respective schematic
representations of the superstructures are shown (Lim, Tan, and Ng 2008).

Studies have shown that electrospun fibers are characterized by an intrinsic core-shell morphology,
as revealed by different structural analysis approaches. According to these studies, the shell of the fiber
is more likely to comprise anisotropic supramolecular structures, while the inner part of the fiber consists
of a less ordered, amorphous core. Core-shell formation may be related to the faster solvent evaporation
at the electrospinning jet boundaries, leading to an increased viscosity at these jet regions, and thus to
slower relaxation of the polymer chains subjected to drawing forces. Moreover, higher shear forces may
arise at the fiber surface due to an excess of charges. Such core-shell architecture was observed in PVA,
PLLA and PS fibers (Richard-Lacroix and Pellerin 2015; Stachewicz et al. 2012b; Gómez-Pachón, SánchezArévalo, Sabina, Maciel-Cerda, et al. 2013) by AFM phase imaging and High-resolution TEM (HRTEM) of
fiber cross-sections. Interestingly, the thickness of the shell measured in PVA fibers of different sizes was
constant, and thus, independent of the fiber diameter. As a consequence, the volume ratio of shell/core
regions is higher in thinner fibers and may thus contribute to their greater stiffness. Core-shell
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architecture was also observed in amorphous fibers (e.g. PS fibers) by polarized Raman spectroscopy.
Shell regions were characterized by the presence of partially disentangled chains and higher molecular
orientation (Fig. 1.6).
A theory explained that the abrupt increase in Young's modulus for thinner fibers occurs below a
critical diameter comparable to the supramolecular structural dimension (Arinstein et al. 2007; Wong,
Baji, and Leng 2008). The oriented polymer macromolecules are thus confined in limited spatial
arrangements, enhancing the fiber mechanical properties (Burman, Arinstein, and Zussman 2011).
Nevertheless, in spite of numerous studies, a clear correlation between the mechanical and the structural
properties of single electrospun fibers has not been drawn yet and the influence of various
electrospinning parameters on the fiber formation is not fully elucidated. Novel approaches for structural
analysis of fibers are needed to further understand these phenomena and control the resulting fiber
properties.
1.3.4. Fiber-to-fiber interactions
Only little is known about the mechanisms of fiber-to-fiber interactions in electrospun membranes.
In the case of meshes in which no obvious fusion between the fibers is visible at their cross-points, it is
challenging to determine the nature of fiber-to-fiber junctions. The primary adhesion forces between
two separated PCL fibers brought together were identified as van der Waals interactions. The forces were
also suggested to be influenced by the degree of crystallinity and molecular orientation of the fibers (Shi
et al. 2010). It was also found that the contact configuration (parallel or perpendicular) between a pair
of polyamide fibers had a major influence on the work of adhesion, i.e. the work that must be applied
to separate two fibers (Stachewicz, Hang, and Barber 2014). Nevertheless, only a limited amount of
studies investigated the adhesion forces between nanofibers.
Chemically bonded junctions are important load-bearing components, allowing the network to
recover its initial geometry after mechanical deformations (Lee et al. 2005; Picu 2011). In this respect,
welding at fibers cross-points was shown to improve the tensile strength and elongation at break of
scaffolds (H. Li et al. 2017; You et al. 2006; L. Huang, Manickam, and McCutcheon 2013). Such crosspoints can be obtained by post-spinning alteration, for example, on PCL and poly(lactic-co-glycolic acid)
(PLGA) by exposing the membrane to solvent vapor and on PLLA by an adequate thermal treatment. The
enhanced structural integrity allows an easier handling of the membranes and may thus contribute to a
more precise implantation by the physician. Moreover, more fibers interconnections may favor the
structural integrity of the scaffold throughout fibers biodegradation in vivo.
1.3.5. Membrane’s architecture & stress-strain curves
The mechanical properties of electrospun membranes are commonly investigated from stress-strain
curves generated by uniaxial or strip-biaxial tensile experiments with or without cyclic loading. While the
mechanical behavior of the network is closely related to the intrinsic properties of the underlying fibers
or the presence of chemically bonded interfiber junctions, other key parameters are observed on the
macroscopic scale. The porosity is an important factor determining the membrane’s performance in term
of mechanical properties, vapor and fluidic transport, as well as cell migration when used as a scaffold
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for tissue engineering. Membranes with enhanced porosity can be obtained e.g. by dual electrospinning
with additional sacrificial fibers (Voorneveld et al. 2016) or by post-spinning ultra-sonication (JB et al.
2011). However, high porosity may lead to a poor mechanical stability of the network (JB et al. 2011).
The membrane’s mechanical properties are also altered by the geometrical organization of the fibers.
Various approaches were developed to guide the fiber deposition on the collector (Kim 2008; He Xu et
al. 2015; D. Li et al. 2004). As an example, high-velocity drum collectors are commonly used to obtain
membranes incorporating aligned fibers (Edwards et al. 2010). Such scaffolds are characterized by an
increased Young’s modulus EM in the direction of the fiber alignment (Mubyana et al. 2016). Moreover,
they are of high interest for particular tissue engineering applications since a dominant fiber orientation
in the network was shown to steer the proliferation or growth of certain cell types, such as neurons (Yang
et al. 2005), smooth muscle cells (Stankus et al. 2006), and endothelial cells (Whited and Rylander 2014)
in a preferential direction. Different strategies were used to quantify the degree of fiber orientation,
developing algorithms for the analysis of SEM images or SAXS patterns (Fee et al. 2016; Yano et al. 2012).
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2. Chapter 2
Scope and aims of the thesis
2.1. Motivation
PLLA is a thermoplastic polyester derived from renewable resources, typically from fermented corn
and sugarcane (Fig 2.1). The biopolymer is one of the most relevant materials for biomedical applications
and is increasingly used for the fabrication of electrospun scaffolds. Its well-known biodegradability and
biocompatibility promoted PLLA as a very good candidate for tissue engineering applications, e.g. for
artificial vascular grafts, bone and skin substitutes. The main limitations of the polyester for in vivo tissue
replacement are a slow degradation time (1-4 years) and the potentially toxic accumulation of acidic
degradation products (Taylor et al. 1994; R. Y. Li et al. 2015). The ability to precisely tailor the properties
PLLA scaffolds is thus of outstanding interest to provide novel and low-cost solutions for selected
diseases.

Figure 2.1 Chemical structure of PLLA

The fabrication of electrospun membranes exhibiting defined mechanical and architectural properties
that satisfy the specific needs of intended tissue engineering applications remains very challenging in
spite of intensive research activities in this field. The limited understanding of the fiber formation process
by electrospinning procedures renders the control of the fiber properties difficult. In that regard, novel
approaches providing detailed structural insights into the internal structures of nanofibers will be used
as a feedback system to investigate the effects of selected electrospinning parameters on the resulting
fiber properties. Understanding the role of the fabrication parameters deriving from starting polymer
solution, spinning conditions and environmental factors will help elucidating the mechanism of the fiber
formation process. For instance, approaches for the investigation of mesomorphic structures in PLLA
fibers are still missing, despite their central role in the mechanical properties and the processing of the
polymer. The precise tailoring of PLLA fibers requires thus to control the formation of mesomorphic
structures during the fiber formation process by understanding the influence of the electrospinning
parameters.
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The complex multiscale architecture characterizing electrospun membranes also renders the
prediction of their mechanical behavior challenging. Understanding the contribution of the single fiber’s
properties and fiber-to-fiber interactions to the mechanical response of the whole network would highly
contribute to the development of scaffolds that meet the requirements at every scale levels. While the
structural and mechanical properties taking place at microscopic level modulate the cell response,
obtaining targeted macroscopic elastic properties and porosity can favor a mechanically stable
integration of the scaffold in the native tissue and promote e.g. the diffusion of nutrients and the
migration of cells.

2.2. Aims (Outline)
The thesis aims at pushing forward our ability to manufacture electrospun membranes with targeted
architectures and mechanical properties. The advances will contribute to the development of scaffolds
tailored to the requirements of specific tissue engineering applications. For this purpose, approaches
will be developed for the structural and mechanical analysis of membranes, from the nanoscale level up
to the macroscopic properties. With these methods in place, the influence of selected electrospinning
parameters on the fiber / membrane properties will be investigated. Moreover, correlations between
structural and mechanical properties at both, the fiber and membrane levels, will be established. This
work will provide a better understanding of the fiber formation process and our control over the
resulting scaffold properties will be improved, increasing the range of possible functions that can be
fulfilled by electrospun membranes.

Chapter 3: Elucidating the correlations between the fiber diameter, the internal structure and
the mechanical properties of single fibers from needleless equipment to promote the industrial
upscaling of PLLA electrospinning. Methods for the fabrication of PLLA membranes incorporating
defined fiber diameter using the needleless electrospinning setup will be established and the mechanical
properties on a single fiber level will be probed for a range of diameters. A thorough structural analysis
will be performed to investigate the influence of the fiber diameter on the molecular orientation and the
degree of crystallinity. Finally, correlations between fiber’s Young’s modulus, internal structure and
diameter will be drawn. Defining these structure – property relationships will give insights into the
influencing parameters regarding the electrospinning technology. Furthermore, these investigations will
contribute to the upscaling of the production of PLLA membranes with tailored properties on an
industrial level.

Chapter 4: Investigating the effects of electrospinning on the formation of mesomorphic
superstructures and the impact of these structures on the fiber mechanical properties. Elucidating
the fiber formation process. The study aims at the development of an approach to reveal the noncrystalline (mesomorphic) architectures of PLLA nanofibers, whose contrast with the surrounding
amorphous phase is too low to be characterized using most of the analytical methods. With this novel
approach in place, the influence of selected electrospinning parameters on the fiber formation will be
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explained. In particular, the study will focus on the effects of the polymer solution properties on the fiber
internal architecture. Furthermore, the influence of mesomorphic superstructures on the mechanical
properties of single fiber will be investigated.

Chapter 5: Characterizing and tailoring the multiscale architecture and mechanical properties
of electrospun membranes from the nano- to the macroscale level for tissue engineering
applications. Understanding how fiber-to-fiber interactions and single fiber properties influence the
mechanical behavior of PLLA electrospun networks. These investigations will then help tailoring the
mechanical properties on the microscopic level, in order to influence the cell response, in particular the
cell infiltration within the scaffold. For this purpose, an experimental setup will be developed to assess
the cell migration through different electrospun networks.

Chapter 6: Synthesis, implications and outlook. The main outcomes of the thesis and their
implications for the development of electrospun membranes are discussed. Moreover, the main results
from the studies published in collaboration with the group of Prof. E. Mazza (ETH Zurich) on the
development of a predictive numerical model of an electrospun membrane are presented.
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3. Chapter 3
Correlating diameter, mechanical and structural properties of
PLLA fibers from needleless electrospinning
A. Morel, S. Domaschke, V. Urundolil Kumaran, D. Alexeev, A. Sadeghpour, S. N.
Ramakrishna, S. J. Ferguson, R. M. Rossi, E. Mazza, A. E. Ehret and G. Fortunato.
This chapter was published in Acta Biomateralia (2018), 81, 169–183, DOI: 10.1016/j.actbio.2018.09.055
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3.1. Introduction
Electrospun (e-spun) non-woven membranes are increasingly used in a variety of applications owing
to several beneficial properties (Jian et al. 2008). The high surface-area-to-volume ratio of the
membranes, for example, makes them ideal candidates for applications as drug delivery systems (Nie et
al. 2009; Hrib et al. 2015; Leung and Ko 2011), catalyst carriers or sensors (Jian et al. 2008), while the
resemblance of the e-spun nano- and microfiber network to e.g. collagen and elastin fibers disposed in
the extracellular matrix of soft biological tissues has favoured their use as scaffolds in tissue engineering
applications (Zhao et al. 2017; Guex et al. 2014; W. Xu et al. 2017; Voorneveld et al. 2016).
For many of these applications, the mechanical properties at both the nano- and macro-scale play
an important role so that their understanding and tailoring represent important steps towards e-spun
membranes that are designed to meet selected requirements. Since the network behaviour is largely
predefined by the properties of the fibers and their interaction, this poses the essential need for
mechanical and structural characterization of single nano- and microfibers (Stylianopoulos et al. 2008).
Single fiber mechanical properties can be determined by three-point bending or tensile set-ups,
based on atomic force microscopy (AFM) or specific micromechanical testing (MMT) systems (Neugirg,
Koebley, et al. 2016b). The axial Young’s moduli determined by both methods are generally in sound
agreement (Neugirg, Burgard, et al. 2016; Eunice P S Tan and Lim 2006) and can be interpreted as a
homogenized beam property that averages the fluctuating mechanical properties along and across the
fiber as the semi-crystalline structure leads to heterogeneities within the fibers. One advantage of threepoint-bending of single e-spun fibers using AFM is the high resolutions in displacement and force
measurements, which enable accurate assessment of the fiber response to small deflections, typically
quantified in terms of the axial Young’s modulus (Neugirg, Koebley, et al. 2016b). Explained briefly, the
fiber spans over a groove of a micro patterned grid while load is applied by the tip of the AFM cantilever.
The deflection is recorded and a force-deflection curve is generated. To determine the Young’s modulus
from these results, both an appropriate theory and boundary conditions have to be assumed. If
deflections become larger, tensile stresses due to fiber extension need to be accounted for (Kluge et al.
2010; Hudson et al. 2013; Heidelberg et al. 2006; Neugirg, Koebley, et al. 2016b). The analytical models
commonly used treat fibers over the groove as double-clamped (Iwamoto et al. 2009; Stachewicz et al.
2012b) Euler-Bernoulli beams. Noteworthy, there is a factor of 4 between the forces needed to deflect a
double-clamped or double supported slender beam by the same amount.
Unless the fibers are tightly fixed to the AFM grid, e.g., by epoxy glue (S. R. Baker et al. 2016), the
fibers are prone to start slipping at a critical deflection (S. R. Baker et al. 2016) thus complicating the use
of AFM-based three-point bending tests to investigate the fiber response at large deformations.
Micromechanical testing (MMT) devices allow analysing the mechanical properties of single fibers over
a wider range of deformations, e.g., in tensile tests (Neugirg, Koebley, et al. 2016b; Papkov et al. 2013; E.
P S Tan, Ng, and Lim 2005; Silberstein et al. 2012), and thus provide access to the non-linear strain regime
and material parameters that characterise inelastic behaviour such as yield stress and fiber hardening.
Mechanical tests on single fibers e-spun from various polymers such as polyvinyl alcohol (PVA),
polyethylene oxide (PEO), polystyrene (PS) and Nylon-6,6 (Janković et al. 2013; Richard-Lacroix and
Pellerin 2015; Arinstein et al. 2007; Stachewicz et al. 2012b) revealed that the Young’s modulus increases
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with decreasing fiber diameter, and studies on polycaprolactone (PCL) (Lim, Tan, and Ng 2008; Wong,
Baji, and Leng 2008; E. P S Tan, Ng, and Lim 2005) and poly(L-lactide) (PLLA) (Inai, Kotaki, and
Ramakrishna 2005; Jaeger, Jaeger, and Schischka 2009; X. Zhang et al. 2012) fibers showed that the
decrease in diameter, mainly controlled by the speed of a rotating drum collector or the spinning
solution properties, is also accompanied by an increasing tensile strength (Lim, Tan, and Ng 2008; Wong,
Baji, and Leng 2008).
These observations of altered fiber mechanical properties can only be explained if the geometric
change in fiber cross-section is accompanied by changes of polymer internal structure within the fibers
deriving from the formation process, e.g. due to fiber drawing. Crystallinity has been assessed by
differential scanning calorimetry (DSC) (Eunice P S Tan and Lim 2006; X. Zhang et al. 2012) and wideangle X-ray diffraction (WAXS) (Yazgan et al. 2017), while crystalline orientation is typically investigated
by 2D-WAXS on e-spun membranes (J. Liu et al. 2017; Yano et al. 2012) and by side-angle electron
diffraction on single fibers (J. Liu et al. 2017; Yoshioka, Dersch, Tsuji, et al. 2010). Studies demonstrated
higher crystalline orientation for thinner fiber diameter of semi-crystalline polymers like PCL and PLLA
(J. Liu et al. 2017; Wong, Baji, and Leng 2008). Furthermore, the properties of the amorphous regions,
such as molecular alignment and polymer chain disentanglement, have been studied by polarized
Raman spectroscopy (Richard-Lacroix and Pellerin 2015), DSC (X. Zhang et al. 2012) and 2D-WAXS
(Arinstein et al. 2007), showing that the orientation of amorphous polymer chains is higher in fibers of
smaller diameters and fibers collected on rotating targets at high take-up velocities, which are
undergoing a cold-drawing process during deposition.
Since both crystallinity levels (Inai, Kotaki, and Ramakrishna 2005; Eunice P S Tan and Lim 2006; X.
Zhang et al. 2012) and intrinsic characteristics of the amorphous phases (Richard-Lacroix and Pellerin
2015; X. Zhang et al. 2012) affect the mechanical properties of the polymer and are themselves altered
by the fiber formation process (e.g. drawing ratio, environmental conditions) and thus the fiber diameter,
the latter indeed becomes an important indicator for the mechanical behaviour of the fibers (Janković
et al. 2013; Croisier et al. 2012; Lim, Tan, and Ng 2008; Wong, Baji, and Leng 2008; Jaeger, Jaeger, and
Schischka 2009). An abrupt increase in Young’s modulus is typically observed for thinner fibers below a
critical diameter whose particular value varies depending on the polymer used (Arinstein et al. 2007;
Wong, Baji, and Leng 2008; Lim, Tan, and Ng 2008).
PLLA belongs to the polyester family. It has been selected in this study for its beneficial properties in
contact with living tissues, its industrial relevance, and since it has already been used and studied in
electrospinning for biomedical applications (Bergström and Hayman 2016; Q. Wang et al. 2017). The
polymer may comprise crystalline and amorphous regions as well as a mesophase, which is defined as
an intermediate level of polymer chains order between amorphous and crystalline ordering level,
composed of highly aligned amorphous chains e.g. induced by strain (Stoclet, Seguela, Lefebvre, and
Rochas 2010; Ma et al. 2013; Zhou et al. 2016; 2015). A needleless electrospinning device operated on a
pilot plant scale and a static collector were used to develop fibers of varying diameters. To the best of
the authors’ knowledge, no data are available on the mechanical properties of fibers produced by large
scale equipment despite their importance towards industrial applications. Furthermore, existing
mechanical data on PLLA fibers generated by conventional laboratory electrospinning devices are mainly
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restricted to Young’s modulus, tensile strength and strain at break, while systematic information on the
non-linear and inelastic single fiber responses, such as yield stress and hardening, and their dependence
on fiber diameter is largely missing. Especially the inelastic properties are important to describe the
whole stress-strain curve of a single fiber (Inai, Kotaki, and Ramakrishna 2005; Jaeger, Jaeger, and
Schischka 2009; X. Zhang et al. 2012) which is essential for predictive simulations of fibrous networks
(Zündel, Mazza, and Ehret 2017).
This study aims to probe the elastic, inelastic and morphological properties of needleless e-spun
PLLA fibers and the correlation between those factors and to evaluate the consistency between different
investigation methods. To this end, single fibers of different diameters were produced by needleless
electrospinning and Young’s moduli were determined by AFM based three-point bending tests. Thereby,
the validity of specific boundary conditions and beam theories were investigated depending on the
different fiber diameter. This was studied by means of a finite element (FE) model, used to determine
material parameters in a general inverse analysis. Furthermore, an analytic model with a semi-empirical
parameter was established. In addition, a MMT device was used to quantify yield stress and plastic
hardening in the large strain regime, and their dependence on fiber diameter, in addition to the Young’s
moduli. Finally, DSC and WAXS measurements were performed to determine fibers crystalline properties
as well as polymer chain alignment in the amorphous phase to establish relationships between those
structural characteristics and the measured mechanical properties.

3.2. Materials and methods
3.2.1. Preparation of membranes / single fibers
3.2.1.1. Materials
PLLA pellets (3100HP Ingeo, Natureworks, USA) were dissolved in dichloromethane (DCM, Macron
fine chemicals, Avantor, USA). For the production of single fibers used for mechanical testing, PLLA
concentrations of 6% and 8% w/w were used while concentrations ranging from 3.5% to 12% w/w were
prepared (Appendix 3.A) for the electrospinning of whole membranes used for structural
characterization methods. To increase the relative permittivity as well as electrical conductivity of the
polymer solution, 2-4% w/w dimethylformamide (DMF, VWR chemicals, USA) were added in all solutions,
as well as 0.015% w/w tetraethylammonium bromide (TEAB, Sigma Aldrich, USA).

