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Summary

Chapter 1 Electrospinning is a versatile and innovative technique used to

produce ultrafine fibers with diameters ranging from nanometers to micrometers.
It involves the application of an electric field to a polymer solution or melt,
resulting in the formation of continuous fibers that are collected on a grounded
target. These fibers possess a high surface area-to-volume ratio and can exhibit
unique properties, making them highly attractive for various applications. I will
discuss the fundamentals, types, applications, advantages, and challenges of

electrospinning in this chapter.

C/mpl‘er 2 This chapter describes all the electrospinning setups and special

configurations used in this thesis. We have worked with different materials and
fibers alignments. Each case required a specific configuration. We had purpose-

made setups for randomly oriented fibers, aligned fibers and single fiber collection.

C/Japz‘er 3 In this chapter, we propose a new method for individual fiber porosity

(IFP) determination based on annealing the nanofiber in order to collapse the
pores and compare our results to the ones in the electrospinning literature. IFP
experiments were done for poly(e-caprolactone) (PCL) and polystyrene fibers
(PS). In this new technique, we focused on microscopy techniques (SEM and
AFM) for individual fiber porosity determination. SEM images were used to
determine the cross-sectional area of the nanofiber before annealing. AFM and
volume computation tools were used to determine the cross-sectional area of
annealed fibers. We computed the porosity relying on the formula Porosity=Void

fraction of the fiber/Total volume of the fiber.

Chapter 4 1n this chapter, we propose a new method for tensile modulus

determination, which is connected to Chapter 3 since individual fiber porosity
influences the mechanical properties of fibers. The results of Chapter 3 were used

in tensile modulus determination in this chapter. In summary, we ran two

11
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independent experiments with the same parameters to produce aligned PCL fibers.
Each experiment consisted of 10 tensile testing runs. We computed the “true”
cross-section of the PCL fibers in order to exclude the area of the voids between
fibers, which allowed us to estimate the tensile modulus of an individual fiber.
Eventually, we compared our results with the individual fiber works in

electrospinning literature, as well as the bulk PCL tensile testing data in literature.

C/mpz‘er 5-In this thesis, I will mostly target the tissue engineering applications as

a final application. Tissue engineering, a multidisciplinary field that aims to
regenerate or repair damaged tissues and organs, has greatly benefited from
electrospun fibers. Their unique characteristics, including high porosity, high
surface area, and the ability to mimic the extracellular matrix (ECM), make them
well-suited for tissue engineering applications. We mainly focused on vascular
scaffold tissue engineering for small diameter blood-vessels. We produced poly
(glycerol sebacate) (PGS) /tropoelastin (TE) fibrous scaffolds at different ratios.
The multiphoton microscopy images of produced scaffolds were 3D-rendered in

order to observe the distribution of PGS and TE throughout the scaffold.
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Chapter 1. Introduction

“The important thing is not to stop questioning. Curiosity has its own reason for existence. One cannot
belp but be in awe when he contemplates the mysteries of eternity, of life, of the marvelous structure of
reality. It is enough if one tries merely to comprebend a little of this mystery each day.”

— Albert Einstein

Old Man's Advice to Youth: Never Lose a Holy Cutiosity. LLIFE Magazine (2 May 1955)
p. 64

1.1. Introduction to electrospinning and (nano)fibers

Fibets, in the form of either continuous or non-continuous filaments, are both
found abundantly in nature and can be produced from synthetic or natural
polymers, as well [1, 2, 3]. Natural fibers are materials that are derived from plants,
animals, and minerals. Some examples for natural fibers are silk, wool, linen,
cotton, bamboo, coit, ramie, and sisal. These fibers have been used for thousands
of years to create products for human use. Cotton is perhaps one of the most well-
known natural fibers. It is derived from the cotton plant's seed fibers and is widely
used in the textile industry. Flax fibers come from the stem of the flax plant, and
they are used to produce linen, a durable and breathable fabric. Wool is a natural
fiber derived from the fleece of sheep and other animals like goats (cashmere,
mohair), rabbits (angora), and alpacas. Silk is another example of natural fibers
produced by animals, in this case, silkworm cocoons.

Figure 1.1 shows examples of natural fibers as plants, in bundles, and their SEM

surfaces. SEM images of some other natural fibers are shown in Figure 1.2.

13
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c) Bamboo (The scale bar is 100 ym)

Figure 1.1. Examples of natural fibers. Illustration of a plant (P); a bundle (B) and
SEM surface (S) Adapted from Ref. [3].

Viscose Ramie Flax

Deqummed
Natural silk

o) L e T -

Cotton Merino wool Human hair 4 4, /7,

Figure 1.2. A sclection of photomicrographs of textile fibers at x400
magnification. Adapted from Ref. [4].

It is possible to see examples of fibers all around us in our daily lives. One familiar
example is the masks we used during the recent COVID19 pandemic (Figure 1.3a).

The masks are made of fibers that filter out large particles in the air when the
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wearer breathes in. A zoom-in image is shown in Figure 1.3b. Moreover, fibers
play a crucial role in the design and functionality of protective clothing. Fibers with
high tensile strength and abrasion resistance (such as Kevlar®) are used in
protective clothing to shield against mechanical hazards such as cuts, abrasions,
and punctures. These “super tough” Kevlar® fibers often used in bulletproof vests
or other high wear resistance required applications in aerospace, automotive, and
sports [5,6,7]. These fibers help prevent physical damage to the wearer. Figure 1.3c

shows protective gloves made of Kevlar® fibers.

Figure 1.3. 2) Surgical mask, b) Zoom-in image of the surgical mask, the scale bar
is 200 um. Adapted from Ref. [8] ¢) DuPont™ protective gloves made of Kevlar®
fibers (Image property of DuPont).

The history of fibers goes back to ancient times. Silkworm cultivation began in
2700 BC and fragments of cotton articles dating back to 5000 BC. These natural
components were used in the production of fabrics and clothes. Eventually, these

natural examples of fibers served as a source of inspiration for man-made fibers.