3.2.1.2. Electrospinning
E-spun fibers were generated using the pilot-plant Nanospider device (NS 1WS500U, Elmarco, Czech
Republic) equipped with a spinning carriage module. In this set-up, the solution reservoir continuously
moves along a wire source electrode and deposits a thin film of solution on it. Applying a high electrical
field forms multiple Taylor cones along the wire, electrospinning jets are pulled toward a counter wire
electrode and fibers are deposited onto a paper substrate placed before the counter electrode. Spinning
parameters used were: an applied voltage of +20/-17 kV, a reservoir speed of 480 mm/s, a source wireto-substrate distance of 220 mm, a temperature of 20°C (±1°C) and a spinning chamber relative humidity
of 20% (±3%). Mean fiber diameter was assessed for each membrane sample (n=100 fibers) from
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scanning electron microscopy (SEM) micrographs by analysis with ImageJ software (Schneider, Rasband,
and Eliceiri 2012). In order to prepare samples for AFM-based three point bending tests, fibers were
directly e-spun onto silicon chips with grooves of 6 to 7 µm width and 1 µm depth (Sindex, Bioforce
Nanosciences, USA) that were glued to the paper substrate before deposition (Fig. 1a). For MMT, fibers
were prepared by collecting fibers during several seconds on a rectangular cardboard frame (50 mm X
150 mm) fixed to the paper substrate. The fibers were then transferred on dedicated clamps (see section
3.2.4.1).

3.2.2. Scanning electron microscopy
Prior to imaging, samples were sputter-coated with a 7nm-thick gold palladium layer (Leica EM
ACE600, Leica Microsystems, Germany). SEM (Hitachi s-4800, Hitachi High-Technologies Corporation,
Japan) was performed using an acceleration voltage of 2 kV and 10 mA current flow.

3.2.3. AFM-based three-point bending tests
3.2.3.1. Experimental procedure
The three point bending tests were performed with an AFM (MFP-3D, Asylum Research, USA) using
cantilevers (OMCL-AC160TS-R3, Olympus, Japan) with a tetrahedral tip with a radius of 7 nm (from the
manufacturer details) and spring constants ranging from 14 to 25 N/m, calibrated by thermal noise
method (Butt and Jaschke 1995). After mounting the sample on the AFM stage, fibers oriented
perpendicularly across a groove of the silicon chip were located with the camera of the AFM and the
specific location was then captured by AC mode imaging (Fig. 3.1b). The acquired 3D-image of the fiber
geometry was used to ensure that the fiber was straight over the groove without crimp or slack.
Afterwards, the imaging mode was switched to contact mode. The fiber was then bent by pushing the
cantilever tip onto it at the centre of the groove, determined from the AFM image (Fig. 3.1b), at a speed
of 2 µm/s by using pick point option in the MFP3D software. The fibers were deflected and the force 𝐹
and central displacement 𝑤B were recorded. In order to correct for the indentation 𝑤A of the tip into the
fiber, force-displacement curves were also recorded for fibers portions lying on the hard silicon substrate
and the effective deflection 𝑤
̂(𝐹) = 𝑤B (𝐹) − 𝑤A (𝐹) was calculated. Finally, fiber diameters 𝐷 and the
exact groove widths, corresponding to the free-spanning length 𝐿 of the fiber were assessed from SEM
(Fig. 3.1a) using ImageJ software.

3.2.3.1. Analytical Timoshenko beam model
Euler-Bernoulli beam theory is usually used to analyse AFM-based three-point bending tests when
the central deflection 𝑤
̂ = 𝑤(𝑧 = 𝐿⁄2) is small compared to the fiber diameter 𝐷, typically 𝑤
̂ < 𝐷 ⁄2
(Neugirg, Koebley, et al. 2016b; Heidelberg et al. 2006). In this case, the relation between force 𝐹 and
𝑤
̂ of the fiber reads 𝑤
̂ = (𝐹𝐿3 )⁄(𝑐𝐸𝐼) with 𝐼 = 𝜋𝐷4 ⁄64 the second moment of inertia for circular crosssections, 𝐸 the Young’s modulus and 𝑐 a parameter depending on the assumed boundary conditions i.e.
the clamping method. The latter takes values of either 𝑐 = 192 for double-clamped (DC, Fig. 3.2a) or
𝑐 = 48 for double supported (DS, Fig. 3.2b) beams.
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Figure 3.1. Single fiber deposition. (a) SEM of a fiber lying over a groove of the silicon chip. (b) AFM AC
mode imaging. AFM force-displacement measurements onto the fiber are conducted on the substrate (point
A) and over the groove (point B).
Please

Figure 3.2. Model of the three-point bending test. (a) Double clamped (DC) boundary conditions (b) double
supported (DS) boundary conditions and (c) torsional springs at the boundaries (TS).
Please

The typically only moderate ratios between groove width, resp. free fiber length, and fiber diameter
call for caution when employing the Euler-Bernoulli beam theory that applies to slender beams. As shear
deformations become increasingly relevant as 𝐿/𝐷 < 10 (Onate 2013), Timoshenko beam theory was
used in this work, leading to an additional deflection term (𝐹𝐿)⁄(4𝐺𝐴𝜂) (C. M. Wang 1995), where the
shear modulus 𝐺 = 𝐸/[2(1 + 𝜈)] of an linear elastic isotropic material was assumed, 𝜈 denotes Poisson’s
ratio, 𝐴 = 𝜋𝐷2 ⁄4 is the cross-sectional area and 𝜂 = 0.9 the shear correction factor for circular crosssections (Weaver and Gere 1990). Finally, since it is assumed that the fiber sticks to the substrate only at
its bottom contact area (validated by AFM measurements, see section 3.3.2), while the remaining fiber
surface is unconstrained, the fiber may experience shear in the 𝑥, 𝑧 plane (Fig. 3.2a, Fig. 3.E) different
from a double-clamped beam. To this end, the resistance to rotation at the boundary was modelled by
a torsional spring with spring constant 𝑘 (Fig. 3.2c) that connects the rotational moment 𝑀 at the beam
ends to the rotation 𝜑 of the cross-section of the Timoshenko beam by 𝑀 = 𝑘𝜑(𝑧 = 0). With
𝐼 = 𝜋𝐷4 ⁄64 , 𝑤
̂ = 𝑤|𝑧=𝐿/2 and the boundary conditions 𝑤(𝑧 = 0) = 0, 𝜑(𝑧 = 𝐿⁄2) = 0 , 𝐸𝐼

𝑑2𝜑

|
𝑑𝑧 2 𝑧=0

𝐹

=− ,
2

this leads to

𝑤
̂=

𝐹𝐿3
𝐹𝐿
𝜅+
48𝐸𝐼
4𝐺𝐴𝜂

(3.1a)
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𝜅 = (1 −

(3.1b)

3𝐿
).
𝐸𝐼 𝐿
8( + )
𝑘 2

A purely mathematical limit analysis of Eq. (3.1b) reveals that 𝜅 = 1/4 for 𝑘 → ∞ and 𝜅 → 1 for 𝑘 → 0.
𝜅 = 1/4 leads to the DC solution, while 𝜅 = 1 leads to the DS solution. This agrees with the physical
stand point as 𝑘 → ∞ reflects the infinite resistance to rotation provided by a clamp (Fig. 3.2a), and 𝑘 →
0 reflects free rotation, as possible on a simple support (Fig. 3.2b).

3.2.3.2. Inverse Finite Element (iFEM) Analysis
A three-dimensional FE-Model of the three-point bending test was used to compute the forcedisplacement curves for given material parameters (Abaqus/Standard 2016, Dassault Systèmes Simulia
Corp., Johnston, RI, USA). One quarter of the set-up was modelled using symmetry boundary conditions
(Fig. 3.3). The model was meshed with quadratic brick elements (C3D20) with an average element edge
length of 10% of the fiber diameter applying and a locally refined mesh at the transition to the substrate.
The substrate was modelled as an analytic rigid surface, and initial contact points of the fiber with the
substrate were fixed whereas penetration was prevented by hard frictionless contact. Isotropic linear
elastic material properties were used, with Poisson’s ratio 𝜈 = 0.4 (Gómez-Pachón, Sánchez-Arévalo,
Sabina, Rau, et al. 2013). The force 𝐹 modelled as a surface traction was distributed over the central cross
section and the corresponding displacement 𝑤
̂FE at the centre was determined. For each experimental
force-displacement curve, the Young’s modulus 𝐸 was identified by an inverse optimization loop
reducing the quadratic error of the displacement in the center Ω = ∑𝑖(𝑤
̂𝑖 − 𝑤
̂FE (𝐹𝑖 )) , on 𝑖 = 1,2, … , 𝑛
2

data points of the force deflection curve, controlled by a MATLAB (R2016b, The MathWorks Inc., Natick,
MA, USA) routine. The value of 𝐸 thus found was inserted in Eq. (3.1a, b) and 𝑘 was calculated so that
the equation was satisfied.

Figure 3.3. 3D-numerical model. (a) Finite element model of the fiber over the groove. A distributed force f
at the front face leads to a deformation. The maximal von Mises stress for the plotted range was set to 13
MPa to show the stress distribution apart from the concentration at the transition to the substrate. Due to
symmetry only a quarter of the fiber was modelled. (b) Boundary and symmetry conditions of the numerical
model.
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3.2.4. Micromechanical Testing
3.2.4.1. Experimental procedure
The FT-MTA02 Micromechanical Testing and Assembly Station equipped with a FT-S1000
Microforcing Sensor Probe force sensor (FemtoTools AG, Buchs, Switzerland) was used to conduct
combined bending-tensile tests. To clamp the fibers for testing, dedicated clamps consisting of three
metal plates with oblong parallel holes with dimensions of 13 mm x 3 mm were used (Fig. 3.4). After
positioning the fiber across the thin middle plate perpendicular to the oblong holes (Fig. 3.4a) the system
was clamped by the two thicker plates (Fig. 3.4b) and fastened by screws. The part of the fiber passing
the central slit was used for SEM to determine the fiber diameter, whereas the part passing one of the
outer slots was used for a three-point bending-tension test (Fig. 3.4b). To manipulate the fiber, a
tungsten hook (FWT-2-120-hook, Pacific Instruments) was attached to the force sensor using a UV curing
glue (Loctite AA 3494). The microrobotic system was used to grab and pull the fiber at half its free length
(Fig. 3.4c). The digital microscope of the MMT was used to monitor the fiber position, which was found
to be straight between the two clamped ends without crimp or slack due to the sample preparation. The
displacement 𝑤hook of the hook as well as the corresponding force were recorded by the system.

3.2.4.2. Extraction of mechanical properties of micromechanical testing
The MMT system allows for large deflections such that the response turns from a bending-dominated
initial phase over to a mixed bending- and tension response to a purely tension-dominated behaviour
(Fig. 3.4d). Since the tested fiber segments with length 𝐿 = 3mm have a 𝐿/𝐷 ratio > 1000 the EulerBernoulli beam theory applies, and an amendment to account for the tensile stresses was proposed by
Heidelberg et al., providing the force 𝐹 for a given displacement 𝑤
̂ as (Heidelberg et al. 2006; Neugirg,
Koebley, et al. 2016b)

𝐹=

𝑓(𝛾) =

192𝐸𝐼
𝑓(𝛾)𝑤
̂,
𝐿3
𝛾

𝛾
192 tanh √
4
48 −
√𝛾

𝛾=

(3.2a)

,

(3.2b)

6𝜖(140 + 𝜖)
,
350 + 3𝜖

(3.2c)

𝐴
𝜖=𝑤
̂2 .
𝐼

(3.2d)
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Figure 3.4. MMT testing procedure. (a) Clamping system with the fiber lying on the middle plate. (b) Fiber
clamped between the outer plates. (c) Sketch of testing set-up with hook pulling on the fiber. (d) Different
loading stages of a double clamped beam in a three-point bending arrangement. Note that scales of the
sketch do not match the scales of the experiment.

Due to the lower force resolution of the MMT (~μN) compared to AFM (~nN) the linear, bending
dominated response of the experimental force-deflection curve is strongly affected by measurement
noise. Moreover, the noise complicates identifying the zero-position from the force response, i.e. the
displacement 𝑤off at which the hook first comes into contact with the fiber when moving from its initial
position at the beginning of the experiment. Therefore, an offset 𝑤off was introduced and subtracted
from the total displacement 𝑤hook , so that 𝑤
̂=𝑤hook − 𝑤off , and both 𝐸 and 𝑤off were determined by
fitting the force-deflection curves to Eq. (3.2). For the fitting only the data in the small elastic range
between 𝑤
̂ = 0 and the initiation of yielding was used, in which Eq. (3.2) is valid.
In the purely tensile-dominated phase, engineering strain 𝜀 and stress 𝑃 in the two “halves” of the
fiber were calculated by trigonometry
𝐿 2 𝐿
2(√𝑤
̂2 + ( ) − )
2
2
𝜀(𝑤) =
𝐿

𝑃(𝑤
̂) =

𝐹
2 sin(𝛽(𝑤
̂)) 𝐴

̂⁄ ) .
𝛽(𝑤
̂) = tan−1 (2𝑤
𝐿

(3.3a)

(3.3b)

(3.3c)

The stress-strain plots were approximated by a bi-linear representation with a first linear function of
slope 𝐸 to describe the elastic region, and another one with slope 𝐻 to characterize the hardening, i.e.
the further increase of stress with strain in the plastic regime. While E was predefined by analysis of the
data with Eq. (3.2), H was determined by linear regression. The yield stress 𝑃𝑌 was defined by the
intersection of the two lines. Noteworthy, 𝑃 and 𝑃𝑌 are nominal stresses and differ from the Cauchystresses at finite strain.

25

3.2.5. Fiber internal structure characterization
3.2.5.1. Differential scanning calorimetry
Samples of 5-7 mg were inserted into aluminium crucibles and closed with lids and introduced into
the DSC (214 Polyma, NETZSCH, Germany). Temperature was increased from 25°C to 220°C at a heating
rate of 10 °C/min. Resulting plots were analysed with NETZSCH Proteus software. Crystallinity 𝜒̅ was
calculated from the melting enthalpy ∆𝐻m , the cold crystallization enthalpy ∆𝐻c and the melting enthalpy
of pure crystalline PLLA ∆𝐻o (93.7 J g-1) (Garlotta 2002)
𝜒̅ =

∆𝐻m − ∆𝐻c
.
∆𝐻o

(3.4)

3.2.5.2. SAXS and WAXS measurements
E-spun membranes were used for 2D-SAXS and 2D-WAXS measurements. The experiments were
carried out with the Nanostar instrument (Bruker AXS GmbH, USA) equipped with a VÅNTEC-2000
detector. Cu K-α radiation with a wavelength λ of 0.154 nm was used as incident beam generated by the
X-ray source (Incoatec GmbH, Germany). Scattered photons were collected during 60 min for each
sample. Sample-detector distances were 107cm for SAXS and 12 cm for WAXS measurements.
To investigate the orientation distribution of the molecular chains in the amorphous phase within the
fibers, membrane samples were drawn with an in-situ tensile stage in order to get high alignment of the
fibers (Yano et al. 2012; Hosseini et al. 2018). For this purpose, samples were cut into rectangular shape
of 6 mm x 25 mm and were clamped on the stage before being drawn at defined strain (5%, 10%, 20%,
30%, 40%, and 50%). Fiber alignment with strain was assessed by in-situ SAXS tensile testing using
Ruland’s method (Ruland 1969; Yano et al. 2012; Thünemann and Ruland 2000) (Appendix 3.B) for
membranes e-spun from 6% and 10% w/w PLLA solutions (see fiber diameters Table 3.1). This method
assumes the presence of air microvoids oriented in the fiber axis generated by drawing forces during
the electrospinning process (Zong et al. 2002; Yano et al. 2012; Zhou et al. 2015). As the difference of
electron density between the air and the polymer is high, the resulting scattering from microvoids results
in a streak signal near to the beam stop (Thünemann and Ruland 2000) (Fig. 3.9d). Proper analysis of the
streak patterns using Ruland’s method enables the evaluation of the microvoids misorientation, and thus
of the fibers misorientation within the membrane (Ruland 1969; Yano et al. 2012) (Appendix 3.B).
Considering the orientation distribution of the fibers as a Lorentz function centred on the membrane
stretching direction, the obtained misorientation value corresponds to the width of this function. A value
of 0° would describe fully aligned fibers in the strain direction.
WAXS measurements were performed on membranes produced from solution of 6%, 8% and 10%
w/w PLLA. In order to obtain samples with similar fiber alignment, results from above SAXS
measurements were used to determine respective elongation strain to which membranes with different
fiber diameter were drawn. 1D-WAXS azimuthal profiles (Appendix 3.C, Fig. 3.Cb) were obtained by
integrating the intensity between diffraction angles (2θ) 10°-19°. The morphological anisotropy in the
fiber structure was first described by the fraction of oriented polymer chains For within the fibers. This
parameter was calculated by equation (3.5) with Aor defined as the area under of the azimuthal profile
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but above the baseline, and Ab as the area below the baseline corresponding to randomly oriented
polymer chains (Murthy et al. 1995)
𝐹or =

𝐴or
.
𝐴or + 𝐴b

(3.5)

Secondly, the area Aor corresponding to oriented chains was further characterized by peak fitting with
the software Origin 2017 in order to distinguish the contribution of the different phases (amorphous,
crystalline and mesophase) (Appendix 3.C). For this purpose a Gaussian function was fitted on the
azimuthal profiles for each phases and their respective orientation factors 𝑓H were defined based on the
Herman’s orientation function (JB et al. 2011)

fH =

3 <cos2(Φ)>-1
,
2

(3.6)

where Φ corresponds to the angle between the fiber axis and the polymer chain axis. In this study,
the simplified calculation of the orientation function (Eq. 3.7) was used (Kongkhlang et al. 2008; Yano et
al. 2012) with FWHM corresponds to the full-width-at-half-maximum of the corresponding Gaussian
function.
𝑓H =

180° − 𝐹𝑊𝐻𝑀
.
180°

(3.7)

An orientation factor of 0 would correspond to an isotropic arrangement of the polymer chains.
Increasing value goes along with narrower orientation distribution and a maximal value of 1 characterizes
polymer chains fully oriented in the same axis.

3.2.6. Error estimation of mechanical testing
To estimate the errors in the determined material parameters, i.e. 𝐸 in AFM and 𝐸, 𝑃𝑌 and 𝐻 in MMT,
a propagation of error analysis was performed. Using the accuracies of the measurement instruments
and subsequent analysis, and the analytic solutions (Eqs. 3.1 and 3.2), error estimates of ~23% for AFM
based testing and ~29% for MMT were determined (Appendix 3.D).

3.3. Results
3.3.1. Electrospinning
DCM is very volatile, non-conductive, and, given its lower toxicity, it was preferred as main solvent
over chloroform, which had been used in preliminary studies. By controlling the polymer concentration
from 3.5% to 12% w/w, membranes with mean fiber diameters ranging from 200 to 1100 nm (with a
diameter distribution of ±~40% within a sample) were produced (Fig. 3.5). For single fiber mechanical
testing, polymer concentrations of 6% and 8% were chosen to produce single fibers with diameters
between 200 – 1400 nm. Homogenous fiber formation was obtained by adding 2-4% DMF, depending
on polymer concentration, and salt (TEAB) to increase the electrical conductivity (see Appendix 3.A, Table
3.A).
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Figure 3.5. SEM images of electrospun membranes: developed from solutions with PLLA concentration of
(a) 3.5%, (b) 6%, (c) 8%, (d) 12% w/w. Respective mean fiber diameters are 200 ± 70 nm, 390 ± 150 nm,
630 ± 290 nm, and 1100 ± 420 nm..

3.3.2. AFM-based three-point bending tests and analysis
PLLA fibers with different diameters were tested by three-point-bending using AFM. Force deflectioncurves of the fiber on the substrate and on the groove were recorded (Fig. 3.6a), and fiber diameter 𝐷 as
well as groove width 𝐿 were determined for each sample. A repeated test with the same fiber and
imaging of the fiber after the test by SEM confirmed that the fiber did not slip and firmly adhered to the
substrate. Young’s moduli 𝐸 of tested fibers were determined by iFEM analysis and revealed a
dependence of 𝐸 on fiber diameter, well captured by a power law (Fig. 3.6b). Error bars indicate the
estimates through propagation of errors analysis (Appendix 3.D). Furthermore, the measurements
indicate that for fiber diameters larger than around 800 nm 𝐸 is almost constant whereas 𝐸 can increase
by up to a factor of 10 for very thin fibers compared to the thick ones.

Figure 3.6. AFM-based and MMT measurements. (a) Force-displacement curves by AFM-based three-point
bending experiments. (b) Young’s modulus vs fiber diameter for AFM- based and MMT measurements.
Power law fit where 𝑑̅ = 𝐷 / (1 µm); R2 = 0:88. Error bars indicate the estimates from the propagation of
errors analysis (Appendix 3.D).
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Fitting the theoretical approach (Eq. 3.1) to the experimental data with the previously determined 𝐸
from the iFEM analyses revealed a clear dependence of the spring constant 𝑘, and thus the factor 𝜅, on
the fiber diameter (Fig. 3.7a green squares). Neither double clamped (𝜅 = 1/4) nor double supported
(𝜅 = 1) conditions represent the set-up adequately, and the bottom-fixed fiber behaves somewhere in
between these cases.
Moreover, the semi-empiric formula 𝑘 = 𝐸𝐼 ⁄𝛼𝐷 derived in Appendix 3.E with the simplification 𝛼 =
1 allows approximating the factor 𝜅 that scales between the boundary conditions as

𝜅 ≈ (1 −

3𝐿
𝐿
8 (𝐷 + )
2

).

(3.8)

Comparing this result (dots in Fig. 3.7a) to the values determined by iFEM (squares) shows sound
agreement (𝑅2 =0.89) and suggest Eq. (3.8) as an excellent approximation. The errors in 𝐸 compared to
the iFEM results, i.e. |𝐸ana − 𝐸iFEM |⁄𝐸iFEM , were evaluated for different analytical approaches (Fig. 3.7b):
Euler-Bernoulli (EB) theory with DS and DC boundaries, Timoshenko (Ti) theory with DC boundaries, and
Timoshenko theory with torsional springs (TS), with 𝜅 determined by Eq. (3.8). Figure 4.7b reveals a major
error obtained with DS boundary conditions. Also DC boundaries lead to substantial errors greater than
50% for large diameters, whereas the error strongly reduces for thinner fibers. The comparison between
Euler-Bernoulli (EB DC) and Timoshenko (Ti DC) theories (Fig. 3.7b) also reveals the influence of the shear
contribution in the evaluation of 𝐸. Only the analytical theory with springs at the boundaries (Eqs. 3.1a
and 3.8) leads to errors consistently below 10% for all tested diameters, and devoid of a trend to increase
with 𝐷. The observed decreasing error with D suggests that the empiric relation between 𝑘 and 𝐷 with
𝛼 = 1 (Appendix 3.B) is a better approximation for thicker fibers.

Figure 3.7. Three-point bending: influence of boundary conditions. (a) Dependence of the boundary factor
on the fiber diameter evaluated by FE simulations and by analytic expression (Eq. 3.8). (b) Error in the
evaluation of the Young’s modulus compared to the FE simulations by Euler-Bernoulli theory with DC (EB
DC) and DS (EB DS) boundaries, by Timoshenko theory with DC boundaries (TI DC) and by calculating the
boundary factor analytically (TI TS) by expression (Eq. 3.8).
Appendix
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3.3.3. Micromechanical testing
During micromechanical testing fibers were loaded until failure occurred, a typical forcedisplacement curve is shown in Fig. 3.8a, and the corresponding stress-strain curve based on Eq. (3.3) is
shown in Fig. 3.8b together with the bi-linear fit. Note that the deviations close to the origin are a result
of an invalid interpretation of the data by Eq. (3.3) in the initial, bending dominated regime. The Young’s
modulus 𝐸 determined for a range of different fiber diameter is shown in Fig. 3.6b (blue diamonds)
together with the AFM measurements.
Similar to 𝐸, yield stress 𝑃𝑦 and hardening 𝐻 determined for a range of different fiber diameters
likewise show a clear trend to increase for lower fiber diameters (Fig. 3.8c, d). The sensitivity to diameter
becomes small for thicker fibers 𝐷 >1200 nm, and both 𝑃𝑦 and 𝐻 increase by approximately one order
of magnitude when 𝐷 is halved.

Figure 3.8. MMT data extraction. (a) Force-displacement curve of single fiber testing by MMT. (b) Converted
force-displacement to stress-strain curve by Eq. (3.2). (c) Hardening and (d) yield stress of single fibers in
dependence of the fiber diameter revealed by MMT. Error bars indicate the estimates from the propagation
of errors analysis.
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3.3.4. Fiber internal structure
Crystallinity level and molecular orientation of the amorphous phase on whole membrane samples
were first assessed from DSC thermograms showing typically three transition points corresponding to
the glass transition temperature, the cold crystallization and the melting peak (Fig. 3.9a) (Mano et al.
2004). The crystallinity level shows a clearly decreasing dependence on the fiber diameter (Fig. 3.9b)
especially for lower diameters. For membranes incorporating fiber diameters above 800 nm the
crystallinity remains at almost constant values as found for the dependency of 𝐸.
The cold crystallization (CC) exothermic peak corresponds to a molecular rearrangement during
which the oriented amorphous phase turns into a crystalline structure. Higher level of chain orientation
in the amorphous phase favours CC at lower energy and thus, at lower temperature (X. Zhang et al.
2012). A gradual reduction of CC peak temperature was observed with decreasing mean fiber diameter
of e-spun PLLA membranes (Fig. 3.9a, c).
The equatorial (= vertical) SAXS streak patterns are generated by the diffraction from air voids inside
the fibers and elongated in its axis direction (Yano et al. 2012; Ruland 1969). This signal was used to
measure fibers misorientation within the membrane as a function of strain (Appendix 3.B). From obtained
curves (Fig. 3.9e), one can notice that smaller fibers (6% PLLA, see fiber diameter in Table 3.1) tend to
align with lower misorientation width at same strain value compared to thicker fibers (10% PLLA).
For the evaluation of the fiber structural anisotropy by WAXS, strains were individually selected from
the misorientation-strain curves (Fig. 3.9e) for the different samples in order to get similar fiber
alignment. 30% strain was chosen for membranes from 6% PLLA, 40% for membranes from 10% PLLA
and an intermediate value of 35% strain for membranes from 8% PLLA. WAXS profiles of PLLA
membranes revealed a broad diffraction peak (Fig. 3.9f) corresponding to material regions with nonconstant distance between polymer chains and, thus, characteristic for non-crystalline phases. Only the
membrane from 6% PLLA shows a small peak at 2θ = 16.5° corresponding to the co-existence of
crystalline and meso-phase (Zhou et al. 2016). This peak position is characteristic for the (200/110) crystal
planes (J. Zhang et al. 2008) of PLLA. Mesophase was also revealed in the other samples of higher fiber
diameter after careful peaks analysis (Appendix 3.C) and on DSC measurements as an endothermic (Tend
= 68°C) peak in the late stage of the glass transition (Fig. 3.9a, black star) (Ma et al. 2013). The peak is
translated as the melting of the mesophase which is only stable below the glass transition temperature.
The fraction of oriented polymer chains For within fibers was calculated from azimuthal profiles. Table
3.1 shows that For increases for thinner fibers. Furthermore, peak fitting enabled the distinction of the
contributions of the amorphous phase and the mesophase in the azimuthal profile (Appendix 3.C) and,
thus, the evaluation of corresponding orientation factors. Similar to the cold crystallization peak
extracted from DSC curves, these results from WAXS experiments show a narrower chain orientation
distribution in the amorphous phase 𝑓H, amorphous in networks of decreasing fibers sizes (Table 3.1).
Mesophase was highly oriented along fiber axis in all samples, independently of the fiber diameter (fH,
mesophase =

0.90 ±0.01).

31

Figure 3.9. Fiber structure characterization. (a) DSC measurements showing glass transition (Tg), cold
crystallization (CC) and melting. The arrow shows the direction of endothermic events (Black star:
endothermic peak characteristic for the mesophase melting). (b) Crystallinity level (4% error for enthalpies
calculation) and (c) cold crystallization temperature of membranes in function of the mean fiber diameter (SD
of n = 100 fibers within tested membranes) (d) 2D-SAXS of membranes prepared from 10% PLLA and drawn
to 40%. The pattern is elongated in the equatorial (=vertical) axis due to the streak signals. The bottom arrow
shows the elongation direction, thus the fiber orientation in the real space. Radial q-axis and azimuthal ɸaxis are represented. (e) Evolution of the misorientation width (Error bars: deviation between values obtained
from the two SAXS pattern hemispheres) in function of elongation strain. Black stars show respective
elongation strain used for WAXS measurements. (f) 360°- azimuth integrated WAXS profiles.
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[PLLA] [w/w]

Fiber Ø [nm]

For

𝑓H, amorphous

10%

890 ±365

0.10

0.51 ±0.01

8%

630 ±290

0.12

0.53 ±0.01

6%

390 ±145

0.16

0.56 ±0.01

Table 3.1. 2D-WAXS analysis. Influence of the fiber diameters (SD of n=100 fibers within tested membranes)
tailored by PLLA concentration of the electrospinning solutions on the fraction of oriented polymer chains For
and the corresponding orientation factor of the amorphous phase 𝑓H, amorphous (SD of n = 2 locations
measured).

3.4. Discussion
Needleless electrospinning offers the possibility to produce large scale membranes composed of
submicron-sized fibers (Alamein et al. 2013; Krogstad and Woodrow 2014). The use of a pilot scale device
for the generation of structures composed of PLLA fibers has been barely reported yet. In classic needle
based electrospinning, 10% to 20% of non-solvents or poor solvents, such as DMF or DMSO, are added
to increase the dielectric constant of the solution (Yazgan et al. 2017). This is an important parameter to
obtain homogenous fibers and high-throughput as more charges are incorporated within the jet leading
to e.g. a higher drawing ratio during fiber formation. However, when used with the needleless device,
the polymer solution is for a short time in contact with air after being deposited on a source electrode
wire, before an electrospinning jet is formed. In such conditions, DCM evaporated rapidly and DMF
remainders formed a solidified gel with PLLA on the wire. Macroscopic droplets were ejected on the
substrate and after a few minutes the electrospinning process was completely blocked. This issue was
solved by reducing the amount of DMF ratio, thus adding DCM to hinder gel formation, and adding
TEAB to compensate for the reduced conductivity. In that way, homogenous continuous fiber formation
was achieved until the polymer solution reservoir emptied.
Single fiber Young’s modulus evaluated by AFM-based three-point bending and MMT in dependence
on fiber diameter are in agreement with previous studies, in which Young’s moduli between 0.4 – 1.25
GPa were measured for PLLA fibers with diameter above 800 nm, while below 800 nm, values increased
for thinner fibers (~7 GPa for a diameter of ~150 nm) (Jaeger, Jaeger, and Schischka 2009; Eunice P S
Tan and Lim 2006; Inai, Kotaki, and Ramakrishna 2005). Hence, polymer fibers generated by the
needleless electrospinning procedure show similar mechanical properties as those obtained by needlebased systems. In order to analyse the experimental AFM data, an iFEM model approach was developed
in which the fibers was attached to the substrate only at its bottom contact line (Fig. 3.3) to reflect the
situation in the experiment. This detailed model is assumed to provide reliable estimates of Young’s
modulus, which were therefore compared with the classical analytical beam models using DC or DS
boundary conditions. The comparison showed the large impact of the chosen boundary conditions and
indicated large errors for both of them (Fig. 3.7). A convergence to DC boundaries for lower diameters
and a trend towards DS boundaries was observed for larger diameters (Fig. 3.7), which is in line with

33

experimental results on silver nanowires (Y. Chen et al. 2009). Therefore, an alternative representation
was proposed, modelling the fiber as a Timoshenko beam supported by torsional springs (Fig. 3.2c).
Despite its simple form, the resulting analytic and semi-empiric formula (Eq. 3.1a with Eq. 3.8) provides
a consistently low error for the determined Young’s modulus over the whole range of tested fiber
diameters, in contrast to classical theories with DC and DS boundary conditions.
Instead of using a change of the force-displacement curve as an indicator of the reference state of
the fiber in MMT measurement, Eq. (3.2) was fitted to the experimental data, treating the offset
displacement 𝑤off as a fitting parameter. The reference state is thus determined by a numerical,
reproducible algorithm and does not depend on a subjectively chosen force threshold. The Young’s
modulus 𝐸 determined by MMT (blue diamond in Fig. 3.6b) is in sound agreement with the AFM
measurements, despite the simplifying assumption of isotropy used for their analysis through iFEM and
the Timoshenko beam model. This suggests that the two measuring techniques and corresponding
methods for data interpretation can be used complementarily (Eunice P S Tan and Lim 2006; Neugirg,
Burgard, et al. 2016) to determine effective axial fiber properties. One power law fit 𝐸 = 11e3 𝑑̅ −1.321 GPa
(Fig. 3.6b) was used to capture the trend of both data sets obtained by AFM and MMT testing. While
the change of Young’s modulus, and also failure stress and strain have been reported for PLLA fibers
before (Inai, Kotaki, and Ramakrishna 2005; Jaeger, Jaeger, and Schischka 2009; Eunice P S Tan and Lim
2006; X. Zhang et al. 2012), we here provide the diameter dependent yield stress 𝑃𝑦 and hardening 𝐻,
which allow reconstructing a bi-linear representation of the stress-strain curve (Fig. 3.8b). Failure strains,
on the other hand, are not reported since failure of the fiber in the MMT set-up is prone to occur due
to high localized loads at the hooking or clamping sites, and are therefore not representative of the
material. As a further limitation of the current set-up, it is difficult to assess fibers with diameters below
500 nm due to resolution limitations of the optical camera and difficulties in handling. Therefore, no
data of hardening and yield stress values for fibers below 500 nm could be measured.
In order to understand the evolution of the mechanical properties with fiber diameter, fiber internal
structure was investigated. DSC measurements revealed an increase of crystallinity and of molecular
orientation within the amorphous phase, shown as a reduced CC temperature, for decreasing fiber
diameters. Measured mechanical and structural properties as a function of fiber diameter show strong
correlations. Using a power function (Fig. 3.6b) to capture the change of 𝐸 with 𝐷, 𝐸 can be represented
against crystallinity and cold crystallization peak temperature: Fig. 3.10a and 3.10b suggest a linear
relationship between 𝐸 and both structural parameters. While such a linear dependence could suggest
a parallel arrangement of crystalline and amorphous phases, and thus support the presence of a coreshell structure of the fibers (Eichhorn and Young 2001; Gómez-Pachón, Sánchez-Arévalo, Sabina, Rau, et
al. 2013).
2D-WAXS patterns revealed that thinner fibers incorporate a higher fraction of oriented polymers
chains. These experiments and analyses also confirmed that the orientation distribution of chains in the
amorphous phase is narrower in thinner fibers and centred in the direction of the fiber axis. However,
calculated orientation factors do not take into account the degree of (low) misorientation of the fibers
within the network, leading to slightly biased values in the result similar for all membranes. A linear trend
was observed between the orientation factor assessed by 2D-WAXS and cold crystallization peak
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temperature from DSC (Fig. 3.11). The fitted trend also suggests that for an isotropic amorphous phase
(𝑓H, amorphous = 0), corresponding CC peak temperature would be at 185°C, which is very close to recorded
melting temperatures (~177°C). Correlating amorphous phase orientation measured by WAXS and cold
crystallization peak temperature provides a promising approach for the investigation of the
rearrangement of amorphous polymer chains during the cold crystallization process.

Figure 3.10. Correlation of the Young’s modulus with (a) the degree of crystallinity and (b) the cold
crystallization temperature from DSC results.

Figure 3.11. Linear relationship between amorphous orientation factors measured by WAXS and
corresponding cold crystallization temperature from DSC.
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3.5. Conclusions
A comprehensive investigation of the elastic, inelastic mechanical and morphological characteristics
of PLLA fibers with diameters between 200 and 1400 nm prepared by needleless electrospinning was
presented, whereby fibers of selected diameter sizes were analysed. For AFM-based three-point bending
tests, an analytical relation between force and deflection was proposed based on a Timoshenko beam
supported by torsional springs, which represents the effect of fibers being attached only at the bottom
line of contact with their substrate. The model leads to consistently low errors below 10% for all tested
diameters in the extraction of the Young’s modulus, when compared to an inverse finite element model.
A micromechanical testing system was used to extract inelastic material properties, i.e. yield stress and
hardening modulus, while the values of Young’s modulus agree well with those obtained from the AFM
tests. The experiments reveal an increase of the Young’s modulus by up to a factor of 10 for decreasing
diameter below 800 nm. This phenomenon could be correlated with changes in structural properties,
such as an increased crystallinity, stronger orientation of chains in the amorphous phase as well as a
higher fraction of oriented polymer chains within thinner fibers. In particular, a linear trend between the
Young’s modulus and both crystallinity and cold crystallization peak was observed. These results
together with the improved method for analysis provide an important step towards understanding the
relation between fiber geometry, morphology and mechanical properties, and towards developing fibers
with tailored properties.

3.6. Appendices
3.6.1. Appendix 3.A: Electrospinning solutions

PLLA conc.

DCM/DMF solvents

TEAB

[% w/w of solvent]

[% w/w]

[% w/w of solvent]

3.5

96/4

0.018

6

96/4

0.015

7

97/3

0.015

8

98/2

0.015

9

98/2

0.015

10

98/2

0.015

12

98/2

0.015

Table 3.A. Parameters of the electrospining solutions used for the Nanospider.
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3.6.2. Appendix 3.B: Ruland’s streak method
The length and the overall orientation of longitudinal voids in polymer fibers can be evaluated by
analysing the equatorial streaks of SAXS patterns (Thünemann and Ruland 2000; Ruland 1969). When an
azimuthal profile is fitted by a Lorentz function, the corresponding full width at half maximum Bobs is
related to the length of the voids. Bobs can be determined at different scattering vectors 𝑞 = 4𝜋 sin(𝜃) /𝜆,
where 2θ is the scattering angle. Using equation (3.B1), the void length L and the misorientation width
BΦ can be determined. The latter describes the width of the orientation distribution of the voids and,
since the voids are assumed to be aligned along the fiber axis, this is representative of the fibers
misalignment (Yano et al. 2012; Ruland 1969) (Fig. 3.B).

q2Bobs2 (q) =

1

L2

+

BΦ2q2.

(3.B1)

Figure 3.B. Plot of Eq. (3.B1) considering the equatorial streak of SAXS patterns for the membrane made
from 10% PLLA uniaxially drawn to 40% of strain. It used for the calculation of the voids misorientation BΦ
and length L. Bobs(q) is the full width at half maximum of the azimuthal profile of the equatorial streaks at
defined q-value.

3.6.3. Appendix 3.C: 2D-WAXS pattern analysis
2D-WAXS measurements (Fig. 3.Ca) were used to determine the respective orientation factors fH (Eq.
3.7) of the different material phases. Peak positions and FWHM have to be defined for each phases over
the azimuthal axis (Fig. 3.Cb). In order to achieve this, peak fitting was first carried out on diffraction
profiles (over 2θ-axis) at different azimuthal angle of the 2D-WAXS pattern with Gaussian functions (Fig.
3.Cc, d). Previous studies already performed peak fitting on diffraction profiles for PLLA samples. In most
cases, the fittings comprise two broad peaks corresponding to the amorphous phase, one peak for the
mesophase and, eventually, narrow crystalline peaks in case of highly crystalline samples (Zhou et al.
2016; Ma et al. 2013; Stoclet, Seguela, Lefebvre, and Rochas 2010). In the present study, mesophase peak
position was determined according to the small peak visible on the diffraction profile of a membrane
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produced from 6% PLLA solution at 2θ = 16.5° (Fig. 3.9f) corresponding to the (200/110) planes (Zhou
et al. 2016; Ma et al. 2013; Stoclet, Seguela, Lefebvre, and Rochas 2010). Amorphous broad peak
positions were defined for each sample using the diffraction profile at azimuthal angle of 115° (Fig. 3.Ca
(dashed line) and Fig. 3.Cd), where the mesophase is assumed to be lower than in the fiber direction
(plain line in Fig. 3.C1a).
From the peak fitting over 2θ-axis the area under the Gaussian functions, characteristic for the
respective phases, can be assessed for defined azimuthal angles (Fig. 3.Cc, d). The changes of respective
areas over different azimuthal angles are used as criteria for the peak fitting of the multiple phases along
the azimuthal axis (Fig. 3.Cb).
The off-equatorial peaks (Fig. 3.Cb) can be due to the slip or fragmentation of mesophase or
crystalline structures during the electrospinning drawing process (Zhang et al. 2012; Stoclet et al. 2012).