15
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Different techniques were introduced for making fibers from natural and synthetic
materials. Throughout history, the first attempts relied on either the extrusion of
a liquid or electrostatic attraction to form a filament. In 1600, the first record of
the electrostatic attraction of a liquid was observed by William Gilbert. Christian
Friedrich Schénbein produced highly nitrated cellulose in 1846, which was in fiber
form. In 1887 Charles Vernon Boys described the process in a paper on nanofiber
manufacture. John Francis Cooley filed the first electrospinning patent in 1900 [9].
The first spindle (based on extrusion) was invented in the 1880s in order to make
fabrics from cotton and wool, and it became commercialized in 1911. Since then,
spindle technology gathered much attention in polymer science. The first synthetic
fiber from nylon was produced by the company DuPont™ in 1938 and
immediately caught the public’s attention [10]. This technology relied on extruding
the fiber, winding it on bobbins, putting a finish on it, and knitting it into stockings

on machines made to knit silk (Figure 1.4).

)
a stocking all its own! %

DUPONT NYLON

i

Figure 1.4. A photo of the first nylon fiber and the DuPont™ nylon stocking
commercial in 1938.

One of the most used techniques nowadays is the electrohydrodynamic
phenomenon for producing fibers called ekctrospinning (Figure 1.5a), where
nanofibers are produced by the elongation of a liquid driven by electrostatic forces
(Figure 1.5b). Electrospun nanofibers typically range from a few nanometers to
several hundred nanometers (Figure 1.5¢). In electrospinning, elongation of a
liquid drop relies on the electric field, electrostatic forces overcome the surface

tension and form the fibers. Solution electrospinning can be divided into many
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subsections such as conventional electrospinning, near-field electrospinning, co-

axial electrospinning, needleless electrospinning, etc.

a b
syringe
polymer Induced
5 e + + Pl +: i charges
solution /* +* -, “ N from electric
pendant drop i ,+ B fisid
Jet initiaion
HV+
needle
nanofibers

collector

Figure 1.5. a) Electrospinning technique b) jet initiation by electric field c)
randomly oriented electrospun nanofibers

Although known for decades in the 20% century, electrospinning launched
polymer nanofibers into the broader realms of nanotechnology and materials
science since 1990. In 1993, the term "electrospinning” was officially documented
in the Web of Science, attributed to a conference paper authored by Darrell H.
Reneker. This paper emphasized the exceptional attributes of electrospinning as a
manufacturing method, along with the distinctive structure of nanofibers
produced through this process [11]. The chronological evolution of
electrospinning is shown in Figure 1.6. Among all the other fiber and filament
production techniques, electrospinning has rapidly become a low-cost, broadly
applicable, versatile method that manufactures fibers on a laboratory bench, to
serve diverse needs ranging from materials science and technology to life sciences
and clinical medicine. The high ratio of surface area to mass and porous structure
are the primary characteristics of nanofibers and are very advantageous in many

applications [12].

17
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William Gilbert reported the formation of Charles Boys generated electrospun
a cone-shaped water droplet in the fibers from a viscoelastic liquid
presence of an external electric field

Donaldson Company Inc. produced and sold filters
comprised of electrospun fibers for air filtration

John Cooley and William Morton filed two Darrell Reneker and Gregory Rutledge
Stephen Gray observed the patents to describe a prototype of the setup demonstrated that many different organic
electrohydrodynamic atomization for electrospinning polymers could be electrospun into nanofibers
of a water droplet Electrospun nanofibers were first Development of composite and ceramic
Abbé Nollet performed implemented for the development fibers, core-sheath and hollow fibers,
the electrospﬁaying of aerosol capturing air filters aligned fibers, and continuous yarns of fibers
experiment during Industrial production lines based on
which water could be Geoffrey Taylor reported multiple-needle electrospinning and
sprayed as an aerosol the formation of Taylor cone needleless electrospinning
L/ /[ | 1/ | |
77 77 77 [ | | |
1600 1700 1747 1887 1902 1938 1964-1969 1980s 1990s 2000s 2010s

Figure 1.6. Chronological evolution of electrospinning. Adapted with permission from Ref. [10].
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1.2. Other techniques for producing nanofibers

Even though we used solution electrospinning in our experiments, it is useful to
review other competitive methods to improve the ways in which it is unique. To
begin, it is important to note that no single spinning technique is universally the
best for all applications. Each technique has its own advantages and limitations,
and the choice of technique depends on factors such as the desired properties of
the fibers, the material being used, the required production scale, and the specific
application's requirements. Other spinning techniques, such as wet spinning
(Figure 1.7a), melt spinning (Figure 1.7b), solution blow spinning (Figure 1.8a),
electro-blowing (Figure 1.8b), and solution spinning, also have their own merits

depending on the context in which they are applied.

Melt spinning is a process where the melted polymer is discharged from the
spinneret. The discharged fiber undergoes a quenching and drawing process in
order to give the desired fiber form. Similarly, melt blowing is a fabrication method
of micro- and nanofibers where a polymer melt is extruded through small nozzles
surrounded by high-speed blowing gas [13, 14]. Solution blow spinning follows a
similar procedure; however, a polymer solution is used instead of a polymer melt

(Figure 1.8) [15]. In these methods, there is 70 use of electric fields.

a b Polymer melt
Polymer solution
Metering pump ()
Metering pump Take-up spool _..-Filter
Spinneret [ /.\ /Q/ ------ Spinneret
@ 4 — \\//
< \l‘ | /
Coolingair  \||// Take-up spool
Washing bath \|// P Sp
, W @
Palymer yarn ‘.
Coagulation bath Polyme'; yarn

Figure 1.7. Illustration of wet spinning (a) and melt spinning (b) Adapted from
Ref. [10]

Solution blow spinning is like melt blowing in that both processes use a gas jet to
aid in the extension of the spinning jet. However, melt blowing uses only the

drawing force from the gas jet to stretch the fiber while electro-blowing (Figure

19
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1.8b) relies more on electrostatic repulsion to stretch the fiber with the gas jet

facilitating solution drawing at the initial phase [17].