Figure 3.C. Peak fitting of 2D-WAXS pattern. (a) 2D-WAXS pattern of membrane from 8% PLLA uniaxial
stretched to 35% of strain. Radial 2θ-axis and azimuthal ɸ-axis are represented. Vertical fiber axis (ɸ = 180°)
corresponding to the fibers axis in the reciprocal space is represented by the full line, azimuthal angle of 115°
by the dashed line (b) Peak fitting of azimuthal profile of sample from 8% PLLA solution. Maximum intensity
is located at equatorial position (180°). Two shoulders are visible at off-equatorial angles (~135° and ~225°).
(c, d) Diffraction profiles at azimuthal angles (c) ɸ = 180° and (d) ɸ =115°.
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3.6.4. Appendix 3.D: Error analysis
By a propagation of measurement uncertainties, one obtains the relative error Δ𝐸 ⁄𝐸 as
2
2
2
2
Δ𝐸 1 𝜕𝐸
𝜕𝐸
𝜕𝐸
𝜕𝐸
= √( ΔF) + ( ΔL) + ( ΔD) + (
Δ𝑤
̂) .
𝐸
𝐸 𝜕𝐹
𝜕𝐿
𝜕𝐷
𝜕𝑤
̂

(3.D1)

For an Euler-Bernoulli beam (see Sec. 2.2.2), for example, 𝐸 = (64𝐹𝐿3 )⁄(𝑐𝜋𝐷4 𝑤
̂) and (D.1) yields
Δ𝐸
Δ𝐹 2
ΔL 2
ΔD 2
Δ𝑤
̂ 2
= √( ) + (3 ) + (4 ) + ( ) ,
𝐸
𝐹
𝐿
𝐷
𝑤
̂

(3.D2)

irrespective of the value of the constant c. (D.1) was evaluated numerically with Matlab based on Eq.
(3.1) for the AFM measurements, and on Eq. (3.2) for MMT. When comparing these errors with those
predicted by (3.D2), we found differences below 1%, and therefore, Eq. (3.D2) was finally used to estimate
the relative error for both AFM and MMT. The uncertainties for fiber length and diameter from SEM
image analysis, estimated by repeated measurements (n=5), are ΔL⁄𝐿AFM = 3% and ΔD⁄𝐷AFM,MMT = 5%.
Regarding AFM measurements Δ𝐹 ⁄𝐹AFM = 5%, Δ𝑤
̂ ⁄𝑤
̂ AFM = 3% was used based on previous studies
(Croisier et al. 2012). Due to the high accuracy of the clamping set-up the error in fiber length for MMT
measurement was set to ΔL⁄𝐿MMT = 1%. Based on the scatter in the force signal (0.5 µN, Fig. 3.8a) and
displacement resolution (5nm) of the MMT device taken from the datasheet, the relative error was
calculated for a mean force-displacement data point (2.5 μN, 200nm) occurring in the elastic regime (Fig.
3.8a) to Δ𝐹 ⁄𝐹MMT = 20%, Δ𝑤
̂ ⁄𝑤
̂ MMT = 3%. These values lead with Eq. (3.D2) to a relative error of the
Young’s modulus of
AFM:

Δ𝐸
= 23%
𝐸

MMT:

Δ𝐸
= 29%.
𝐸

The same relative error of 29% was used as an estimate for the error in yielding and hardening in
MMT measurements.

Appendix 3.E: Analytic derivation of spring constant
In order to connect the spring constant 𝑘 of the rotational spring (Fig. 3.2) with the geometry and
material properties of the fiber sticking to the substrate, a small rotation 𝜑 of the fiber cross-section is
assumed to cause a linear displacement 𝑢 (Fig. 3.E). To calculate the corresponding strain 𝜀, 𝑢 is divided
by a characteristic length 𝐿0 so that 𝜀 = 𝜑(𝑦 + 𝐷 ⁄2)⁄𝐿0 . Representing 𝐿0 as a multiple 𝛼 of 𝐷 (𝐿0 = 𝛼𝐷),
the resulting moment acting at 𝑧 = 0 can be calculated as
𝑀 = ∫ 𝑦𝜎𝑑𝐴 = ∫ 𝑦𝐸𝜀𝑑𝐴 =

𝐸𝜑
𝐷
(∫ 𝑦 2 𝑑𝐴 + ∫ 𝑦 𝑑𝐴)
𝛼𝐷
2
39

=

𝐸𝜑
𝐸𝜑𝐼
(∫ 𝑦 2 𝑑𝐴) =
.
𝛼𝐷
𝛼𝐷

Identifying the resulting moment with the moment caused by a rotational spring 𝑀 = 𝑘𝜑 gives
𝑘=

𝐸𝐼
.
𝛼𝐷

Figure 3.E. Model of fiber lying on substrate to extract analytical description of moment.

3.6.5. Appendix 3.F: Symbols
F.1 Mechanical testing
A

Fiber cross-sectional area

c

Constant specifying either DC or DS boundary conditions in analytical approach

D

Fiber diameter

E

Young’s modulus

𝐸ana Young’s modulus calculated by analytical approach
𝐸iFEM Young’s modulus calculated by iFEM approach
F

Force

G

Shear modulus

H

Hardening

I

Second moment of inertia

k

Rotational spring constant

L

Free spanning fiber length

𝐿0

Characteristic length

M

Rotational Moment

P

Engineering stress

𝑃𝑌

Yield stress

𝑤

Displacement

𝑤A Displacement at point A (see Fig. 3.1b)
𝑤B Displacement at point B (see Fig. 3.1b)
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𝑤hook Absolute displacement of hook in MMT measurement
𝑤off Absolute displacement of hook when initially coming in contact with fiber
𝑤
̂

Central displacement

𝑤
̂FE Central displacement of beam calculated by FE simulation
𝛼

Characteristic length factor

𝛽

Fiber deflection angle

𝜀

Engineering strain

𝜂

Shear correction factor

𝜅

Boundary factor

𝜈

Poisson’s ratio

𝜑

Rotation angle

F.2 WAXS and SAXS
2θ

Scattering angle

Aor

Area under of WAXS azimuthal profile but above the baseline

Ab

Area below the baseline of WAXS azimuthal profile

BΦ

Misorientation width

Bobs Full width at half maximum
fH

Orientation factor

For

Fraction of oriented polymer chains

L

Fiber voids length

q

Scattering vectors

Φ

Azimuthal angle

F.3 Differential scanning calorimetry
∆H0 Theoretical melting enthalpy of pure crystalline PLLA
∆Hc Cold crystalization enthalpy
∆Hm Melting enthalpy
𝜒̅

Crystallinity degree
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4. Chapter 4
Revealing non-crystalline polymer superstructures within e-spun
fibers through solvent-induced phase rearrangements
A. Morel, S. C. Oberle, S. Ulrich, G. Yazgan, F. Spano, S. J. Ferguson, G. Fortunato, R. M. Rossi
This chapter was published in Nanoscale (2019), 11, 16788-16800, DOI: 10.1039/C9NR04432A

ABSTRACT: The design of nanofibers for biomedical applications requires a deep understanding of the
fiber formation process and the resulting internal structure. In this regard, non-crystalline, mesomorphic
structures play a central role in the processing of many polymers as precursors in the formation of crystalline
superstructures (e.g. shish-kebab) and influence strongly the physical properties of polymers with low
degree of crystallinity. Yet, our ability to probe these relevant features is often greatly limited by their low
contrast differences with the amorphous phase. We present an approach to reveal the organization of the
mesomorphic superstructures within such polymeric materials, on the example of electrospun poly(Llactide) nanofibers. Based on solvent-induced crystallization, this method employs fine-tuned solvent/nonsolvent systems to enhance the contrast of these structural features by selectively triggering and controlling
reorganization of the phases. Hereby, while the nanoscale spatial arrangement of the superstructures is
preserved, the underlying mesomorphic regions are transformed into an α-crystalline phase. Combined
with X-ray analytical techniques and electron microscopy, our approach provides detailed insights into the
nanofiber’s inner architecture, allowing for its direct visualization. Thereby, the influence of electrospinning
parameters on the fiber formation process is explained as well as the impact of the resulting non-crystalline
superstructures on single fiber mechanical properties. The method can be applied to comparable polymers
for the development of materials with controlled, tailored properties.

Keywords:
-

Polymer internal structure

-

Mesophase superstructures

-

Solvent-induced crystallization

-

Fiber formation process

-

Mechanical properties of single fibers

-

PLLA electrospun nanofibers
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4.1. Introduction
The semi-crystalline polyester poly(L-lactide) (PLLA) has drawn much attention in industry and
academia due to its many applications, in particular in the biomedical field (Bergström and Hayman
2016). In addition to PLLA’s biocompatibility and biodegradability, applications take advantage of its
commercial availability due to large-scale industrial production. PLLA has been widely studied for the
development of micro- and nanoscaled fibers by the electrospinning technology (B. D. Li and Xia 2004)
in the fields of drug delivery (Hrib et al. 2015; Salles et al. 2018), tissue engineering scaffolds (Sharma et
al. 2019; Stocco et al. 2018; Yuan et al. 2016), or as piezoelectric materials (Calahorra et al. 2017; X. Liu
et al. 2017). All of those applications require fibers with defined physical characteristics to satisfy the
specific needs of the intended use (Shang et al. 2019; Xue et al. 2019). For instance, the ability to precisely
tailor the fibers mechanical properties is of high importance for tissue engineering applications to
modulate the cell response and promote a mechanically stable integration in the host tissue (McNamara
et al. 2017; Yao et al. 2016). As piezoelectric materials, PLLA performances are optimized by a high
molecular orientation and a high degree of crystallinity (Lovell, Fitz-Gerald, and Park 2011). Such control
requires a deep knowledge of the fiber structural properties and especially the influence of the
fabrication parameters on the fiber formation process (Liang et al. 2017; Kongkhlang et al. 2008; Xing et
al. 2014). However, the understanding of the electrospinning process is still limited, rendering the control
of the resulting fiber properties difficult. New approaches for structural analysis are thus of high interest
to provide feedback and refine the development of advanced polymeric materials.
The PLLA crystalline structures can exhibit α’, α or β conformations, which are formed under different
processing conditions (Hoogsteen et al. 1990; J. Zhang et al. 2005). In addition to these crystalline
structures, a PLLA mesophase was identified, which describes an intermediate degree of phase ordering
between that of the amorphous and the crystalline states. The “oriented mesophase” is a term used to
refer to the mesophase that develops under tensile deformation. It consists of highly oriented
amorphous chains and can exist independently of the crystalline phase (Stoclet, Seguela, Lefebvre,
Elkoun, et al. 2010; Stoclet, Seguela, Lefebvre, and Rochas 2010; Stoclet et al. 2012; Zhou et al. 2015).
Due to the low crystallization rate of PLLA, crystalline structures are hardly observed under moderate
processing conditions, that do not involve deliberately slow melt crystallization, high temperature and/or
high polymer stretching (Saeidlou et al. 2012). yet the mesophase is commonly found. Interestingly, the
oriented mesophase is typically observed in electrospun (e-spun) fibers, where it is induced by the
drawing forces occurring during the fiber formation due to the high electrostatic field (Ma et al. 2013; A.
Morel et al. 2018).
The mechanical and thermal properties of PLLA are strongly impacted by the oriented mesophase
(Velazquez-Infante et al. 2013). the degree of crystallinity (Eunice P S Tan and Lim 2006), and the
presence of superstructures, such as shish-kebab and fibrils (C. Li et al. 2017; Trofimchuk et al. 2017). The
presence of oriented mesophase with its higher order compared to the amorphous phase was shown to
enhance the Young’s modulus and yield stress of films. Furthermore, the polymer was found to crystallize
at a lower temperature (Velazquez-Infante et al. 2013). Improved mechanical properties are also
obtained by heat treatment inducing further crystallization (Eunice P S Tan and Lim 2006; Bing et al.
2010). The crystalline structures and superstructures resulting from this thermal annealing are steered
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by the initial organization of the mesophase (Wasanasuk and Tashiro 2011; Y. Wang et al. 2014). On the
other hand, low crystalline PLLA may be preferred for selected tissue engineering applications due its
shorter in vivo degradation time (Tsuji, Nakahara, and Ikarashi 2001; Pistner et al. 1993).
As the mesophase plays a significant role in the mechanical properties and the processing of PLLA
(e.g. by heat treatments), the development of tailored polymeric materials requires in-depth
understanding of the formation of mesomorphic structures during the fabrication processes. However,
analytical methods to probe theses structural features are still missing, in particular for polymers such
as PLLA with a lack of contrast between their amorphous and mesomorphic phases. For example, the
commonly employed small-angle X-ray scattering (SAXS) analysis requires ordered nanostructures with
a clear contrast in electron density with the surrounding amorphous phase (Mano et al. 2004). Thus,
PLLA mesomorphic structures barely lead to clear scattering patterns. The close density values of the
two non-crystalline phases also limit the use of transmission electron microscopy (TEM) for the
investigation of the mesomorphic nanostructures.
In this study, a method was developed to enhance the contrast of the mesomorphic structures, based
on the precise tailoring of solvent-induced crystallization (SINC) process. According to previous studies,
the SINC process is driven by the diffusion of solvent molecules into the polymer matrix, causing a
plasticizing effect (W. Liu et al. 2015). The subsequent reduction of the glass transition temperature (Tg)
going along with an enhanced polymer chain mobility allows a rearrangement of the mesomorphic and
amorphous phases into crystalline states. The degree of interaction between the solvent and the polymer
is maximized when the values of their respective solubility parameters are close (Naga et al. 2011;
Guadagno et al. 1999). Acetone has been shown to be the most efficient SINC solvent to induce the
crystallization of PLLA, resulting in the formation of the α-phase (Marubayashi, Asai, and Sumita 2012;
Naga et al. 2011). By mixing acetone with a non-solvent, the interaction of the blend solvent with the
polymer can be tuned, which influences the extent of the polymer reorganization (Gao et al. 2012).
Based on these principles, we developed an approach for the investigation of non-crystalline
superstructures within PLLA nano- to micron-scaled fibers. Through the design of blend solvent systems,
the SINC process aims at a high control of the structural reorganization to selectively trigger the
crystallization of the mesophase while preserving the spatial arrangement of the underlying
superstructures. Thereby, for the first time, SINC is used to reveal the internal structure of polymeric
materials by enhancing the contrast between the phases. With this analytical method in place,
differences in the inner superstructure of low crystalline PLLA fibers could be related to the fabrication
conditions as well as to the resulting single fiber mechanical properties, one important parameter in e.g.
tissue engineering.

4.2. Materials and methods
4.2.1. Materials
PLLA pellets from Natureworks (3100HP, containing less than 2% PDLA isomers) were used as
obtained. DCM (Macron), DMF (VWR Chemicals) and TFA (ABCR) were employed as solvents for the
preparation of the electrospinning solutions. Acetone (Fisher Scientific) was used for the SINC process.
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4.2.2. Needle-based electrospinning
Electrospinning solutions were prepared by the use of 9 w/w% PLLA in DCM/DMF solvent mixtures.
Ratios of 90/10 and 80/20 w/w were employed. DCM served as solvent for PLLA dissolution whereas the
high-boiling DMF was used to reduce the solution vapor pressure and evaporation rate (Table 4.1), which
was calculated using the software Hansen Solubility Parameter in Practice (HSPiP) (Yazgan et al. 2017).
Tetraethylammonium bromide (TEAB, Sigma Aldrich) was added to enhance the electrical conductivity
of the solutions (3 mg for 100 g of solvent). An additional electrospinning solution was prepared with
12 w/w% PLLA in TFA.
The selected PLLA solution was loaded into a 3 ml plastic syringe with a blunt needle (0.8 mm inner
diameter, 22 mm length). The syringe was mounted on a pump (Aladin 1000, WPI) and the flow rate was
set at 16 µl/min. A voltage of 15 kV was applied between the needle tip and the collector (distance 15
cm). Two types of counter electrodes were used for the experiments; a flat aluminium plate covered with
baking paper (BRANOPAC CZ) to collect randomly oriented fibers and a two-electrode matrix to collect
aligned fibers (Fig. 4.S8). The relative humidity was set to 17% (±3%) and the temperature to 21°C (±1°C).
The obtained e-spun membranes were placed in a vacuum chamber for at least 1 hour to remove any
residual solvent.

Solvent
DCM

Vapor pressure at

Evaporation rate at

Boiling point

Viscosity at

25°C [kPa]

25°C [g/min/cm2]

[°C]

20°C [mPa*s]

57.3

626.5

40

0.42

DMF

0.5

4.3

153

0.92

TFA

14.6

126.7

72

0.93

Table 4.1. Physical properties of the solvents used for electrospinning.

4.2.3. Needleless electrospinning
6 w/w% and 10 w/w% PLLA solutions were prepared in 98/2 DCM/DMF w/w solvent mixture and
TEAB was added (15 mg for 100g of solvent). Electrospinning was carried out with a Nanospider device
(NS 1WS500U, Elmarco) equipped with a spinning carriage module. The used voltage was 37 kV, the
reservoir speed was set to 480 mm/s, the source wire-to-substrate distance to 220 mm, the spinning
chamber relative humidity to 20% (±3%) and the temperature to 21°C (±1°C).

4.2.4. Solvent-induced crystallization SINC
The SINC solvent systems were prepared by mixing acetone (poor solvent) and deionized water (nonsolvent) in various ratios, denoted as Ac80 for a blend of 80/20 v/v acetone/water. Fiber meshes were
clamped on the sides on a hard cardboard and immersed in the solvent system for a defined time at
32°C on a shaker (5 hours unless noted otherwise). Subsequently, the membranes were washed in water
and dried in a vacuum chamber.
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4.2.5. Characterization of fiber morphology
The fiber morphology was visualized by SEM (Hitachi s-4800) with an acceleration voltage of 2 kV
and 10 µA current flow. Samples were sputter-coated with gold (8 nm layer thickness). The fiber diameter
(n = 75 per sample) was measured using ImageJ software (Schneider, Rasband, and Eliceiri 2012). Crosssections were prepared by cutting the as-spun membrane with a scalpel.

4.2.6. Differential scanning calorimetry
Samples of 5-7 mg were inserted into aluminum crucibles closed with pierced lids and introduced
into the DSC (214 Polyma, NETZSCH). The temperature was increased from 25°C to 220°C at a heating
rate of 10 K/min. The data were analyzed with NETZSCH Proteus software 7.1. The degree of crystallinity
was calculated by the following formula:
∆𝐻 − ∆𝐻
𝑋̅dsc = m∆𝐻 c,

(4.1)

o

where ∆𝐻m is the melting enthalpy (J/g), ∆𝐻c is the cold crystallization enthalpy (J/g) and ∆𝐻o is the
melting enthalpy of pure crystalline PLLA (93.7 J/g) (Garlotta 2002).

4.2.7. SAXS and WAXS measurements
2D-SAXS and 2D-WAXS experiments were performed with a Nanostar instrument (Brucker AXS
GmbH) equipped with a VÅNTEC-2000 detector. X-ray source (Incoatec GmbH) was used to generate
Cu Kα radiation with a wavelength λ of 0.154 nm. The sample-detector distance was calibrated by the
peak positions of a silver behenate reference for SAXS and of a corundum reference for WAXS
measurements. Working distances were 107 cm and 5 cm for SAXS and WAXS, respectively. Samples
with aligned fibers were used in order to distinguish meridional and equatorial patterns.
Peak fitting of WAXS diffraction profile was performed with the Origin 2017 software. The degree of
crystallinity was calculated from the fraction areas corresponding to crystalline Acr and amorphous Am
phases, according to the equation:

𝑋̅waxs = 𝐴

𝐴cr

cr +𝐴am

.

(4.2)

1D-WAXS and 1D-SAXS profiles were obtained by azimuthal integration of corresponding 2D
patterns. After subtraction of the air background on 1D-SAXS profiles, the correlation length of the
mesophase ξ in as-spun fibers was measured according to the Debye-Bueche plot between q = 0.1 and
0.4 nm-1: (Reddy et al. 2009; Zhou et al. 2015)
1

1

ξ2

2

= [A + ( A ) q2 ] ,
I(q)

(4.3)

where A is a constant and I(q) is the scattering intensity in function of the scattering angle q. The plot is
fitted by a linear function and ξ is calculated as a ratio of the slope and intercept of the function.
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The long period L was calculated from the peak position qm in Lorentz-corrected 1D-SAXS profile by
the equation 𝐿 = 2𝜋/𝑞𝑚 .