Airfjet boundary

Airflow

Electric Field

Figure 1.8. a) Solution blow spinning setup. The inset shows a zoom-in image of
the spinneret. Adapted with permission from Ref. [15]. b) Electro-blowing hybrid
forces. Adapted from Ref. [18].

In terms of fiber characteristics, melt-blown fibers have a highly porous and
random structure due to the turbulent air streams used during processing. Melt-
spun fibers typically have a smooth and uniform surface. They exhibit a solid,
continuous structure. Solution-blown and electro-blown fibers can exhibit a range
of morphologies, from smooth and uniform to irregular and textured, depending

on polymer-solvent interactions and processing conditions.
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1.2.1. What makes electrospun nanofibers so special?

® Jlarge surface area: Nanofibers made by electrospinning possess an
extremely high surface area-to-volume ratio. This increased surface area
allows for enhanced interactions with surrounding environments, making
nanofibers suitable for applications such as filtration, sensing, and drug
delivery. The large surface area enables efficient adsorption, catalytic
reactions, and molecular interactions [19, 20, 21].

® High porosity: Nanofibers typically have a porous structure, which allows
for the transport of fluids, gasses, and nutrients. The porous nature of
nanofibers is particularly advantageous in filtration applications, as it
enables efficient separation and removal of particles, bacteria, or
contaminants from liquids or gasses. (Chapter 3 provides a more extensive
explanation regarding the porosity of nanofibers.)

® Mechanical strength: Despite their small diameter, nanofibers can exhibit
remarkable mechanical strength. They can withstand tensile forces and
maintain structural integrity, making them suitable for use in applications
where strength and durability are crucial, such as in tissue engineering
scaffolds or reinforcement materials for composites. (Chapter 4 provides a
more extensive explanation of the mechanical properties of nanofibers.) There are
several studies claiming there is a “nano-size effect” in nanofibers,
meaning, the tensile modulus increases with the fiber diameter decreases
[22, 23]. It is discussed in the literature that below 100 nm this effect
becomes more drastic.

e Tailorable properties: Nanofibers can be manufactured by
electrospinning from a wide range of materials, including polymers,
ceramics, metals, and composites. This material versatility allows for the
tailoring of nanofiber properties to meet specific requirements. By
selecting different materials and adjusting the fabrication parameters,
characteristics such as mechanical strength, porosity, surface chemistry,

and biocompatibility can be customized.
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® Versatility: Nanofibers can be loaded with bioactive molecules, such as
drugs or growth factors, and used as drug delivery systems. The high
surface area and porous structure of nanofibers enable the controlled
release of these substances, providing sustained and localized therapeutic
effects. This controlled drug delivery approach can improve treatment
efficacy and minimize side effects [24]. Nanofibers find applications also
in energy storage, environmental remediation, and sensing. For example,
they can be used in supercapacitors and batteries to improve energy
storage capacity and efficiency. They can also be functionalized to
selectively capture pollutants or facilitate catalytic reactions for
environmental remediation [25, 26, 27]. Functionalized nanofibers are
used in many fields such as drug delivery, water filtration, biomedical
applications, energy storage and protective clothing, and give very

promising results (Figure 1.9).
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Figure 1.9. Functional nanofibers and their applications. Adapted from Ref. [28].

Nanofibers have gained significant attention in biomedical fields, particularly in
tissue engineering and regenerative medicine. The nanoscale architecture of the

fibers closely mimics the extracellular matrix (ECM) of natural tissues, facilitating
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cell adhesion, proliferation, and differentiation. Nanofiber scaffolds provide a
supportive environment for cell growth and tissue regeneration [29]. (Chapter 5
provides a more comprebensive explanation of the biomedical applications of nanofibers.) Many
examples of fibers (and nanofibers) can be frequently encountered in the human
body. Therefore, tissue engineering and regenerative medicine take great
advantage of electrospinning techniques. Fabrication of biomedical scaffolds by
electrospinning has been becoming popular in the last century in order to improve
tissue regeneration. In tissue engineering, it is important to mimic the morphology
of the natural tissue to create the proper environment for the cells to regenerate.
These artificial fibrous structures are called “scaffolds” and they help promote cell
growth. For example, one of the most important components of bones is collagen
fibers as shown in Figure 1.10. In this example, we can see the fibrous nature of

collagen and tropocollagen.
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Figure 1.10. Illustration of collagen fibers in bone. Adapted from Ref. [30].
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Figure 1.11. PMMA fibers incorporated with hydroxyapatite nanoparticles for
bone tissue engineering applications (prepared by us).

As an example, Figure 1.11 shows nanofibers suitable for bone repair. This
scaffold consists of polymeric nanofibers (PMMA) and nano-hydroxyapatite
(nHA) which is a derivative of calcium phosphate that is naturally found in your
teeth and bones. It is claimed that the incorporation of nHA can promote cell

growth throughout the nanofibrous scatfold [31, 32, 33].

1.3. Fundamentals of solution electrospinning technique

1.3.1. Principles of Electrospinning, Taylor Cone, Jet Evolution

Electrospinning involves an electrohydrodynamic process, during which a liquid
droplet is electrified to generate a jet, followed by stretching and elongation to

generate nanofibers.

During the electrospinning process, the electric field overcomes the surface
tension in the liquid extruded from the spinneret. As the applied voltage increases,
the electrical force overcomes the surface tension force, causing the droplet to
deform into a conical shape (Figure 1.12a). This conical shape is known as the
Taylor cone, from which a charged jet is ejected. When a high voltage is applied
to a droplet of polymer solution or melt at the tip of the needle, several forces
come into play. These forces mainly include the electrical force, surface tension,
and viscous drag. The electric field causes charge accumulation at the droplet's
surface, leading to the formation of a charged layer and to the repulsion of like

charges. This charged layer generates a strong electric field that counteracts the
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surface tension of the droplet. The forces playing a role in jet initiation are

illustrated in Figure 1.12b.

Surface  Gravity,
Normal ension
Electric Stress/\)' *
Tangential
Electric Stress

+ Viscosity

Electric Polarization Stress

Figure 1.12. a) The experimental cone shape b) Formation of a Taylor cone and
jet initiation and forces acting on a liquid jet in the presence of an electric field.
Adapted with permission from Ref. [34].

Depending on the solution properties and experimental parameters, the jet can

undergo (Figure 1.13a): (i) a breakup (in which case, we call it electrospray) by the
Rayleigh instability, (i) beading mode (Figure 1.13b), which results in beaded fibers

or (iii) create a continuous jet without a breakup which results in electrospinning.
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Figure 1.13. a) Different scenarios of polymeric jet breakup resulting in different
microstructures as the solvent evaporates. Adapted with permission from Ref.
[35]. B) Breakup process in the beading mode that causes beaded fibers. Adapted
with permission from Ref. [30].
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Different fiber morphologies obtained by different electrospinning jet-modes are

shown in Figure 1.14.

Figure 1.14. PMMA a) nanoparticles b) beaded nanofibers c) nanofibers
(produced by us)

Typically, in electrospinning, the jet initially extends in a straight line and then
undergoes vigorous whipping motion as the result of so-called bending instabilities
(Figure 1.15). As the jet stretches into finer diameters, it leads to the deposition of

fibers on the collector 12, 37].
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Figure 1.15. A diagram that shows electrical bending instabilities. Adapted with
permission from Ref. [12].
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The formation of the Taylor cone is a critical step in the electrospinning process
as it signifies the transition from a (large) liquid drop to a continuous jet of polymer
solution or melt. The stretching of the jet leads to the thinning of the jet. The
increase in surface area caused by the stretching also accelerates its solidification
by promoting solvent evaporation (mass transfer) in solution electrospinning or
cooling (heat transfer) in melt electrospinning, resulting in the formation of fine

fibers.

Understanding the Taylor cone is important for controlling the electrospinning
process and optimizing the production of high-quality fibers. It is named after
Geoffrey Ingram Taylor, a British physicist who first mathematically described this
phenomenon in 1964 [38]. He characterized the Taylor cone by an angle of 49.3.
The angle of the Taylor cone has been independently confirmed by Larrondo and
Manley [39], who observed experimentally that the semi-vertical cone angle just
before jet formation is 50°. However, in another publication, an angle of 33.5° was

reported for the Taylor cone instead of the previously mentioned 49.3° [40].

The electric field induces a charge on the droplet's surface, counteracting the
effects of surface tension and causing the droplet to change from a spherical to a
conical shape. Once the intensity of the electric field (1) reaches a critical value
(), the electrostatic forces surpass the surface tension of the polymer solution,
resulting in the ejection of a liquid jet from the tip of the Taylor cone. The point
of highest charge density is located at the cone's tip, serving as the initiation point
for the jet. Taylor determined that V (in kilovolts) can be calculated using the

formula:

H? 2L
V.=4 z (ln? — 1.5) (0.117%Ry)

where H represents the air-gap distance, L is the length of the capillary tube, K

denotes the radius of the tube and y represents the fluid's surface tension (N/m)

[41].
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Understanding the interplay between these factors allows for the control and
manipulation of the Taylor cone, enabling the production of desired fiber
characteristics. Various factors, such as solution concentration, field strength, flow
rate, jet velocity, and shear rate, have a significant impact on the electrospinning
process. In the case of low molecular weight fluids, the decay rate of an
electrostatically driven jet's radius depends on the flow rate of the polymer

solution. When the flow rate is slow, the jet radius rapidly decreases [42].

The following QR shows an example video of the Taylor Cone formation in our

experiment.

1.3.2. Roles of viscosity, concentration, molecular weight, and fiber formation

Viscosity, concentration, molecular weight, polymer chain entanglements, and
fiber formation are all important factors that affect the electrospinning process

and the resulting nanofibers produced.

Viscosity is a measure of a liquid's resistance to flow, and it is a critical parameter
in electrospinning. A higher viscosity can make it more difficult for the
electrospinning solution to form a stable jet, resulting in thicker fibers with lower
surface area. On the other hand, lower viscosity solutions tend to form thinner
fibers with higher surface area. However, too low viscosity results in jet breakup,
thus electrospray. Therefore, selecting the appropriate viscosity and polymer chain
entanglements for the electrospinning solution is crucial for achieving the desired

fiber morphology and properties. (As shown in Figure 1.13a)

For homogenous polymeric solutions, the well-known Huggins Equation

describes the solution viscosity as a function of polymer concentration:
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N [e] = e + kn n]e*+....
where nsp (c) is the specific viscosity that is a measure of the resistance to flow
exhibited by a fluid or material when subjected to shear stress. In simpler terms,
specific viscosity quantifies how easily a material flows when a force is applied to
it. [n] is the intrinsic viscosity (a measure of a solute’s contribution to the viscosity
of a solution), c is the polymer concentration, and ky is the Huggins coefficient.
[n]c is referred to as the Berry number, B,[43]. The significance of the Berry
number arises from the fact that for a solution to have chain entanglements, B, >
1. In dilute solutions, whete polymer chains do not ovetlap each other (Figure
1.16), B, can, at best, be unity (B, ~ 1). The critical chain overlap concentration,
c* is the crossover concentration between the dilute and the semi-dilute
concentration regimes. Without the chain crossover, it is not possible to form
fibers but particles, as shown in Figure 16. The critical chain overlap, c¢*, can be

expressed as:

N 1

C ~ —_——~

(R332 [yl
where N is the number of monomers and (R) is end-to-end distance. it is clear
that c*[n]~ 1 in the dilute solution limit, thereby suggesting the criteria,
c*~1/[n], as a means of evaluating c* (this criterion is the same as that discussed
above with regard to B, ~ 1 = ¢ ~ 1/[n] in the dilute solution limit). Hence, M
being molecular weight and Ny, is the Avogadro number the calculation of c*

from chain dimensions:

3M
* = —
4n(R2)32N,,
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Figure 1.16. Physical representation of the three solution regimes, (a) dilute, (b)
semi-dilute unentangled, and (c) semi-dilute entangled. Inspired by Ref. [44].