4.2.8. AFM-based three-point-bending test
The Young’s moduli of single fibers were obtained by three-point-bending test using an atomic force
microscope (AFM) (Neugirg, Koebley, et al. 2016a). The samples were prepared by directly
electrospinning fibers during a few seconds on the silicon chips (Sindex, Bioforce Nanosciences)
containing grooves of 6 – 7 µm width and 1 µm depth, attached to the collector. The fibers were tested
only after a minimum of 24h from the time of electrospinning to allow eventual chain relaxation within
the fibers.
The chip was then placed on the AFM stage. A cantilever (Tap150Al-G, BudgetSensors) was mounted
on the AFM head (FlexAFM V5, Nanosurf) and its spring constant, comprised between 2.0 - 5.0 N/m, was
measured with the frequency sweep function of the C3000 controller software (Nanosurf). Using the
optical camera of the AFM, fibers suspended perpendicularly across a groove of the chip were located
and the specific area (10 - 10 µm2) was acquired by dynamic mode imaging. After switching to the force
spectroscopy mode, force-displacement curves were recorded by pushing the tip of the cantilever onto
defined points. The tip was approached at a speed of 40 nm/s and a maximal force F of 40 nN was
applied. This procedure was performed twice directly onto the silicon chip for the calibration of the
cantilever deflection and twice onto the fiber portion in the middle of the groove to measure the central
displacement wa. Finally, force-displacement curves were recorded onto three distinct points along the
fiber portion lying on the chip to measure the indentation wb of the cantilever tip into the fiber. The
central displacement was corrected for the indentation to obtain the effective fiber deflection 𝑤
̂(𝐹) =
𝑤a (𝐹) − 𝑤b (𝐹). Afterwards, the fiber was visualized by SEM to confirm that the fiber did not slip during
the deflection and to measure the corresponding fiber diameter and groove width.
The Young’s moduli E of the single fibers were extracted from the data obtained by the three-pointbending test using the analytical model developed in a previous work (A. Morel et al. 2018). Briefly, the
fiber was modeled as a Timoshenko beam and the boundary condition at each side of the groove as a
torsional spring, assuming that the fiber sticks to the substrate at his bottom contact area. This boundary
factor κ is dependent on the diameter D and is described by the equation (4.4) and the effective fiber
deflection 𝑤
̂ by the equation (4.5).
Κ= (1-

𝑤
̂=

3L
L
8 (D + )
2

)

𝐹𝐿3
𝐹𝐿
𝜅+
48𝐸𝐼
4𝐺𝐴𝜂

(4.4)

(4.5)

L stands for the free-spanning fiber length, 𝐼 = 𝜋𝐷4 /64 the second moment of area, 𝐴 = 𝜋𝐷2 /4 the
cross-sectional area, η = 0.9 is the shear correction factor and 𝐺 = 𝐸/[2(1 + 𝜈)] the shear modulus with
𝜈 = 0.4 as the Poisson’s ratio.
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4.3. Results and discussion
4.3.1. Tailoring solvent-induced crystallization process for structural analysis
In order to probe the polymer structure of e-spun PLLA fibers via SINC-induced contrast
enhancement, a clear understanding and precise control of the structural changes induced by this
process is required. Accordingly, we investigated the influence of SINC solution systems with increasing
degree of interaction with PLLA on the different phases (amorphous, mesomorphic and crystalline) and
the extent of their structural reorganization. To this end, DCM90 fibers (i.e. PLLA fibers produced from
90w/10w dichloromethane (DCM)/dimethylformamide (DFM) electrospinning solution) were treated in
water/acetone solvent mixtures with acetone contents ranging from 20% (Ac20) to 100% (Ac100). The
resulting structural reorganizations were studied using a multiscale analytical approach combining DSC,
wide-angle X-ray scattering (WAXS), SAXS, and scanning electron microscopy (SEM).
The combination of DSC and WAXS measurements allowed the investigation of the polymer chain
rearrangement, in particular the change in the degree of crystallinity that was induced by the SINC
treatment (Fig. 4.1). The DSC thermogram of untreated DCM90 fibers shows the typical transitions of
PLLA (Fig. 4.1a), the glass transition Tg together with a post-Tg endotherm, the cold crystallization (CC)
and the melting transition of the crystalline phases (M). The glass transition corresponds to the transition
of the mobile amorphous phase from a glassy to a rubbery state, which allows the reorganization of the
oriented molecular chains into a crystalline structure during the cold crystallization (Zong, Ran, Fang, et
al. 2003; X. Zhang et al. 2012). The post-Tg endotherm is ascribed to the “melting” of the mesophase,
whose structure is not stable above the glass transition temperature (Stoclet, Seguela, Lefebvre, and
Rochas 2010).
The DSC thermograms show an elevation of the degree of crystallinity from 34% to 46% after SINCtreating the membranes in 20%-60% acetone solutions (Fig. 4.1b, black squares). The disappearance of
the cold crystallization peak (Fig. 4.1a) indicates that this increase in crystallinity was due the
reorganization of oriented amorphous chains into a crystalline state during the SINC treatment (Zong,
Ran, Kim, et al. 2003; X. Zhang et al. 2012). Above 60%-acetone ratio, the degree of crystallinity increased
in higher extents due to the stronger solvent-polymer interaction mobilizing a higher fraction of the
amorphous phase.
2D-WAXS experiments were conducted to confirm and to complement the DSC results on the
changes in the crystalline structures. The diffraction profile measured for the as-spun aligned fibers
shows a broad peak characteristic for polymers with a high fraction of amorphous phase (Fig. 4.1c, d).
Careful peak deconvolution also revealed the presence of the mesophase (Fig. 4.S1). The degrees of
crystallinity of SINC-treated fibers measured by WAXS are similar to the DSC results (Fig. 4.1b). According
to the diffraction profiles (Fig. 4.1c), an α’-crystalline phase appeared after treatment in Ac20, with the
(200)/(110) planes at a diffraction angle 2θ of 16.58° and a weak reflection of the (203) plane. After
treatment in higher acetone contents, the more ordered α-crystalline conformation was formed with the
(200)/(110) planes appearing at higher diffraction angle (i.e. a smaller lattice spacing) and accompanied
by the (103) and (210) planes reflection (Stoclet et al. 2012; J. Zhang et al. 2008). The corresponding 2DWAXS patterns (Fig. 4.1e-f) shows a high scattering intensity localized in the equatorial direction,
indicating that the fiber’s crystalline structure was highly oriented (Fig. 4.S3).
49

WAXS and DSC experiments showed a more pronounced increase of the degree of crystallinity for
membranes treated in solutions with acetone content above 60%, after the plateau observed between
Ac20 and Ac60 (Fig. 4.1b). In this regard, WAXS profiles revealed that the broad peak area corresponding
to the amorphous phase (between 2θ = 10° - 25°) gradually decreased above Ac60 (Fig. 4.S2). It implies
that the stronger solvent-polymer interaction induces also the mobilization of entangled, non-oriented
polymer chains of the amorphous phase to a degree that allows their structural rearrangement. This
observation is supported by the decreasing crystalline orientation (Fig. 4.S3) and the increasing lattice
spacing calculated for the (200)/(100) planes (Fig. 4.1b, empty triangles). The latter indicates a less
compacted arrangement of the polymer chains. Indeed, the crystalline structure formed from nonoriented amorphous phase can be expected to be less compacted than the one from the oriented
mesophase as it was demonstrated that the lattice spacing was reduced upon increasing strain during
strain-induced cold crystallization of PLLA sheets (Zhou et al. 2016). Moreover, the increasing degree of
crystallinity recorded by DSC after treatments with an acetone content above 60% cannot be ascribed
to a more important crystallization of oriented chains since the cold crystallization peak completely
disappeared already with more moderate treatments.

Figure 4.1. DSC and WAXS results for DCM90 fibers SINC-treated in blend solvents with different acetone
contents. (a) DSC thermograms of fibers before and after SINC-treatment. Glass transition “Tg”, post-Tg
endotherm (black star), cold crystallization “CC” and melting “M” are indicated. (b) Degree of crystallinity of
fibers measured by DSC and WAXS after treatments in different acetone-water mixture ratios. The
corresponding lattice spacings calculated for the (200)/(100) planes are also shown. (c) 1D-WAXS profiles
of fibers before and after SINC-treatment. The lattice planes attributed to PLLA α’- and α-crystal are ascribed
to the corresponding peak on the “Ac100” diffraction profile. The peaks characteristic for PLLA-PDLA
stereocomplex crystal planes are shown on the “Ac50” diffraction profile. (d-f) Corresponding 2D-WAXS
patterns of the aligned DCM90 fibers: as-spun (d), after treatment in Ac20 (e) and in Ac100 (f).
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While WAXS and DSC measurements provided a detailed insight into the changes in crystallinity of
DCM90 fibers, they cannot reveal the presence of polymer superstructures. To probe these
morphological features and the changes induced by the SINC process, we employed 2D-SAXS which
provides structural information in the dimensions typical for lamellar and fibrillar superstructures (1 to
90 nm). Assuming from the WAXS results (Fig. 4.S1), a two-phase structure (amorphous- and mesophases) within the as-spun fibers, a Debye-Bueche plot was employed to measure the correlation length
of the mesophase ξ along the fiber axis, which describes how distant these nanostructures are correlated,
obtaining a value of 21 ±2 nm (Zhou et al. 2016; Reddy et al. 2009).
After SINC treatments with an acetone content of at least 40%, 2D-SAXS patterns revealed two
equatorial streaks and two bulb-shape lobes, characteristic for the presence of shish-kebab
superstructures (Fig. 4.2b-d) (Huan Xu et al. 2012; Bing et al. 2010). The intensity of the lobes was
localized in the meridional direction, indicating highly oriented lamellar structures perpendicularly to the
fiber axis. The appearance of these patterns was related to the formation of crystals with a more ordered
and compact conformation as observed by WAXS (Fig. 4.1b), leading to a higher contrast in electron
density between the lamellae and the amorphous phase. The analysis of the corresponding Lorentzcorrected 1D-SAXS profiles (Fig. 4.2e) gave a long period L1 of 19.2 ±0.3 nm after treatment in Ac40.
Importantly, the measured L1 value was not influenced by the duration of the SINC treatment. Indeed,
fibers treated during 1h, 5h, and 24h presented similar long periods (Fig. 4.S4), showing that the
structural rearrangement remains stable due to the limited degree of interaction between the PLLA and
the solvent. This phenomenon was already observed for PLLA films crystallized in acetone (N. Wu et al.
2014).
The similarity between the long period L1 of fibers treated in moderate acetone ratio (Ac40-Ac50)
and the correlation length of the mesophase ξ of as-spun fibers strongly suggests that the crystalline
lamellar structure induced by the SINC process originates from the mesophase (Reddy et al. 2009; Zhou
et al. 2016). SINC treatments in solvent mixtures with moderate acetone content can consequently be
employed to enhance the ordering of the mesophase into a crystalline state, while having little influence
on the underlying superstructures. Thus, it is possible to gain insight into the mesophase-based
superstructures of fibers by SAXS analysis using such SINC treatments. On the other hand, we note that
the degree of structural reorganization of the fiber can be precisely controlled by adjusting the solvent
system of the SINC process. Higher acetone contents induce higher mobilization of the amorphous
phase as shown earlier by DSC and WAXS and the growth of thicker lamellae at the expense of
energetically less favored smaller ones, leading thus to increasing long period (Fig. 4.2f, Fig. 4.S2)). The
equatorial streaks (Fig. 4.2b-d) may be due to fibrillar structures along the fiber axis, the presence of
extended nanovoids within the fiber and/or the reflection on the fiber surface. The sources of the streaks
are hardly distinguishable.
A weak second peak is visible at higher q-values (Fig. 4.2e). This long period L2 of ~11.2 nm is also
oriented along the fiber axis and might arise from the arrangement of PLLA-PDLA stereocomplexes (SC).
Similar to our observations, co-arrangement of PLLA homo-crystals and SC’s in PLLA containing low
amounts of PDLA were observed in uniaxially stretched PLLA/cellulose nanocrystal-grafted-PDLA blends
with similar long period values (Nagarajan et al. 2018; H. Wu et al. 2016). In another study, SC’s produced
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by precipitation from acetonitrile were found to arrange with a long period of ~12 nm (H. Tsuji, F. Horii,
M. Nakagawa, Y. Ikada, H. Odani 1992). However, our WAXS profiles revealed only very weak peaks that
could be ascribed to SC’s (Fig. 4.1d) and the DSC curves do not show a SC melting peak (~220 °C). The
D-isomers content (< 2%) is most likely too low to be detected by DSC. Nevertheless, the opaque
appearance of our solution of PLLA dissolved in DCM suggests the presence of SC’s aggregates, since
they are reportedly not soluble in DCM (Wei et al. 2014). Further investigations are required to clearly
assign the L2 peak to its source.

Figure 4.2. SAXS results for aligned DCM90 fibers SINC-treated in blend solvents with different acetone
contents. (a-d) 2D-SAXS patterns of (a) as-spun fibers, and fibers after treatment in (b) Ac50, (c) Ac65, and
(d) Ac80. The white stars in (b) show the meridional lobes corresponding to the long period L1. (e) Lorentzcorrected 1D-SAXS profiles obtained by 10°-azimuthal integration in the meridional section of the 2D
patterns. First peaks (L1) are indicated by the stars, arrows show the second peak (L2). (f) Calculated long
periods L1 and L2 after treatment with increasing acetone content (SD for n = 2 samples).
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SEM allows the direct visualization of morphological changes on the fiber surface induced by the
SINC treatment. Therefore, we investigated the visual changes in fiber morphology after SINC treatment
with different acetone contents. As-spun DCM90 fibers possess a smooth surface (Fig. 4.3a) and
diameters of 390 ±90 nm. When treated with acetone contents below 60%, fiber surface barely shows a
change in morphology. However, with higher acetone ratio (60%-90%), crystallites, lamellar and fibrillar
structures appear on the fiber surface due to the rearrangement of the mesophase and the amorphous
phases into a crystalline state. Treating fibers in Ac85 enabled the best visualization of those structures
by SEM (Fig. 4.3b-c; Fig. 4.S5a-b). A predominant fraction of the DCM90 fibers incorporated oriented
nanofibrils on which crystallites were disposed periodically. According to SEM analysis (Fig. 4.S6), the
nanofibrils had a width of 15.5 ±2.5 nm. The spacing between the lamellae was 23.1 ±3.3 nm, which is
in the same range than the long periods L1 measured by SAXS (Fig. 4.2f) and the correlation length of
the mesophase in as-spun fibers (Fig. 4.7a-b). Notably, the obtained structure was very similar to the
one observed by Tan et al. by AFM phase imaging on as-spun PLLA fiber produced under similar
conditions (Eunice P S Tan and Lim 2006). Thus, fine-tuned SINC treatments enabled us to directly
visualize the internal superstructures of individual fibers incorporated within a whole mesh.
A lower fraction of DCM90 fibers incorporated large lamellar structures, oriented perpendicularly to
the fiber axis (Fig. 4.S5b). The heterogeneity of fiber structure within a same sample was already observed
by Lim et al. for polycaprolactone e-spun fibers (Lim, Tan, and Ng 2008). This phenomenon was explained
by the randomness of the electrospinning process, in particular, the chaotic motion of the whipping jet.
The shear stress and the time of travelling can vary in different regions of the jet.
Fiber treated in Ac85 presented a hollow structure as seen in cross-sectional images (Fig. 4.3e). This
phenomenon can be related to another important aspect of internal morphology of e-spun fibers known
as the intrinsic core-shell structure. For different polymers, the fiber core predominately comprises an
amorphous phase, whereas ordered, anisotropic supramolecular structure, which can consist of parallel
nanofibrils, is found in the shell. The higher level of ordering near the fiber surface is induced due to a
faster solvent evaporation combined with a higher shear stress at the electrospinning jet boundaries
(Stachewicz et al. 2012a; Gómez-Pachón, Sánchez-Arévalo, Sabina, Rau, et al. 2013). The presence of a
supramolecular shell has been previously detected in e-spun PVA fibers by phase-imaging and in crosssections of PLLA fibers by high-resolution transmission electron microscopy (Gómez-Pachón, SánchezArévalo, Sabina, Rau, et al. 2013; Stachewicz et al. 2012a). We hypothesize that the SINC process
mobilizes the amorphous phase of the core, letting behind an empty space and forming thus a hollow
fiber.
Treatment in pure acetone leads to major morphological changes of the fiber structure (Fig. 4.3f),
due to higher solvent-polymer interaction and higher phases’ reorganization as revealed by WAXS and
DSC. Fibrillar structures are not visible anymore by SEM and very large lamellae are formed, indicating
an important fusion between adjacent crystallites. The lamellar spacing is in the range of hundreds of
nanometers according to SEM, which is above the range measurable with our SAXS set-up. Important
initial structural features of the as-spun fiber are thus lost during treatments with pure acetone content,
which are therefore less suitable to study the initial structure of the fiber. Nevertheless, some information
can still be extracted as seen later.
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Figure 4.3. SEM images of DCM90 fibers SINC-treated in blend solvents with different acetone contents. (a)
as-spun fibers, (b-c) fibers after treatment in Ac85. The rectangle in (c) indicates a nanofibril with periodically
disposed crystallites. (d-e) Fiber cross-sections after Ac50 and Ac85 treatments, respectively. (f) Fibers after
treatment in Ac100.

4.3.2. Revealing the effect of electrospinning conditions on the fiber’s inner architecture
The physical properties of the polymer solution (evaporation rate, viscosity, solvent-polymer affinity,
conductivity) are well-known to strongly affect the fiber formation in the electrospinning process,
influencing the morphology and the mechanical properties of the fibers (Yazgan et al. 2017; Inai, Kotaki,
and Ramakrishna 2005; Lin et al. 2010; Liang et al. 2017). We developed a range of e-spun PLLA
membranes under distinct fabrication conditions (Table 2), with variation of the electrospinning solvent
solution (different DCM/DMF mixtures or trifluoroacetic acid (TFA)), the polymer concentration and the
electrospinning setup (needle-based or needleless).
However, the structural information obtained by SEM, WAXS, SAXS and DSC for the different as-spun
fibers did not reveal major differences despite the expected changes in the internal structure. SEM
images show that each electrospinning condition generated homogenous fibers with smooth surfaces
(Fig. 4.4a-e). WAXS measurements of the as-spun membranes gave similar patterns (Fig. 4.4f), consisting
essentially of a broad amorphous peak. Only for DCM80 fibers (i.e. produced from 80/20 DCM/DMF
electrospinning solution) a weak peak appears at 2θ = 16.68° characteristic for the co-existence of
oriented mesophase and crystalline phase (Zhou et al. 2016). No periodic arrangements of lamellar
structures were revealed in the different samples by SAXS measurements (Fig. 4.S7). DSC showed similar
cold crystallization temperatures for all three samples prepared with the needle-based electrospinning
setup, while the degree of crystallinity of the TFA100 fibers (i.e. produced form TFA electrospinning
solution) was slightly lower compared to the others (Table 4.2).
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Fiber sample

DCM90

DCM80

TFA100

DCM98 Nano

DCM98 Micro

[PLLA] w%

9%

9%

12%

6%

10%

TFA

Electrospinning solvent

90/10

80/20

system w/w

DCM/DMF

DCM/DMF

98/2

98/2

DCM/DMF

DCM/DMF

Electrospinning setup

Needle-based

Needle-based

Needle-based

Needleless

Needleless

Fiber diameter [nm]

390 ±90

400 ±80

460 ±100

390 ±140

1100 ±420

Crystallinity [%]

34 ±2

34 ±3

28 ±2

36 ±1

30 ±1

Cold cryst. temp. [C°]

82 ±3

81 ±1

84 ±1

78 ±2

89 ±2

Melting temp. [°C]

176.9 ±0.3

175.3 ±0.1

175.1 ±0.1

176.4 ±0.2

176.0 ±0.2

Table 4.2. Mean fiber diameter (SD for n = 75 fibers) and DSC results (SD for n = 2 samples) obtained for
as-spun membranes produced under different electrospinning conditions.