Molecular weight is also a significant factor in electrospinning, as it affects the
chain entanglement and intermolecular forces within the polymer solution.
Generally, higher molecular weights lead to more entanglement and stronger
intermolecular forces, resulting in thicker and more uniform fibers. Conversely,
lower molecular weights can result in thinner fibers with increased porosity (Figure
1.17). Therefore, the choice of molecular weight must be carefully considered to

achieve the desired fiber properties [44].
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125,900 M,.: C/C*~4.0

3<c/e*<6, semidilute entangled

205,800 M,;: C/C*~6.8
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12,470 M.: C/C*~7.2 125.900 M,,: C/C*~6.8

c/c*>6, semidilute entangled

Figure 1.17. SEM micrographs of PMMA electrospun from solutions in the semi-
dilute unentangled and entangled regimes for the three synthesized MW grades
12,470, 125,900, and 205,800. All micrographs have the same magnification and
the scale bars in the micrographs correspond to 10 mm. Adapted with permission
from Gupta et al [44].

Moreover, fiber formation is influenced by several parameters, including the
electrospinning voltage, solution conductivity, and environmental conditions such
as temperature and humidity. A higher voltage can generate a more stable jet,
resulting in finer and more uniform fibers. However, too high a voltage can cause
branching or beading of the fiber, leading to a less uniform fiber structure, or even

electrical breakdown of the surrounding gas (typically air). Additionally,

environmental conditions such as temperature and humidity can affect the
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electrospinning process, typically by altering the surface tension and viscosity of
the solution [44, 12]. For example, high humidity can potentially lead to slower
solvent evaporation. This extended drying time could result in decreased fiber
diameter and changes in fiber morphology [45]. On the other hand, rapid solvent
evaporation causes phase separation into polymer-rich and solvent-rich domains.
Water molecules can cause polymer precipitation on the surface and leave the fiber
with internal pores as in the PS/DMF case [46, 47]. (Explained later in detail in
Chapter 3) In another case, a water-soluble polymer or a polymer that can be made
more flexible by water plasticization, the uptake of water by the jet causes a delay
in the solidification process. This delay can occur either due to the slower
evaporation of water or due to the plasticizing effect of water on the polymer.

Consequently, fibers are coarser at low humidity [48].

In summary, electrospinning is a complex process that is influenced by several
parameters, including viscosity, concentration, and molecular weight. By carefully
controlling these factors, researchers can produce nanofibers with a wide range of

properties.

1.4. Types of electrospinning

Most common and versatile electrospinning methods can be listed as needle-based
electrospinning, multi-axial electrospinning, bi-component electrospinning, multi-

needle electrospinning, and needleless electrospinning.
1.4.1. Conventional Needle-based Electrospinning

In conventional needle-based electrospinning, also known as “far-field
electrospinning” or “traditional electrospinning”, usually a solution (the solution
can be a mixture of several components) goes to a single spinneret and ejects from
it by the electric field. This electric field-assisted process ends up forming fibers
on a collector. This technique is the most widely used and involves the use of a
high voltage to create an electric field that pulls a jet of polymer solution from a
syringe or spinneret. The jet undergoes bending and whipping motions as it moves
toward the collector, causing the solvent to evaporate and the polymer chains to

elongate and solidify into nanofibers. This technique is relatively simple and
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versatile, but it can be difficult to control the fiber diameter and morphology [49,
26]. With this technique, the fibers can be deposited in a random or aligned
manner depending on the collector type. It can be used in horizontal or vertical

configurations (Figure 1.18).

a)
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Figure 1.18. Conventional electrospinning a)vertical and b)horizontal design.
Adapted with permission from [50].

1.4.2. Near-field Electrospinning

Near-field electrospinning (NFES) is a technique used for positioning electrospun
nanofibers with high precision and control over a substrate (usually flat). It
involves the use of a small gap between the spinneret and the collection substrate,
typically in the range of a few (1-5) millimeters. This proximity allows for enhanced
electric field focusing, resulting in the production of nanofibers with reduced
diameters and improved alignment compared to conventional electrospinning
methods (Figure 1.19) |51, 52]. Liashenko et al. recently showed that fibers can be
precisely collected on the mechanical stage (even be printed by stacking nanofibers

on top of each other) by using electrodes around the jet (Figure 1.20) [53].
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Figure 1.19. Melt electrowriting. Adapted with permission from Ref. [54].
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Figure 1.20. Stacking nanofibers on top of each other. Adapted from Ref [53].

1.4.3. Multi-axial Electrospinning

In this technique, two or more concentric needles are used to simultaneously
extrude two or more solutions, which are then electrospun together to create a
core-shell structure (Figure 1.21). The core and shell materials can be different
polymers or even different functional components such as drugs, growth factors,

or nanoparticles. This technique can be used to create fibers with different
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properties in the core and shell, and it has applications in drug delivery and tissue

engineering [55, 50].

Spinneret

Figure 1.21. Multi-axial electrospinning. Adapted with permission from Ref. [56].

1.4.4. Multi-needle Electrospinning

Multi-needle electrospinning is usually preferred for mass production. An example
of the multi-needle electrospinning setup is shown in Figure 1.22, where several
needles are placed in a linear array, and fiber is deposited on a moving belt to

produce a large nonwoven structure [57, 58].

Figure 1.22. Multi-needle electrospinning. Adapted from Ref. [57].

1.4.5. Needleless Electrospinning

Needleless electrospinning setup consists of a fiber generator (solution bath)

where the nanofibers are elongated from, a collector, and a high-power supply.
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Needleless electrospinning can indeed be adapted for the mass production of
nanofibers, offering advantages such as higher throughput. Fiber generators can
be designed in various shapes, as it is shown in Figure 1.23. It is claimed that
needleless electrospinning has several advantages such as the conglobation of
dopants in the electrospinning solution can easily block the needle spinneret and
cease the electrospinning process. In the absence of a capillary spinneret, there will
be no nozzle blockage in the needleless electrospinning. It is also claimed that
needleless electrospinning can produce uniform and fine fibers. However, if one
is working with volatile solvents, evaporation of the solvent in the solution bath

can be a limitation.

Collector

Fiber generator
Disc

Figure 1.23. Multi-needle electrospinning. Adapted from Ref. [59].

1.5. Types of fiber morphologies and their applications

An electrospun mat is a fibrous material generated through the electrospinning
process, where a polymer solution or melt is subjected to an electric field to create
ultrafine fibers. These fibers are collected onto a substrate, forming a thin and

often non-woven sheet-like structure.
1.5.1. Mat morphologies

The accumulation of fibers on the collector is called a mat. The arrangement of

the fibers in the mat can have a strong impact on the mat’s properties (e.g.,
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mechanical). Two extreme situations can be identified: when fibers are aligned or

when they are randomly oriented.

Aligned Nanofibers: Aligned nanofibers are characterized by their parallel
arrangement along a specific direction as shown in Figure 1.24a. These fibers
demonstrate a high degree of orientation and can be produced through techniques
such as electrospinning with controlled collector motion, near-field

electrospinning, or using electrodes with gap [47, 53, 60, 61].

Random Nanofiber Mats: Random nanofiber mats are formed when nanofibers
are deposited in a disordered manner, resulting in a non-uniform distribution and
orientation (Figure 1.24b). This morphology is commonly achieved through

traditional electrospinning methods.

N =, T~
Figure 1.24. Examples of a) aligned fibers and b) random fibers (made of PMMA).

1.5.2. Individual fiber morphologies

Depending on the solution properties, humidity, or experimental conditions,
different fiber morphologies can be obtained at individual fiber levels as shown in
Figure 1.25. Nanofibers can be produced porous, hollow, beaded, compact,
grooved, wrinkled, rough, or smooth. Each of them could be a target morphology

for a specific application [62].
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Paroxs

Figure 1.25. Individual fiber morphologies. Adapted with permission from Ref.
[62].

Porous fibers

Increasing the porosity and specific surface area of fibers can be accomplished to
improve the performance of absorption, catalysis, sensors, and so on. Therefore,
porous fibers have presented extensive use in a wide variety of applications. The
details of surface and interior porosity in fibers and their application areas are

discussed in Chapter 3, in this thesis.

Grooved & wrinkled fibers

There are three grooved fiber formation mechanisms: void-based elongation,
wrinkle-based elongation, and collapsed jet-based elongation, as shown in Figure

1.26.
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Figure 1.26. Formation of wrinkled and collapsed fibers. Adapted with
permission from [62].

We observed this kind of morphology with fibers that are made of
PMMA/Acetone (Figure 1.27).

Figure 1.27. PMMA/Acetone ribbon-like fibers prepatred by us.
Ribbon-like structures can be advantageous in tissue engineering since cells are
more prone to attach and grow on rough surfaces rather than smooth surfaces. It

is possible to see some examples of the specific usage of ribbon-like nanofibers in

the literature [63, 64].
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Hollow fibers

In general, multi-axial electrospinning is used for generating single or multiple-
channel hollow fibers. Hollow fibers are great candidates for numerous
applications, including gas separation, biomedical, microfluidic, bioreactors and
sensors, drug delivery, thermal insulator coolers, energy storage, and much more.
An example of hollow fibers is shown in Figure 1.28. Tian et al. did a very

thorough review of hollow fibers and their applications. Further information can

be found here in Ref. [65].

Figure 1.28. Hollow fibers. Adapted from Ref. [11]

1.6. Limitations and Challenges in Electrospinning

Despite significant advancements in the field of electrospinning, several challenges
and limitations still exist. This section will highlight the current challenges faced in
electrospinning, such as process scalability, fiber alighment control, and
reproducibility. Additionally, it will discuss emerging trends and future
perspectives in electrospinning research, including the development of advanced
electrospinning setups, novel polymers and materials, and the integration of
electrospinning with other fabrication techniques. The potential for
electrospinning to revolutionize various industries and address societal challenges

will be explored.
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1.6.1. Scalability

Achieving scalability is important for industrial applications that require large
quantities of nanofibers. Here are some key considerations for the scalability of

electrospinning:

® EHquipment design and modifications: Scalability requires careful design
or modification of electrospinning equipment. The equipment should be
capable of handling larger production volumes. This may involve
increasing the size of the spinneret, collector, or electrospinning chamber.
The design should allow for higher flow rates and efficient operation over
extended periods.

® Process optimization: Scaling up the electrospinning process involves
optimizing various parameters to ensure consistent and high-quality
nanofibers. Factors such as solution viscosity, applied voltage, distance
between the spinneret and collector, and environmental conditions (e.g.,
humidity and temperature) need to be controlled and adjusted
appropriately. Optimization ensures that the desired fiber properties are
maintained during scale-up.

®  Material supply and handling: Scalability requires a reliable and continuous
supply of materials for electrospinning. When scaling up, larger quantities
of polymer solutions or melts may be required. Efficient storage,
handling, and delivery systems should be in place to maintain the quality
and properties of the materials throughout the process.

® Production rate and throughput: Increasing the production rate and
throughput is a key aspect of scalability. Strategies to achieve higher
production rates include using multiple spinnerets simultaneously,
implementing parallel electrospinning setups, or optimizing the process
for faster fiber formation. Improving the process efficiency and reducing
the time required for fiber deposition contribute to enhanced scalability.

® Process control and automation: Implementing advanced process control
and automation systems aids in scalability. Precise control over

parameters such as solution flow rate, electric field strength, and
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environmental conditions becomes crucial when dealing with large-scale
production. Automation helps maintain consistency and reduces the
potential for human errors.

® (Quality control and characterization: Scalability should not compromise
the quality and performance of the electrospun nanofibers. Adequate
quality control measures should be established, including routine
characterization of the fiber properties. Regular analysis of fiber diameter,
morphology, mechanical properties, and functionality ensures consistency
and adherence to specifications.

® Scalability in electrospinning requites a multidisciplinary approach,
combining engineering, materials science, and process optimization.
Advances in equipment design, process control, and automation are
essential for achieving scalable electrospinning systems capable of
producing high-quality nanofibers in large quantities to meet the demands

of various industrial applications.