Figure 4.4. SEM imaging of as-spun PLLA fibers produced from different electrospinning solutions and
setups. (a) DCM90, (b) DCM80, (c) TFA100 fibers produced with the needle-based setup, and (d) DCM98
Micro and (e) DCM98 Nano fibers with the needleless setup. (f) Corresponding 1D-WAXS profiles.

Therefore, we applied our SINC-based methodology to the different fibrous membranes to reveal
the influence of the selected fabrication conditions on the internal structure of PLLA fibers. As described
in the previous section, this approach uses the fiber treatment in Ac50 before to perform SAXS
measurement. Here, the mesophase was rearranged into α-crystals to provide the best contrast in
electron density while preserving the spatial arrangement of the initial superstructures. For SEM,
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treatments with higher acetone ratios (Ac75-Ac85) were used to enable the direct visualization of the
fiber’s polymer superstructures.
First, fibers produced with the needle-based setup from different electrospinning solutions (DCM90,
DCM80 and TFA100 fibers) were compared (Table 4.2). Figures 4.5a-c shows SEM images of the fibers
after the SINC process. As seen before, while a predominant fraction of the DCM90 fibers presented
fibrillar structures with crystallites periodically disposed on them (Fig. 4.3b-c; Fig. 4.5a), a subpopulation
of fibers incorporated large lamellar structures (Fig. 4.S5b). DCM80 fibers (Fig. 4.5b) show an
intermediate structure, composed of larger lamellae that are highly oriented perpendicularly to the fiber
axis, and fibrillar structures that are more difficult to distinguish compared to the DCM90 ones. TFA100
fibers consisted of stacked lamellae predominantly, but not strictly, oriented perpendicularly to the fiber
axis (Fig. 4.5c). The width of the lamellar structures varied between fibers of a same sample (Fig. 4.S5c).
It has to be noted that lower ratios of acetone (Ac60-Ac75) are needed to reveal structural features of
fibers incorporating mainly lamellar arrangements (e.g. TFA100) than fibers integrating nanofibrils, which
are more stable in harsher solvents.

Figure 4.5. Revealing the internal structure of fibers produced from different electrospinning solutions and
setups. (a-c) SEM images of fibers produced by needle-based electrospinning. (a) DCM90, (b) DCM80 and
(c) TFA100 fibers SINC-treated in Ac85, Ac85 and Ac75, respectively. (c-d) Fibers from the needleless setup:
(d) DCM98 Micro and (e) DCM98 Nano treated in Ac85.
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Treatment in pure acetone (AC100) provided also evidence of a more stable longitudinal structural
arrangement (i.e. nanofibrils) in DCM90 fibers than in TFA100 ones. The ability of acetone to dissolve the
PLLA crystalline phase is limited (Madhavan Nampoothiri, Nair, and John 2010). However, if the
crystalline regions are spread within a fiber and separated by entangled amorphous phase, the fiber
morphology will be completely broken down in pure acetone as it was observed for the TFA100 fibers
which were completely destroyed by such treatment. On the other hand, the DCM90 fiber “skeletons”
survived (Fig. 4.3f), supporting the observation of fibrillar arrangements along their axis preserving the
fiber from being completely broken down (Fig. 4.3c).Structural parameters of DCM90, DCM80, and
TFA100 fibers were further analyzed by SAXS measurements after Ac50 treatment. As expected, from
the SEM images of the treated fibers (Fig. 4.5), SAXS revealed meridional patterns characteristic for
lamellar arrangements for all three samples with a similar long periods L1 (Fig. 4.6).
These in-depth structural analyses performed on fibers produced under different fabrication
conditions allow a better understanding of the influences of electrospinning parameters on the fiber
formation process. In particular, the influence of different electrospinning solutions was investigated,
whose properties differences are mainly due to their evaporation rate (90w/10w DCM/DMF > 80w/20w
DCM/DMF > TFA) (Table 4.1) and their water miscibility. We consider these properties as two dominant
factors, since they govern the fiber solidification, the drawing process and the crystallization. The high
evaporation rate of DCM induces a fast fiber solidification and the contact between the surrounding
water vapor and the non-miscible DCM of the electrospinning jet may induce a rapid precipitation of
the PLLA (Yazgan et al. 2017). As the DCM90 fiber solidification occurs early in the whipping jet path, the
polymer chains are “frozen” in a stretched state and undergo further elongation generated by the
electrical field until being deposited, favoring the formation of oriented mesophase and narrow fibrillar
structures (Ma et al. 2013; Lim, Tan, and Ng 2008). On the other hand, the combination of the lower
evaporation rate and the miscibility in water of the TFA keeps the fiber in a "wet" state for longer time
periods, possibly until the fiber is deposited. This scenario was shown to favor the relaxation of the
amorphous chains after the fiber deposition and the formation of wider lamellae (Lim, Tan, and Ng 2008).

Figure 4.6. Long periods L1 determined by SAXS measurements of fibers fabricated under different
electrospinning conditions and SINC-treated in Ac50 (SD for n = 2 samples).
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A second set of samples consisting of fibers produced by needleless electrospinning (DCM98 Micro
and DCM98 Nano; Table 4.2) was investigated using the SINC process. This electrospinning setup that
enables higher volume production relevant towards industrial applications may however alter the fiber
formation process and influence the fiber’s structural and physical properties. In a previous study using
this setup (A. Morel et al. 2018), the diameter of PLLA fibers controlled by the solution polymer content
was correlated with structural and mechanical properties. A higher Young's modulus and yield stress
were observed for thinner fibers, accompanied by a higher degree of crystallinity and molecular
orientation in the amorphous phase. Our DSC experiments confirmed these relationships, revealing a
higher degree of crystallinity and a lower cold crystallization temperature for fibers with thinner
diameters (DCM98 Nano) compared to the microfibers (DCM98 Micro) (Table 4.2). A cold crystallization
occurring at lower temperature can be ascribed to a higher molecular orientation in the amorphous
phase, which decreases the energy barrier towards crystallization (X. Zhang et al. 2012).
SINC-treatment in Ac85 enabled the visualization of the inner architecture by SEM. While, thick fibers
(>1 µm Ø) comprised stacked lamellae which were predominately, but not strictly, oriented
perpendicular to the fiber axis (Fig. 4.5d), nano-scaled fibers (Fig. 4.5e) integrated highly oriented
lamellar structures, which were for most fibers, linked to fibrillar structures extended along the fiber axis.
After Ac50 treatment, the lamellar long period L1 of the DCM98 Micro fibers differed with a higher value
than the nanofibers (Fig. 4.6). It can be related to the more elevated cold crystallization temperature
measured for microfibers (Table 4.2), characteristic for lower orientation in the amorphous phase and
thus, lower formation of oriented mesophase.

4.3.3. Superstructure formation and influence on mechanical properties
From the structural data obtained by SAXS and SEM, the inner architecture of TFA100 and DCM90
fibers after SINC treatment was schematized (Fig. 4.7b, d). As seen before, the shell of DCM90 fibers
comprised parallel nanofibrils consisting of extended molecules with periodically arranged crystallites.
The long period L1 after fiber treatment in Ac50 was evaluated at 19.8 ±0.3nm by SAXS (Fig. 4.7b). On
the other hand, SINC-processed TFA100 fibers incorporated stacked lamellar structures intercalated with
relaxed amorphous chains, with a long period of 20.4 ±0.3nm (Fig. 4.7d).
Based on the findings of studies that investigated the formation of crystalline structures from the
melt via a mesophase in different polymers, in particular in polypropylene, it was possible to reconstruct
the initial structure of the as-spun fibers (Strobl 2000; Kanig 1991; Lan, Li, and Chi 2016; Schick and
Androsch 2018). The polymer crystallization from the melt was described as a multi-step process
involving the formation of mesophase domains, followed by the transition into granular crystallites,
which may finally fuse together to form wider lamellar structures. Correlations can be drawn with the
polymer crystallization occurring during the electrospinning and the subsequent fiber SINC treatment,
to get a detailed understanding of the formation of the internal structure.
Due to the fast process of the fiber formation, the time for the development of ordered PLLA crystal
conformation is insufficient. Instead, disordered mesomorphic domains are formed, comprising aligned
molecules stretched by the electrostatic field forces. Then, in the case of DCM90 fiber, the internal
structure is further elongated after the fiber solidification until the deposition on the collector. This
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induces the formation of nanofibrils comprising stretched, tie chains between the mesophase domains
(Fig. 4.7a). Finally, over the SINC-treatment, the mesophase domains undergo a disorder-reorganization
transition and can act as nuclei promoting the formation of α-crystallites. In DCM90 fibers, the crystal
growth is restricted by the surrounding tie molecules having low mobility, leading to the formation of
crystallites of limited size (Fig. 4.5a). The formation of TFA100 fibers differs from the DCM90 ones by the
slower fiber solidification upon electrospinning. The remaining solvent molecules within the fibers after
deposition on the collector enable the relaxation of the polymer chains between the mesophase domains
(Fig. 4.7c). The amorphous phase is thus more mobile around the mesophase, promoting, upon the
SINC-treatment, the fusion of adjacent crystallites forming large lamellae. A close look at the lamellae
of treated TFA100 fibers reveals that they are indeed composed of several crystalline blocks (Fig. 4.S5d
and 4.7d).

Figure 4.7. Schematic representation of polymer chain arrangement in DCM90 and TFA100 fibers’ shell
(fiber axis is in the vertical direction). (a) as-spun DCM90 fiber with the corresponding correlation length of
the mesophase ξ. (b) Same fiber after SINC-treatment in Ac50 with corresponding long period L1. Boxed
area (blue line) indicates portion of a nanofibril. (c) As-spun TFA100 fiber and (d) after treatment in Ac50.

The differences in the structural properties of TFA100 and DCM90 fibers impacted their mechanical
properties. Three-point-bending tests were carried out on the two sets of fibers to compare their
respective Young’s moduli in function of the fiber diameter (Fig. 4.8). For both samples, an increase of
the Young’s modulus for decreasing fiber diameter was observed as reported in previous studies (A.
Morel et al. 2018; Arinstein et al. 2007). However, DCM90 fibers showed a higher Young’s modulus than
TFA100 fibers for the same diameter. This difference in mechanical properties can only be understood
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by the difference in structural organization within TFA100 and DCM90 fibers revealed by the SINC
process combined with SAXS and SEM analysis. The presence of fibrillar structures comprising extended
polymer chains along the DCM90 fiber axis correlates with the higher stiffness measured by the AFMbased three-point-bending (Lim, Tan, and Ng 2008). The newly developed investigation approach
provided thus a deep understanding of the formation of non-crystalline superstructures, in our case,
upon electrospinning process, required for the development of fibrous meshes with targeted and
defined properties.

Figure 4.8. Young’s moduli extracted from three-point-bending tests on TFA100 and DCM90 single fibers in
function of their diameter

4.4. Conclusions
When applied to the as-spun fibers, the multiscale analytical approach combining WAXS, SAXS and
SEM could not provide a clear insight into the fiber internal structure due the low contrast between the
mesophase and the amorphous phase. Therefore, SINC process was tailored to induce a contrast
enhancement between the structural features through the selective transformation of the mesomorphic
structures into a crystalline state. Developed and applied on PLLA fibers, this approach gave insights of
previously unattainable detail into their inner architecture. In particular, the direct visualization of the
structure of individual fiber within whole e-spun networks provided a convenient method for in-depth
structural analysis and the assessment of the sample's structural homogeneity. Thereby, the influence of
electrospinning parameters on the fiber formation process was explained, providing a detailed picture
of the non-crystalline superstructures lying beneath differences in respective mechanical properties. For
instance, a fast evaporation of the electrospinning solvent during the fiber formation favors fibrillar
structures which, in turn, resulted in a higher fiber Young’s modulus. Thus, our approach helps to
understand and refine the electrospinning process to tailor the resulting fiber’s structural and mechanical
properties for e.g. tissue engineering applications or piezoelectric materials. Furthermore, the method
can be adapted to other manufacturing techniques and other polymers incorporating mesomorphic
arrangements (e.g. polyethylene terephthalate, polypropylene).
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4.5. Supplementary Information
Figure 4.S1. Peak deconvolution of wide-angle X-ray scattering (WAXS) profiles.

Figure 4.S1. Azimuthally integrated 1D-WAXS profile of as-spun fibers produced from DCM90: Peak
deconvolution was carried out with Origin 2017 software (R2=0.999). Amorphous phase is represented by
dashed blue curves and mesophase by pink dotted curve..

Figure 4.S2. 1D-WAXS and 1D-SAXS curves for DCM90 fibers treated in different acetone
ratios.

Figure 4.S2. (left) 1D-WAXS profiles of DCM90 fibers before and after SINC-treatment in different acetone
ratios. (right) Corresponding Lorentz-corrected 1D-SAXS profiles obtained by 10°-azimuthal integration in
the meridional section of the 2D-SAXS patterns. The samples were electrospun independently.
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Figure 4.S3. Orientation factor of the crystalline phase after SINC-treatment.
Azimuthal profiles were extracted from the 2D-WAXS patterns between 2θ = 15.5° – 18°,
corresponding to the reflection peak of the (200)/(110) planes. The full width at half angle (FWHM) was
then determined using Matlab software. The orientation factor was calculated according to the following
equation.(Kongkhlang et al. 2008; A. Morel et al. 2018)
𝑓H =

180° − 𝐹𝑊𝐻𝑀
𝐹𝑊𝐻𝑀

Figure 4.S3. Orientation factor of the (200)/(110) planes calculated from 2D-WAXS for DCM90 fibers treated
in dif-ferent acetone ratios. However, the moderate misalignment of the fibers is not taken into account.

Figure S4. Effect of the duration of treatment on the long period L1.

Figure 4.S4. 2D-SAXS patterns of DCM90 aligned fibers treated in Ac50 for (a) 1h, (b) 5h and (c) 24h. (d)
Corre-sponding Lorentz-corrected 1D-SAXS profiles. The calculated L1-values were 20.2 nm, 19.8 nm and
20.1 nm (±0.3 nm), respectively. The samples were electrospun independently.
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Figure 4.S5. Additional scanning electron microscopy images of e-spun fibers after SINC
treatment.

Figure 4.S5. (a-b) Fibers produced from DM90 and treated in Ac85. (a) DCM90 fibers with typical fibrillar
structures at their surface. (b) The variety of fiber structure within a same sample is illustrated with a fiber
incorpo-rating large lamellar arrangements. (c) TFA100 fiber treated in Ac75 consisting of stacked lamellae
of various sizes, with (d) showing the lamellae being composed of different granular blocks (red arrows).
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Figure 4.S6. Calculation of fibril width and lamellar spacing by SEM.
The width of nanofibrils (n = 18, among 6 fibers) was measured by ImageJ software by the use of
SEM images of DCM90 fibers treated in Ac85. Only nanofibrils observable individually, i.e. with void on
both sides, were considered (Fig. S6a). The width was measured between the crystallites disposed on the
nanofibrils, since their width may have increased over the solvent treatment.
The lamellar spacing was calculated by measuring the length 𝐿f along crystallites periodically
disposed on a fibril (Fig. S6b), from the middle of the first crystallite to the middle of the last one. Then
the spacing 𝐿1,sem was calculating by:

𝐿1,sem = (𝑁

𝐿f

,

𝑐 −1)

where 𝑁𝑐 is the number of crystallites.

Figure 4.S6. SEM images of DCM90 fibers after AC85 treatment. The yellow arrows (a) show individual
nanofibrils used for calculation of the width. The yellow bar (b) indicates the partial length of a fibril, the white
stars correspond to crystallites disposed on the fibril.

Figure 4.S7. Small-angle X-ray scattering (SAXS) profiles of as-spun fibers.

Figure 4.S7. 1D-SAXS profiles of as-spun DCM90, DCM80 and TFA100 fibers. The profiles were obtained
by the 10°-azimuthal integration of the 2D-patterns in the meridional direction after air background subtraction. No scattering peak is visible.
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Figure 4.S8. The two-electrode matrix collector.

Figure 4.S8. In-house built collector consisting of two electrodes (white arrows) separated by 22 mm.
Aligned fibers are collected between the electrodes (red star). An Aluminum stripe is attached to each
electrode, modifying the shape of the electrical field and increasing the deposition rate of fibers between the
electrodes.
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5. Chapter 5
Tailoring the multiscale architecture of electrospun networks for
tissue engineering applications
A. Morel, A. G. Guex, S. Domaschke, A. E. Ehret, S. J. Ferguson, G. Fortunato, R. M. Rossi
This chapter is in preparation for submission

ABSTRACT: Controlling the architecture of tissue engineering scaffolds is of outmost importance to
induce a targeted cell response and successful tissue regeneration. However, the understanding of the
multiscale architectural and mechanical properties of electrospun networks is in its infancy, in particular, the
role of fiber-to-fiber interactions in the membrane properties is still elusive. This study investigated the
contribution of poly-(lactic acid) PLLA single fibers’ properties and fiber-to-fiber interactions to the
macroscopic mechanical properties of the networks. The report reveals that the influence of the number of
interfiber junctions per volume can have a stronger effect on the resulting stress-strain curves of the whole
membrane than the Young's modulus of the constituting fibers. We also shows that the solvent system of
the electrospinning solution affects the membrane architecture and mechanical properties at every lengthscale investigated, even for networks of fibers with similar diameters. Compared to dichloromethane, the
use of trifluoroacetic acid as the main solvent favors a lower fiber stiffness, but a higher number of interfiber
junctions, leading to greater membrane Young's modulus and yield stress. With respect to tissue
engineering applications, an experimental setup was developed to investigate the effect of architectural
parameters on the ability of cells to infiltrate and migrate within the scaffold. The preliminary results reveals
that a lower density in interfiber junctions favor cell infiltration and the formation of a 3D tissue..
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5.1. Introduction
The health and economical challenges that our ageing society is facing raise an urgent need for
performant, low-cost medical solutions (Yin and Luan 2016). In the field of tissue engineering, the
development of advanced bone substitutes (Bose, Roy, and Bandyopadhyay 2012), artificial skin
(Groeber et al. 2012), and vascular grafts (Hasan et al. 2014) is of high interest to address diseases related
to our modern society e.g. osteoporosis, diabetic foot, and cardiovascular diseases. Such artificial tissues
require the fabrication of scaffolds that can support the regeneration, repair and replacement of human
native tissues (Jafari et al. 2017). In this regard, electrospinning has emerged as a very promising
technique for the cost-effective fabrication of scaffolds for tissue engineering (Pham, Sharma, and Mikos
2006). Indeed, electrospun membranes are praised for their high porosity, good pores interconnectivity
and their resemblance with the collagen/elastin network micro-architectures found in the extracellular
matrix (ECM) (Xue et al. 2019). These characteristics are essential to favor the diffusion of nutrients and
oxygen within the entire scaffold volume and promote cell proliferation and differentiation.
Nevertheless, the narrow pore sizes of nanofiber networks remain a limiting factor for cellular infiltration
and tissue ingrowth within the scaffold, unless employing methods to obtain larger pore sizes e.g. the
use of thick micron-scaled fibers, the removal of sacrificial fibers or by cryogenic electrospinning
(Voorneveld et al. 2016; Han et al. 2019; Ju et al. 2010; B. M. Baker et al. 2008; Kishan and CosgriffHernandez 2017; Leong et al. 2009).
The scaffold's mechanical properties are important parameters for a successful integration in the host
and should, in principle, closely mimic the one of the targeted native tissue to ensure mechanical stability
and induce an appropriate cell response (Harrysson et al. 2008; Hong et al. 2011; Watt and Huck 2013).
The development of scaffolds should therefore take into account the extraordinary mechanical
properties exhibited by the electrospun fibers compared to bulk-like polymeric materials (Andrianov et
al. 2019; Ghosal et al. 2018; B. M. Baker et al. 2015). For instance, a drastic increase of the fiber's Young’s
modulus 𝐸f is observed for decreasing diameters (A. Morel et al. 2018; Janković et al. 2013; Arinstein et
al. 2007; Croisier et al. 2012). Moreover, the properties of the electrospinning polymer solutions such as
the solvent volatility, polymer/solvent ratio, polymer/solvent interaction also alter the resulting fiber's
properties (Lim, Tan, and Ng 2008). Our previous study showed that a higher solvent evaporation rate
favors the formation of fibrillar structures at the surface of poly(L-lactide) (PLLA) fibers, which, in turn,
enhanced the fiber Young’s modulus (Alexandre Morel et al. 2019).
The fiber-to-fiber junctions also play an important role in the mechanical properties of electrospun
membranes since they transmit the forces applied to the fibers to the surrounding network. For instance,
the Young’s modulus 𝐸m and tensile strength of polycaprolactone (PCL) membranes were enhanced by
welding at fibers cross-points through solvent vapor post-treatment (H. Li et al. 2017). The use of
polymer solutions with low evaporation rate is also known to favor the formation of welded cross-points
due to the deposition of partially wet fibers during the electrospinning (Maleki et al. 2013; Yoon, Hsiao,
and Chu 2009). With respect to fiber-to-fiber junctions without clear welding, the nature of the adhesive
forces are difficult to characterize and the influence of electrospinning parameters on their formation is
not fully understood. For instance, Van der Waals forces were found to be the dominant attractive forces
when contacting two individual PCL fibers (Stachewicz, Hang, and Barber 2014; Shi et al. 2010).
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The choice of an appropriate polymer is crucial for the fabrication of tissue engineering scaffolds.
PLLA has been widely used in biomedical applications taking advantage of its good biocompatibility and
biodegradability and has gained increasing interest for the development of artificial tissues (Saini, Arora,
and Kumar 2016; Bergström and Hayman 2016). To further improve the performances of PLLA meshes,
a high control over their architectural properties is required to obtain targeted, defined mechanical
properties at the microscopic and macroscopic scales, to guide the cell response and ensure overall
implant stability (B. M. Baker et al. 2015). The ability to tailor the mechanical properties of electrospun
membranes is however limited due to their complex multiscale architectures and fiber-to-fiber
interactions that are not fully elucidated yet. Moreover, the contributions of the single fiber properties
and the fiber-to-fiber junctions to the microscopic and macroscopic mechanical properties need to be
better understood (Zündel, Ehret, and Mazza 2019; Domaschke et al., in revision).
Two PLLA membranes were produced from polymer solutions showing different evaporation rates.
These solvent properties alter the fiber formation process during the electrospinning process, in
particular the speed of the fiber solidification (Alexandre Morel et al. 2019). The aim of this investigation
was to understand the influence of the electrospinning solvents on the formation of fiber-to-fiber
junctions within the network and how these junctions influence the macroscopic mechanical behavior
of the membranes (Yoon, Hsiao, and Chu 2009). For this purpose, the architectural and mechanical
properties of DCM90 and TFA100 membranes were experimentally investigated through a multiscale
analytical approach. Finally, in order to study the influence of different architecture on the cellular
response, an experimental setup was developed to evaluate the cellular infiltration in the fiber network.
The outcomes will help to refine development of scaffolds for defined tissue engineering applications.

5.2. Materials and methods
5.2.1. Electrospinning
Polyester PLLA pellets were supplied by Natureworks (3100HP, containing < 2% D-isomers).
Dichloromethane (DCM) (Macron), trifluoroacetic acid (TFA) (ABCR) and dimethylformamide (DMF)
(VWR Chemicals) were used for the preparation of two different electrospinning solutions. The first
solution was prepared in 90w/10w DCM/DMF blend solvent with a PLLA concentration of 9 wt%. The
electrical conductivity of the solution was enhanced by the addition of tetraethylammonium bromide
salt (TEAB) (Sigma Aldrich). The second solution was prepared at a concentration of 12 wt% PLLA in TFA.
A 3 ml plastic syringe containing the polymer solution was closed with a blunt needle (0.8 mm x 22
mm). The syringe pump (Aladin 1000, WPI) was set to deliver the solution at a flow rate of 16 µl/min. A
flat stainless steel collector covered with baking paper (BRANOPAC CZ) was placed in front of the needle
at a distance 15 cm and a voltage of 15 kV was applied between both components. The relative humidity
and temperature were set at 17% (±3%) and 21°C (±1°C), respectively. Obtained membranes were placed
in a vacuum chamber for 1 hour to remove any residual solvent.
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5.2.2. Fiber morphology and shape
The fiber morphology was visualized by scanning electron microscopy (SEM, Hitachi s-4800, Hitachi
High-Technologies Corporation) with an acceleration voltage of 2 kV and a current flow of 10 µA.
Beforehand, the samples were coated with an 8 nm thick gold palladium layer using a sputter coater
(Leica EM ACE600, Leica Microsystems). ImageJ software was used for the measurement of the fiber
diameter 𝑑f (n = 75 per sample) from SEM images (Schneider, Rasband, and Eliceiri 2012).
In order to compare the straightness of the fibers incorporated within the different networks, the
fiber persistence length 𝑙p was measured, a shape parameter introduced for the worm-like chain theory
(Ogden, Saccomandi, and Sgura 2006). For this purpose, Easyworm software was used to trace segments
of fibers (n = 20 per sample) from SEM images (Lamour et al. 2014). The persistence length 𝑙p was then
obtained from the mean square of the end-to-end distance 〈𝑅2 〉 of the traced segment and the segment
length s according to the theoretical relation
〈𝑅2 〉 = 4 𝑠 𝑙p [1 − 2

𝑠
𝑙p
−
(1 − 𝑒 2𝑙p )].
𝑠

(5.1)

5.2.3. Membrane porosity
The thickness 𝑡m of the membrane central region used for tensile testing was assessed using a profiler
(Dektak 150, Veeco) equipped with a tip of 2.5 µm height (n = 6 measurements per membrane). The
fiber content 𝜈𝐹 and overall porosity ɸ of the membrane were calculated from the thickness 𝑡m , the area
A and the mass 𝑚m (weighing scale AT201, Mettler Toledo) of a cut sample, and the mass density 𝜌 =
1.25 g cm-3 of PLLA according to equation 1. (Garlotta 2002)

ɸ = 1 − 𝜈𝐹 = 1 −

𝑚𝑚
𝜌 𝑡𝑚 𝐴

(5.2)

5.2.4. Uniaxial tensile testing
The uniaxial tensile experiment was described in a previous study (Domaschke et al. 2019). Briefly,
tests were carried out on triplicates (n = 3) with a custom-built set up. Samples with a width 𝑤m of 10
mm were cut from the electrospun membranes and mounted horizontally on two clamps separated by
60 mm. The grip of the clamps was enhanced with sandpaper. Marker dots were drawn on the samples
with a pen and recorded throughout the sample deformation with a camera (Pike F-100B Allied Vision
Technologies GmbH) equipped with a telecentric lens (TECHSPECR, GoldTLTM, Edmund Optics) to
extract the local strain. The clamp displacement rate was set at 0.1 % s -1 and the force was recorded at
10 Hz by two 100 N force sensors. Pre-stress was minimized by reducing the distance between the
clamps before the experiments, inducing a visible slack of the specimen. The stress-stretch plot was
generated by post-processing the obtained data. The nominal stress 𝑃 was calculated from the force f
and the initial cross-sectional area of the sample with the equation 𝑃 = 𝑓/(𝑡m ∗ 𝑤m ).
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5.2.5. SEM Imaging of network deformation
A custom-built stage was used to uniaxially stretch electrospun samples at defined global strains and
visualize the fiber networks by SEM without releasing the membrane from the stage. Samples with a
width of 6 mm were fixed on clamps separated by 30 mm. Then, the clamps were manually moved to
selected positions with a gear system, stretching the specimen to the predefined strain state. 20% strain
were selected to provide top-view of the fiber network and for the visualization from the membrane
side. A gold palladium coating (thickness: 10 nm) was applied on the samples and the stage was inserted
in the SEM chamber to acquire images with an acceleration voltage of 2 kV and a current flow of 10 µA.
Duplicates were employed for each strain values.

5.2.6. Cell culture
In vitro cell experiments were carried out with normal human dermal fibroblasts (NHDF, female,
caucasian, skin/temple, C-29910, PromoCell, Germany) at passage 8-12. The medium used for cell
expansion and experiments was Dulbecco’s modified Eagle’s Medium, high glucose (Sigma) with 10%
fetal calf serum (FCS), 1% glutamine and 1% penicillin / streptomycin / neomycin. Incubation was set at
37 °C and 5% CO2 in a humidified environment. Cells were trypsinized at 90% confluency for cell
experiments or further passage.
5.2.7. Cell viability on PLLA membranes
Samples of 6 mm in diameter were pinched with stainless steel insect pins to 48-well plates; wells
were previously covered with a layer of cured polydimethylsiloxane (PDMS, Sylgard 184, Sutter
Kunststoffe, Switzerland). The samples were then sterilized under UV light for 30 min on each side. NHDF
were harvested, resuspended in complete medium and prepared at a concentration of 4 x 105 cells ml-1.
A volume of 50 µl was placed on top of the samples and two hours after seeding, the wells were filled
with media. Triplicates were prepared for each conditions. AlamarBlue assays (Life Technologies, Thermo
Fisher Scientific) were performed at day 1 and 4 to assess the cell metabolic activity, indicative for cell
viability. For these assays, NHDF were incubated for 2 hours at 37 °C in 10% (v/v) alamarBlue in phenol
red free medium. Then alamarBlue reduction was measured by fluorescence using an excitation
wavelength λex = 580 nm and emission at λem= 540 nm (Mithras2 Plate reader, Berthold Technologies).
Measurements of samples incubated without cells were used for background subtraction.
5.2.8. Cell sandwich culture
For these experiments, as a first layer "I" was placed an electrospun membrane (2 x 2 cm2) into a 6well plate (Fig. 5.1). Additional membranes "II" (~40 µm in thickness) were attached on the flat surface
of hollow stainless steel cylinders (8 mm inner Ø) using a thin layer of vacuum grease applied on the
steel (Dow Corning® silicone high vacuum grease). Then, all membranes were UV-sterilized. After, while
the cylinders were immersed in PBS to pre-wet attached membranes II, 2 x 105 cells were seeded on the
first membrane I in the petri dish. One day after the seeding, the media was removed and the thin
membrane/cylinder constructs II were place on top of the cells, the latter being sandwiched between
the two membranes, and incubated for 13 days in media.
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5.2.9. Cell SEM imaging
The samples were fixed in 4% formaldehyde and subsequently dried in increasing ethanol ratios up
to 100% (30 - 60 min per step). Finally, hexamethyldisilazane (HMDS) was deposited on the membranes
for 5 min to remove remaining water, before samples were let to dry overnight.

Figure 5.1. Preparation of the cell sandwich experiment. 1. UV-sterilization of the membranes. 2. Seeding of
NHDF on the bottom membrane I. 3. On day 1: a second membrane II is added on top of the cells in media.

5.3. Results and discussion
The architectures of DCM90 and TFA100 membranes were thoroughly characterized from the nanoto macroscale level. Fiber’s intrinsic properties were defined in term of diameter, persistence length
(straightness) and Young’s modulus. Fiber-to-fiber junctions were studied by visualizing the deformation
of the fiber network upon mechanical stretching, in particular the magnitude of the auxetic behavior,
which was shown to be related to the number of such junctions (Domaschke et al. 2019). Finally,
investigations at the membrane level described the network architectures in term of porosity and fiber
orientation, and analyzed stress-strain curves from uniaxial tensile experiments.

5.3.1. Fiber characterization
Representing the construction unit of electrospun membranes, the single fibers need to be
thoroughly characterized with respect to their morphological and mechanical properties. SEM
performed on DCM90 and TFA100 membranes both revealed homogenous, smooth fibers (Fig. 5.2).
Similar mean diameters and persistence lengths 𝑙p were measured for both samples. Fiber diameter 𝐷f
was 390 ±90 nm for the DCM90 mesh and 460 ±100 nm for the TFA100 derived one, and 𝑙p values were
558 ±200 µm and 473 ±160 µm, respectively. The persistence length 𝑙p describes the distance along the
fiber over which correlations in the direction of the tangent are lost and correlate thus with the
straightness of the fiber. These parameters (𝐷f and 𝑙p ) are considered as two of the predominant factors
for the mechanical properties of electrospun membranes (Pai, Boyce, and Rutledge 2011; Picu 2011;
Zündel, Ehret, and Mazza 2019). However, their close values found for both samples allow their
contribution to be neglected.
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Figure 5.2. SEM images of (a) DCM90 and (b) TFA100 as-spun membranes

In a previous work (Alexandre Morel et al. 2019), the Young’s modulus 𝐸f of DCM90 and TFA single
were measured by AFM-based three-point-bending tests. These experiments revealed that for same
diameter, the Young’s modulus of DCM90 fibers was higher than TFA100 fibers (Fig. 5.3a). The difference
in mechanical properties between the fibers was attributed to their respective internal structure. While
DCM90 fibers incorporated parallel nanofibrils oriented along the fibers axis, TFA100 fibers presented
more relaxed polymer chains. The different fiber structures were ascribed to differences in the fiber
formation process, in particular the evaporation rate and the miscibility in water of the solvents used in
the polymer solution. The higher evaporation rate of DCM and its non-miscibility in water induces a
rapid solidification of the jet during the electrospinning process. The solidified fiber is then further
elongated by the high electrostatic fields inducing the formation of nanofibrils that enhance the stiffness
of obtained fibers. On the other hand, TFA has a slower evaporation rate and residual solvent molecules
may remain in the fiber after deposition on the collector (Fig. 5.A). This scenario favor the relaxation of
the polymer amorphous chains within the fiber, resulting in fiber exhibiting lower Young’s modulus than
DCM90 fibers.

Figure 5.3. (a) Young’s moduli extracted from three-point-bending tests on TFA100 and DCM90 single fibers
in function of their diameter (Fig. 4.8). (b) Stress-strain curves obtained from uniaxial tensile experiments of
DCM90 and TFA100 membranes.
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5.3.2. Fiber-to-fiber junctions
Beside the architecture of the network and the intrinsic properties of the underlying fibers, fiber-tofiber junctions can enhance the overall mechanical properties of membranes such as the stiffness and
the elongation at break (H. Li et al. 2017). In a previous study, we demonstrated by numerical and
experimental analyses the influence of fiber-to-fiber junctions on the deformation mechanism of the
network. In particular the distance 𝑠f , i.e. the fiber segment length between two junctions, was shown to
dictate the auxetic behavior of the network, which is characterized by an increase of the membrane
thickness upon stretching (i.e. negative Poisson's ratio). Indeed, correlations were drawn between the
volume change of membranes upon uniaxial stretching and their averaged fiber segment 𝑠f value, based
on a 3D-numerical model. For instance, a low density of junctions, i.e. a high 𝑠f value, was demonstrated
to induce a higher volume increase, up to 500% at 10% strain. The underlying mechanism was described
as a lateral contraction of the membrane upon stretching, which induces an out-of-plane buckling of
the fibers oriented initially transversally to the stretching direction. The length of the fiber segments 𝑠f
between two junctions influences thus the amplitude of the buckling and thus, the increase of the
membrane thickness. These data were supported experimentally as well (Domaschke et al. 2019).
The thickness increase of DCM90 and TFA100 membranes upon stretching were measured and
compared to evaluate the difference in fiber segment length 𝑠f between the two networks (Fig. 5.4a, b).
When uniaxially stretched to 20%, the thickness of the TFA100 membrane increased by ~270% up to
480 ±40 µm, while an increase of 650% (up to 1100 ±100 µm) was observed for the DCM90 mesh.
Moreover, the corresponding buckling amplitude of transversal fibers was assessed by their persistence
length 𝑙p measured from top-view images of the network under stretch (Fig. 5.4c, d). A higher 𝑙p value
indicates a higher amplitude of the buckling and thus a higher 𝑠f value. A value of 7 ±2 µm was measured
for the TFA100 samples and 24 ±12 µm for DCM90. These results clearly indicate a greater amount of
fiber-to-fiber junctions per volume unit of the TFA100 mesh and thus, a lower 𝑠f value, which is consistent
with their respective overall porosity.

Figure 5.4. Membranes deformation upon stretching to 20% strain. SEM images of the side of (a) the DCM90
and (b) TFA100 membranes, and respective top-views (a', b'). The red dashed line indicates the membrane
thickness and the yellow dashed line the initial thickness. The arrows show the stretching direction.
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5.3.3. Network characterization
At the macroscopic level, the membrane overall porosity ɸ and the fiber orientation are two of the
most important factors determining the mechanical behavior of electrospun membranes (Voorneveld et
al. 2016; Kim 2008; B. M. Baker et al. 2008). DCM90 and TFA100 fiber networks were tailored to exhibit
very similar characteristics, and thus can barely be distinguished from each other by SEM. Both
membranes showed no preferential fiber orientation. However, slightly higher porosity value was found
for the DCM90 sample compared to the TFA100 for similar sample thicknesses (Table 5.1). TFA100
membranes incorporated thus a more compact fiber network, with a fiber content ~50% higher than for
DCM90 membranes.
The mechanical properties of DCM90 and TFA100 membranes were compared in term of Young’s
modulus 𝐸m and yield stress 𝑃𝑌,𝑚 measured by uniaxial tensile testing. Resulting stress-strain curves are
shown in Fig. 5.3b for both types of sample, from which Young’s moduli and yield stresses were extracted
and reported in Table 5.1. As opposed to the results observed for the single fibers tests, the TFA100
membrane showed higher values for both parameters.

Sample

Thickness 𝑡m

Porosity ɸ

Fiber content

𝑃𝑌,𝑚

𝐸m

𝐸PLLA

[µm]

[%]

[%]

[kPa]

[MPa]

[MPa]

DCM90

169 ±5

95.2

4.8

47 ±3

5 ±1

104 ±21

TFA100

177 ±18

92.5

7.5

220 ±8

16 ±1

213 ±13

Table 5.1. Characteristics of DCM90 and TFA100 membranes and corresponding mechanical properties.

Table 5.2 compares the most predominant parameters determined for both DCM90 and TFA100
membranes. The most striking observation is the discrepancy between the higher Young’s modulus of
DCM90 single fiber and the lower stiffness of the respective membrane. Another factor has thus a higher
impact on the mechanical behaviour than the underlying fiber properties and needs to be identified. In
this regard, the effects of the fiber diameter and persistence length as well as the membrane thickness
can be neglected due to their close values for both samples. On the other side, by normalizing the stressstrain curves according to the respective fiber content per volume, thus considering only the portion of
PLLA fibers as the cross-section area of the membranes, TFA100 networks still exhibit higher values in
yield stress and Young's modulus 𝐸PLLA . Thus, the difference in porosity ɸ, per se, do not explain the
differences in mechanical properties.
The higher spatial density of fiber-to-fiber junctions in the TFA100 network correlates to its higher
fiber content, i.e. lower porosity ɸ, than DCM90 samples. Furthermore, the lower evaporation rate of
TFA during the electrospinning process may promote the deposition of “wet” fibers on the collector and
thus the formation of stronger junctions between the fibers after their solidification. This promotes a
higher level of cooperation between the fibers to resist the membrane deformation. These findings
highlight the importance of fiber-to-fiber interactions as the main driving force, in the present case, for
higher mechanical properties of electrospun membranes, overcoming the influence of the intrinsic
stiffness of the underlying single fibers.
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Scale

Parameter

DCM90

TFA100

Fiber’s level

Diameter 𝐷f

≅

≅

Persistence length 𝑙p

≅

≅

Young’s modulus 𝐸f

+

-

Fiber-to-fiber

Segment length 𝑠f

-

+

Membrane’s level

Thickness 𝑡m

≅

≅

Fiber content

-

+

Young’s modulus 𝐸m

--

++

Yield stress 𝑃𝑌,𝑚

--

++

Table 5.2. Comparison of the main parameters influencing the mechanical properties of DCM90 and TFA100
membranes.

5.3.4. Cell viability on PLLA membranes
AlamarBlue assays were performed to evaluate if the viability of NHDF was not impaired by the
contact with PLLA membranes. In this regard, an increase of the metabolic activity was measured
between day 1 and 4 for NHDF seeded on both DCM90 and TFA100 meshes (Fig. 5.5). The PLLA scaffolds
were thus suitable for cell culture independently of the solvent used for the electrospinning. These results
were supported by SEM images of the cells acquired at the two time points. On day 1, NHDF formed
spheroids on top of the two membranes (Fig. 5.6a, c). Cell-cell contacts were thus preferred over cellsubstrate interactions. One reason may be an insufficient wetting on the membranes surface after 24h
due to the high hydrophobicity of PLLA e-spun scaffolds (S. Chen et al. 2013; Ren et al. 2013). However,
after 4 days of incubation, the cells arranged in a monolayer (Fig. 5.6b, d) demonstrating the
compatibility of these membranes for NHDF culture.