1.6.2. Fiber alignment control

Fiber alignment control is an important aspect of electrospinning, as it can
significantly influence the mechanical, electrical, and functional properties of
electrospun nanofibers. In some applications, it might be necessaty to have control
over the alignhment and it is challenging to actively perfect alignment. Many

parameters need to be considered [47, 60].
1.6.3. Reproducibility

In a significant portion of studies focused on electrospinning, the lack of
controlled environmental conditions adds complexity to achieving consistent
reproduction of experiments. As a result, the existing literature frequently provides
inadequate details, contributing to a lack of well-defined and accurate
electrospinning parameters.

Reproducibility in electrospinning can be improved by establishing standardized
procedures and protocols. This includes documenting the process parameters,

such as solution composition, flow rate, applied voltage, and collector
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configuration. It is also crucial to have control over relative humidity since it
affects the porosity. By following a consistent set of parameters, it becomes easier
to reproduce the electrospinning process. reproducibility requires careful
characterization and control of the materials used in electrospinning. Additionally,
the properties of any additives or functional agents incorporated into the solution
should be well characterized and controlled. Regular calibration and maintenance
of electrospinning equipment are essential for achieving reproducible results. This
includes verifying the accuracy of voltage and flow rate measurements, ensuring
proper alighment of components, and checking for wear or damage. Consistent
equipment performance contributes to the reproducibility of the electrospinning

pl‘OCﬁSS.
1.7. Aims and objectives of this thesis

The aim of the thesis is to develop reliable and precise methods for mechanical
(tensile) testing of nanofibers (Chapter 4) and individual fiber porosity (IFP)
computation (Chapter 3). Both concepts are connected since individual fiber
porosity has an influence on overall mechanical properties. For mechanical
characterization, we use aligned fibers of nearly identical size and properties and
then get collective mechanical behavior to infer the individual fiber properties. For
IFP characterization, we focus on microscopy techniques (SEM and AFM). In this
technique, the fiber’s pores are collapsed by annealing, and the void fraction is
computed using the unheated fiber’s cross-sectional area. As a field of application
of these nanofibers, we targeted tissue engineering where the mechanical
properties of nanofibrous scaffolds are critical (Chapter 5). Cells respond
differently to materials with different stiffness. Therefore, it is important to get
information at individual fiber levels in order to estimate and simulate the overall

mechanical properties of fibrous scaffolds.
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1.8 Structure of this thesis

Chapter 1 provided a comprehensive overview of electrospinning, encompassing
general information, fundamental concepts, various electrospinning types,

nanofiber morphologies, and their diverse application areas.

In Chapter 2, an in-depth exploration of the electrospinning setups and unique
configurations (co-axial gas flow, collector types) employed in this study will be

presented.

Moving on to Chapter 3, the focus will shift towards internally porous fibers and
their applications. The chapter will commence with an elucidation of their
production methods, followed by several illustrative examples sourced from
electrospinning literature. This chapter will provide a detailed description of the
techniques and materials used for determining individual fiber porosity in PCL
and PS (XRD, FIB, SEM, AFM, volume computation tools). Subsequently, the
introduction of a novel method developed by us will take place. A comparative

analysis between our method and the established pycnometry technique will also

be included.

The forthcoming Chapter 4, first, the existing methods and challenges will be
described. Following that, the details of the materials and methods of our new
method for the characterization of tensile properties will be explained (sample
preparation, mechanical testing, SEM, TGA, tensile modulus computation
methods). This methodology will leverage the experimental data gathered in
Chapter 3. Eventually, we will also compare our tensile test data with the bulk PCL

data obtained from the literature.

Chapter 5 will center on the tissue engineering applications of electrospun fibers,
particularly in the context of blood vessel tissue engineering. The process
employed for creating a 3D rendering of electrospun nanofibers will be elaborated

upon.
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Chapter 2. Electrospinning Equipment Used

The goal of this chapter is to describe the electrospinning setup used in this thesis,
to obtain fibers for the mechanical and porosity tests described in chapters 3 and
4.

In our studies, we used three different purpose-made setups for electrospun
nanofiber fabrication: a stationary collector-based setup for randomly oriented
fiber, a collector with a shutter for single fiber collection, and setup with wire-
drum for aligned fibers collection (Explained in section 2.3). An important part of
experimentation is safety; therefore, we addressed this topic in the setup design,

as explained in section 2.1.
2.1. Safety considerations

Electrospinning involves working with high voltages, solvents, and potentially
hazardous materials. Safety measures and precautions are crucial to ensure the
well-being of researchers and prevent accidents. This section will address the
safety considerations associated with electrospinning, including electrical safety,
chemical hazards, and personal protective equipment (PPE) requirements.
Electrospinning involves the use of high voltages, which can generate static
electricity. It is important to make sure to ground yourself and the equipment
propetly to minimize the risk of electrostatic discharge.

Proper grounding of equipment and personnel is essential to prevent the buildup
of static electricity. All components of the electrospinning setup should be
grounded. When working with electrospinning setups, safety resistors can play a
crucial role in ensuring electrical safety. Safety resistors are often used to bleed off
excess charge or limit the current flow in electrical circuits to prevent electrical
hazards.

Electrospinning experiments should be performed in a well-ventilated area or
under a fume hood to ensure the dispersion of any fumes or particles that may be
generated during the process.

Depending on the materials being used, there may be chemical hazards associated

with the electrospinning process. It is important to be aware of the properties of
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the materials you are working with and follow appropriate handling, storage, and

disposal procedures.
2.2. Co-axial gas jacket

In our work we have used various solvents such as acetone, DMF, chloroform,
methanol. In the experiments whetre acetone and chloroform/methanol were
used, we needed a co-axial gas jacket saturated with the solvent in order to prevent
premature drying on the tip of the needle.

In electrospinning, one of the main challenges is to obtain a steady-state condition,
which means having an electrospinning process with no interruptions, and no
blockage of the needle by the polymeric solution [1,2,3]. When the solvent
evaporates quickly during electrospinning, often polymer will accumulate,
eventually clogging the needle, which either stops the entire process or creates
unstable electrospinning conditions [4,5].