Figure 5.5. Cell metabolic activity quantified by alamarBlue assays for NHDF incubated on DCM90 and
TFA100 membranes.
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Figure 5.6. SEM images of NHDF cultured on different PLLA electrospun scaffolds. NHDF on DCM90
membranes at day 1 (a, a'), and 4 (b, b'). NHDF on TFA100 membranes at day 1 (c, c'), and 4 (d, d').

5.3.5. Cell sandwich experiment
A limitation of electrospun membranes toward selected tissue engineering applications are the small
pore sizes, which restrict cellular infiltration and tissue invasion. Moreover, the fiber network acts as a
diffusion barrier, lowering nutrients availability within the membrane (N. Wang et al. 2013). The cell
sandwich experiment was developed to encourage cellular infiltration through an electrospun scaffold.
In this construct, the cells are lying between two membranes and are thus partly deprived of the nutrients
and the closest access to the medium is through the top thinner membrane. This experimental setup
aims to be used as a tool to investigate how the membrane's architecture and mechanical properties
alter the ability of cells to invade the network and thus, to promote tissue ingrowth.
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As described in Table 5.2, one of the main difference between DCM90 and TFA100 membranes is the
density of fiber-to-fiber junctions, while the porosity of DCM90 was slightly higher. TFA100 networks are
mechanically more compact and the force required to move a fiber in this scaffold is expected to be
higher than for DCM90 ones due to the short fiber segments 𝑠f , a parameter considered to greatly
influence the microscopic stiffness sensed by the cell (Zündel, Ehret, and Mazza 2019). The cells capacity
to make their way through the membrane may thus be favored by the DCM90 architecture (W. J. Li et
al. 2002). This hypothesis is supported by the observation of NHDF lying below a few fibers in some
regions of DCM90 membranes after 3 days of incubation (Fig. 5.6b'), while cells were strictly lying above
the top fiber layer of TFA100 membranes (Fig. 5.6d').
In the preliminary sandwich test, the cell infiltration in DCM90 and TFA100 scaffolds was investigated.
Figures 5.7a, b show top views of the sandwich constructs (membrane II) after 6 days of incubation. No
cell were visible for both samples, indicating that the cell could not migrate through the membrane II to
reach the top surface, yet. However, SEM images show that a high portion the top surface of DCM90
samples were covered with NHDFs on day 20 (Fig. 5.7a', 5.Ba). The cells do not appear to lie all in the
same planes, as cells are also visible slightly deeper within the sandwich construct. Moreover, the
imaging of respective cross-sections provided evidence of the presence of cells within the network (Fig.
5.8). On the other hand, only few cells were detected on the surface of TFA100 samples (Fig. 5.7b', 5.Bb).
These results suggested that the ability of cells to infiltrate and migrate through an electrospun can be
promoted by a low density of fiber-to-fiber junctions. These observations are of high interest for the
fabrication of 3D biological tissues for selected tissue engineering applications. Further experiments are
required to quantify the cell infiltration for both samples and better understand the phenomenon.

Figure 5.7. Cell sandwich experiments. (Left) Sketch of the setup. In red is the surface of the membrane I,
on which NHDFs (blue) are seeded. The top surface of the membrane II is in green. (Right) SEM top-view
images of the membrane II. (a) DCM90 and (b) TFA100 samples on day 6 of incubation and (a'-b') on day
20, respectively.
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Figure 5.8. Cell sandwich experiments. Cross-section image of DCM90 membrane II after 20 days of
incubation. Blue arrows indicate cells within the network.

5.4. Conclusions and outlook
The characterization of electrospun membranes from the nano- to the macroscale, in term of
architecture and mechanical properties, revealed that networks produced from TFA solution
incorporates a higher density in fiber-to-fiber junctions than those produced from DCM/DMF blend
solutions. The forces are more efficiently transmitted between the fibers, favoring a stiffer response to
stretching deformation and overcoming the mechanical contribution related to the single fiber's Young's
modulus. Since the degree of fiber-to-fiber interactions influence the force needed to move a single
fiber in a network, it may also influence the ability of cells to mechanically act on the substrate and thus
to infiltrate a membrane. On the other side, a compact scaffold such as TFA100 meshes may be sensed
as an immovable barrier. The hypothesis was investigated by developing an experiment to assess the
cell infiltration and migration. It uses a cell sandwich setup, where cells are comprised between two
electrospun membranes, encouraging cells to migrate through the mesh to access the medium's
nutrients. A higher cell infiltration was observed for DCM90 scaffolds compared to TFA100 ones,
suggesting that networks with looser fibers can promote the formation of 3D tissues. Further
experiments are necessary to quantify these differences and provide a more detailed insight into these
observations.
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5.5. Appendices
5.5.1. Appendix 5.A: Evaporation properties of solvents

Figure 5.A. Simulated evaporation of DCM and TFA from DCM90 and TFA100 solutions, respectively, using
Hansen Solubility Parameters in Practice (HSPiP) (http://www.hansen-solubility.com/). The amount of DCM
decreases more rapidly than TFA because of its higher evaporation.

5.5.2. Appendix 5.B: Cell sandwich experiment

Figure 5.B. Cell sandwich experiments with NHDFs, SEM top-view images of the membrane II after 20 days
of incubation for (a) DCM90 and (b) TFA100 samples.
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6. Chapter 6
Synthesis, implications and outlook
6.1. Synthesis and implications
The performance of electrospun membranes as scaffold for tissue engineering is directly dependent
on our ability to tailor their surface chemistry, architecture and mechanical properties, from the
nanoscale up to the macroscopic level. In order to gain such control over the membrane's properties,
this work shed light on some critical factors allowing a better understanding of the fiber and membrane
formation, as well as their response upon mechanical deformation.
Investigating the influence of electrospinning parameters and conditions on the structural and
mechanical properties of obtained nanofibers is a key toward the elucidation of the fiber formation
process, whose understanding is still limited. For instance, the relationships between decreasing polymer
concentrations, decreasing fiber diameters and increasing fiber Young's moduli were already well
established. This observations opened thus questions about the underlying inner polymer structures that
provide thin fibers with extraordinary properties such as a very high stiffness compared to respective
bulk-like polymers (Jaeger, Jaeger, and Schischka 2009; Arinstein et al. 2007; Lim, Tan, and Ng 2008;
Wong, Baji, and Leng 2008). The first and main part of this thesis aimed to address these questions. On
one side, new approaches for the structural analysis of nanofibers were developed and established,
providing an unprecedented insight into the fiber's internal architecture. On the other side, the submicroscopic single fibers were mechanically tested using two complementary approaches, i.e. an AFMbased three-point-bending test and by micromechanical testing.

Solvent-induced crystallization (SINC) is mostly employed to induce surface morphology
modifications, structural rearrangements (e.g. enhancement of the degree of crystallinity), or to improve
the permeability of polymers e.g. for the dyeing of fibers (Chidambaram, Venkatraj, and Manisankar
2003; Gao et al. 2012; Yoon, Hsiao, and Chu 2009; Jameel and Noether 1982). Here, SINC process was
used for the first time to enhance the contrast of non-crystalline structural features. While conventional
analytical methods could not distinguish fibers produced from different solvent systems, the SINC-based
approach provided an insight into their internal mesomorphic architectures. These observations were
correlated with differences in fiber mechanical properties and led to a clearer understanding of the fiber
formation process. For instance, an early fiber solidification along the whipping jet promotes the
formation of elongated polymer structures such as fibrillar arrangements generated by strain-induced
cold crystallization process, enhancing the fiber stiffness. This phenomenon is favored by the use of
solvents with high vapor pressure and low boiling point.
These observations differ from a previous work proposing that lower solvent evaporation rates
provide a longer time for the crystallization of PLLA, leading to higher mechanical properties. Unlike in
their work using microfibers, we did not observe a clear change of nanofiber crystallinity by using
different solvents for the electrospinning. It has to be noted that they performed the mechanical testing
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on yarns (i.e. bundles of microfibers) and thus, do not exclude the contributions of fiber-to-fiber
interactions (Maleki et al. 2013), which are enhanced by slow-evaporating solvents. It shows the
importance of characterizing the mechanical properties at every scale levels in order to fully understand
the effect of electrospinning parameters on the network properties. The discrepancy of the effect of
solvent volatility on the mechanical properties at the fiber and the membrane levels was highlighted in
the chapter 5.
Throughout the thesis work, further relationships were observed between the structural and
mechanical properties of PLLA fibers, as well as the influence of the electrospinning parameters and the
resulting the diameter. In particular, enhanced molecular orientation, increased degree of crystallinity
and the formation of (mesomorphic) fibrillar structures were identified as major factors leading to the
superior Young's modulus and yield stress measured in thinner fibers. These structural features are
favored by the use of lower polymer concentration, thus lower solution viscosity that allows an easier
alignment of the polymer chains during the fiber formation. The more important presence of fibrils in
thin fibers may be due to a faster solidification (i.e. faster solvent evaporation) thanks to their higher
surface area to volume ratio. Except for the degree of crystallinity, these trends were already observed,
individually, for different polymers for decreasing fiber diameters (Yoshioka, Dersch, Tsuji, et al. 2010;
Richard-Lacroix and Pellerin 2015; Lim, Tan, and Ng 2008; J. Liu et al. 2017). However, in this work, all
these parameters were investigated for the same source of polymer (PLLA), and, what is more, precise
linear correlations were drawn for the first time between the fiber Young's modulus and both the degree
of crystallinity and the molecular orientation in the amorphous phase.
Gómez-Pachón et al. proposed mathematical models to estimate the Young's modulus of PLLA fibers
(4% of D-isomers) by considering the fiber architecture either as a laminated periodic structure (LPS)
(e.g. lamellar structures) or as a core-shell structure (CSS) (Gómez-Pachón, Sánchez-Arévalo, Sabina,
Maciel-Cerda, et al. 2013). In their work, good agreements were found between the models and their
experimental data obtained from the mechanical testing of aligned fibers. However, as expected when
testing bundles of fibers, the Young's moduli (Ef) that they reported were lower the ones generally
measured on single fibers, generating biased values. Moreover, according to their LPS model, the highest
Ef value would be 2.5 GPa in the case of an virtual fiber incorporating exclusively lamellar regions. The
main limitation of this model is the absence of dominant molecular orientation, which can drastically
increase the material stiffness.
On the other hand, the CSS model considers the shell as an oriented supramolecular structure and
the core as an amorphous region. This architecture represents more fairly our experimental observations
of fibers produced from DCM solvent systems, after SINC-treatments. We reported indeed core-shell
architectures, whose shell incorporated highly oriented fibrillar structures (chapter 4). Moreover, higher
fractions of oriented chains were measured for thinner fibers by 2D-WAXS (chapter 3), supporting the
assumption of a constant shell thickness independently of the fiber diameter (Stachewicz et al. 2012a).
Finally, the linear correlation found between Ef and the degree of crystallinity suggests a parallel
arrangement of the phases (Voight composite model) (Fig. 6.1), as are the core and the shell of a fiber.
As further investigations, it would be interesting to study these relationships for TFA100 fibers, since
they incorporate more pronounced laminated organisation (LBS) on their surface.
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Figure 6.1. "(a) Voigt and (b) Reuss composite model." (http://www.mm.ethz.ch/research_compositeE.html)

Thereby, the thesis brought a more extensive understanding of the fiber formation process and
provided new approaches to control the fiber's properties. This knowledge is critical for the development
of fiber-based scaffolds for tissue engineering as discussed in the introduction, as well as for the
optimization of the piezoelectric performances of electrospun fibers. Moreover, the SINC-based method
established for the structural analysis of polymeric materials can be applied to other polymers
incorporating a mesophase and to other types of materials. The approach has proven its ability to help
elucidating fabrication processes, in this case the fiber formation process by electrospinning, and can
thus assist the development of polymeric materials with targeted structural and mechanical properties.

The second part of the thesis investigated the multiscale mechanical properties of electrospun
membranes, from the single fiber and fiber-to-fiber interactions up to the macroscopic membrane level.
Being at the center of the project, the collaboration with the Empa group of Experimental Continuum
Mechanics (Prof. Dr. E. Mazza) enabled the development of a 3D computational model of electrospun
networks informed by the experimental data generated on the single fiber's properties. The model
recapitulated important micro-structural parameters of the real networks such as the fiber diameter
distribution of different PLLA membranes produced from varying polymer concentrations, the
corresponding fiber Young's modulus and yield stress, and the membrane architecture (e.g. overall
porosity). The mechanical properties of the virtual networks were then compared to the experimental
data by simulating uniaxial tensile testing. Obtained stress-strain curves provided good qualitative
agreements (Domaschke et al., in revision). The eventual quantitative differences between the virtual and
real networks highlighted our limited knowledge concerning the nature and strength of fiber-to-fiber
interactions. To evaluate further the resemblance of the virtual networks, in situ SEM uniaxial stretching
of membranes were performed by designing a suitable, custom-built tensile stage. The orientation factor
of the fibers was quantified from the analysis of SEM images acquired at increasing elongation strains.
Again, good agreement was observed between the virtual and real networks.
The development of such numerical models is very important to understand and predict the
mechanical behavior of nanofiber networks and to help the design and fabrication of membranes with
selected properties. For instance, the simulation of uniaxial tensile experiments revealed the mechanism
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behind the auxetic behavior of random fiber networks, ascribing it to the fiber buckling occurring upon
stretching of the membrane (Domaschke et al. 2019). The magnitude of the membrane volume increase
was correlated with the fiber length comprised between two interfiber crosspoints. Membranes were
also prepared experimentally with different density of fiber-to-fiber junctions by applying a crosslinking
method based on solvent vapor to as-spun PLLA networks. Then, the respective volume changes were
measured upon stretching. In particular, the increase of the membrane thickness was quantified by in
situ SEM uniaxial stretching and the results validated the auxetic behavior predicted by the numerical
model.
Using the methods for fiber characterization developed in chapters 3 and 4 as well as the knowledge
acquired from numerical simulations discussed above, the multiscale architectures and respective
mechanical properties of electrospun membranes were explored. Chapter 5 provides indeed a detailed
understanding of the membranes properties from the nano- to the macroscale, and the effects of the
choice of electrospinning solution solvents on these parameters. The results show that the formation of
fiber-to-fiber junctions are favored by solvent with lower vapor pressure and demonstrate that the
density in junctions has a great impact on the macroscale behavior of the scaffold, overcoming even the
influence of the constituting fiber stiffness. The observations complement our understanding of the
multiscale mechanical properties of fibrous networks presented in "Domaschke et al., in revision". In the
latter, membranes incorporating different mean fiber diameters were produced by altering the polymer
concentration in the same solvent system. Membranes made of thinner fibers exhibited higher Young's
modulus (Fig. 6.2). These results correlated with the Young's moduli evaluated at the single fiber level.
By using the same solvents, similar fiber-to-fiber junctions may be formed. Thus, differences in
membrane mechanical behavior arise mostly from differences in fiber properties.

Figure 6.2. Comparison of the stress-strain curves of membranes produced by needless electrospinning (c.f.
chapter 3, methods) incorporating different mean fiber diameters 𝑑̅ . The first steeper regions of the slopes
(up to 2 - 4% strain) corresponds to the elastic deformation and is followed by the plastic deformation regimes.
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Chapter 5 demonstrated also how a controlled network architecture can guide the cell response and
optimize its performances as a tissue engineering scaffold. While, so far, most studies focused on the
effect of pore sizes on the cell infiltration, we investigate here the influence of the density in fiber-tofiber junctions. In that regard, results suggested that a lower density of junctions enhance the cell
infiltration within the scaffold by altering the microscopic mechanical properties of the network.

As a conclusion, this thesis provides important points of reference for the production and tailoring
of electrospun PLLA fibers, including by the use of a pilot plant needleless equipment, and an extensive
understanding of the fiber formation process by the electrospinning procedure. This knowledge helped
the development of predictive numerical models that can greatly contribute to the understanding of
fiber network properties and the development of advanced membranes. This work established also a set
of methods that can be applied to characterize the multiscale architecture of nanofibrous scaffolds, to
elucidate and their development e.g. for tissue engineering applications.

6.2. Outlook
I.

The fabrication of electrospun scaffold with precisely tailored, targeted architectural and
mechanical properties still requires a better understanding of the fiber-to-fiber interactions.
Characterizing the nature of interfiber junctions (e.g. Van der Waals, covalent bonding or
welded cross-point) within a network proved to be challenging. Such work will require the
synergistic contributions of experimental investigations such as in situ SEM tensile testing
and the close insight into the network deformation provided by 3D numerical models.

II.

To control the fiber properties from electrostatic spinning procedures, it is necessary to
elucidate the multi-parametric non-linear behavior of the fiber formation process. Probing
the architectures, from the single fiber to the network level, of e.g. fibers collected at
increasing spinning distances may provide important information with respect to the fiber
solidification process, the alignment of the amorphous polymer chains, the evolution of the
crystal conformation or the growth of superstructures. For instance, very low distances may
restrict the formation of fibrillar structures and favor welded cross-point due to incomplete
solvent evaporation in the case of DCM90 fibers.

III.

PLLA is often blended with another polymer when applied in tissue engineering. For instance,
while PLLA is chosen for its good mechanical performances, collagen, hyaluronic acid or
gelatin are added to favor the cell attachment on the fibers. The formation of blended fiber
and the effect on the internal structure is not well understood. The methods for structural
and mechanical characterization that were developed in this thesis can help the development
of such fibers exhibiting defined physical properties.

IV.

Investigating the influence of a liquid environment on the mechanical properties of
electrospun networks to mimic more closely the in vivo conditions. Liquids may act as a
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lubricant and affect the fiber-to-fiber interactions, particularly in the case of non-welded
cross-points. Moreover, it may affect the single fiber properties by infiltrating the polymer
matrix. AFM-based three-point-bending and cyclic loading of membranes in dry and wet
environments would be of high interest to reveal such micro-architectural changes.
V.

A. With respect to biomedical applications, the fabrication of membranes exhibiting
reversible auxetic effect has an outstanding potential towards stress stimuli-responsive
particles releases or cell entrapment inside the scaffold for tissue engineering. However, the
mechanism and architectures behind the auxetic behavior might need to be further
investigated, since it was observed experimentally only within the plastic deformation range,
thus in a non-reversible manner.
B. The increase of membrane volume induced by the auxetic effect generates an enlargement
of the pore size. Stretched scaffolds (e.g. DCM90) can be used to favor the migration of cells
inside the network and enable the fabrication of 3D tissues. For this purpose, the cells may
be directly injected into the stretched network by the use of a syringe, provided that the PLLA
membrane can be pre-wetted beforehand without affecting its architecture.

VI.

To provide a more detailed insight into the influence of the mechanical properties of
electrospun membranes, cell culture under cyclic loads can be performed. Such experiments
may be particularly suitable to investigate the effects of different density/types of fiber-tofiber junctions on the cell response. These architectural aspects are indeed particularly
important with respect to the network deformation and its recovery when the stress is
removed, altering thus the microenvironment of the cells.

VII.

The creation of a biodegradable scaffold mimicking the mechanical and architectural
properties of the skin is of high importance to obtain substitutes exhibiting a satisfying
mechanical stability when implanted to the highly deformable native skin. The dermis
comprises a network of collagen and elastin fibers. While the latter provide the extensibility
of the skin, the wavy-shaped collagen fibers contribute to the skin toughness at higher
stretching forces, hindering the tissue to be teared apart (Fig. 6.3) (Aziz et al. 2016). Such
electrospun substitutes should thus incorporate two types of fibers. One type should exhibit
high elastic range and low Young's modulus to recapitulate the properties of the elastin
network. In this regard, poly(trimethylene carbonate) (PTMC) is an elastic, biodegradable
polymer and is thus a promising candidate. However, due to its low glass transition
temperature, methods need to be developed to crosslink the polymer during or after the
spinning process to make it stable at relevant temperatures of 32-40°C. On the other side,
stiffer coiled fibers need to be developed to fulfill the role of the dermis collagen. For
instance, PLLA and/or PCL were already used for skin substitutes. Combined with the ability
to produce coiled-shaped fibers (Fleischer et al. 2013), they may adequately mimic the
collagen fibers.
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Figure 6.3. "The stress-strain curve for skin, with collagen morphology at each respective stage. (a) Toe
region. (b) Heel region. (c) Linear region. (d) Under certain in vitro conditions, a fourth region can be
observed. During this stage, the amount of strain applied to collagenous tissues is too great, which brings
fibrils past their yield point and ultimately leads to failure, where some fibrils will break." (Aziz et al. 2016)
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