To avoid this problem, one could use non-volatile solvents. However, that cannot
always be the case, and depending on the target application sometimes it is
necessary to use volatile solvents.

Larsen et al. suggested a method that makes the process continuous and stable,
thereby avoiding the need for periodic clean-up of the needle. In this method, a
solvent-saturated co-axial flow tube surrounds the needle and protects the jet from
premature drying [6]. They showed the difference in jet formation when co-flow
was used. Figure 2.1a shows the electrospinning jet when a solvent-saturated N
flow in the jacket was used. Figure 2.1d shows the jet for the same voltage but
without co-flow. Panels 2.1b and ¢, show jet initiation in the presence of co-flow,

however, it has not reached the critical voltage to form a Taylor cone.
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Figure 2.1. Taylor cone structure at the tip of a 10 wt.-% PLA in DCM solution.
Applied voltages: a) 1.2, b) 0.8, and c) 0.6 kVem= 1, with a solvent-saturated Na
flow in the jacket, and d) 1.2 without gas flow in the jacket. The scale bar is 300
um. Adapted with permission from Ref. [6].

It's important to note that co-axial electrospinning setups can be more complex
than traditional single-nozzle electrospinning setups, requiring precise control of
both the core solution and the gas flow. Proper design, setup, and control are

essential for achieving the desired results (Figure 2.2).

saturated
“sheath gas
flow

Figure 2.2 Illustration of saturated gas flow around the needle. Adapted with
permission from Ref. [7]

Recently, Lubbert and Peukert [7] suggested a new method for co-axial gas jackets
where they had a new vial configuration for saturating nitrogen with the solvent
(Figure 2.3). This saturation technique enables the saturation of a gas stream to

exceptionally high saturation ratios, eliminating the potential for supersaturation
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or gas contamination due to droplets (unlike the situation with
bubblers/impingers). Additionally, this method is applicable for saturating a gas
flow with solvent mixtures. A performance assessment of the saturator
arrangement reveals that the saturation ratio upon exiting the third saturator is

anticipated to exceed 99%.

=N W

_

Figure 2.3. The new vial configuration was suggested by Liibbert and Peukert
(2018). In our experiments, we used this configuration for co-axial flow. Adapted
with permission from Ref. [7].

The co-axial gas flow also helps not only in preventing the polymer solution drying
but also in controlling the stretching and alignment of the fibers. This can lead to
more uniform and controlled fiber diameters, which is crucial for certain
applications. The co-axial gas flow can help stabilize the spinning jet and reduce
the occurrence of whipping and other instabilities that can impact fiber uniformity.
Therefore, Kiselev and Rosell-Llompart used a co-axial gas flow withont solvent
saturation to shield the meniscus from the ambient air. Since their solvent was
non-volatile, drying or clogging was not observed even without solvent saturation
in the co-axial gas flow [8§].

In our experiments, we cleatly saw the difference when co-axial gas flow was used.
PCL/(methanol/chloroform) solution dried on the tip of the needle when co-axial

gas flow was not used (Figure 2.4a and b). However, we could reach steady-state,
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uninterrupted electrospinning when co-axial gas flow was used (Figure 2.4c). In

both cases, the voltage is about 15V.

Figure 2.4. a) Polymer solution starting to dry up on the tip. ¢) Polymer solution
accumulates due to the blockage. c) Steady-state electrospinning with co-axial gas
flow.

2.3. Electrospinning setups used

2.3.1. Setup for randomly oriented fibers

In some of our experiments, to produce randomly oriented fibers, we used a flat
brass collector. The configuration is shown in Figure 2.5. Due to the whipping
motion, the fiber lands on the collector in a random manner. We used a syringe
pump in a horizontal setting as shown in Figure. The brass collector was covered
in Aluminum foil. When needed, we used a solvent-saturated N, co-axial flow
depending on the solvent system we used. For example, we used it for the
experiments done with poly (e-caprolactone) (methanol/chloroform) since the
solvent was very volatile. In this case, the gas was saturated only with chloroform.
In our polystyrene experiments, we did not use co-flow since the solvent has a
high boiling point. We could reach steady state without the gas flow around the

needle.
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Figure 2.5. Setup with the stationary collector for obtaining randomly oriented
fibers.

2.3.2. Setup for single fiber collection

For individual fiber porosity (IFP) determination experiments, we used a purpose-
made collector where we can collect individual fibers with minimum manipulation.
This collector had a slit where the transient collection occurs (fibers collected
before reaching a steady-state electrospinning), and after reaching a steady-state,
we open the paper cover and let the “stable” fibers collected on the other part of
the collector (Figure 2.6). This way we make sure that all the individual fiber

samples we prepate are prepared under the same parameters.

Transient collection

Sample

Al frame preparation

Paper
cover

Support

Figure 2.6. Illustration of the single fiber collection
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The more detailed images of the purpose-made collector are shown in Figure 2.7

with the slit open and closed, along with accompanying technical drawings.

—

SeseER Me@xh xEMEED>

Figure 2.7. Collector design for single fiber collection.

2.3.3. Setup for aligned fibers collection

To collect aligned fibers, we used a drum made of wires that we control from
outside the chamber (Figure 2.8). This configuration was chosen instead of the
commonly used solid cylinder to facilitate removing the fibers from the wire drum.
We also used a back-plate electrode behind the needle, as well as the top electrode,
in order to navigate the fibers toward the collector. Two high-voltage supplies
were used, one of them was connected to the top electrode, and the other one was
connected to both the back electrode and needle. Dry air was sent to the chamber
and extracted by a fan. A relative humidity tool was inserted into the chamber
through a well-sealed hole. Nitrogen gas was sent to the co-axial gas tube through

three vials full of solvent of interest.
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Figure 2.8. Setup for aligned fiber collection.
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Chapter 3. Porosity determination of single fibers
3.1. Introduction

3.1.1 Definitions

Porous fibers have a wide range of application areas such as oil absorption, tissue
engineering, drug delivery, batteries, etc. [1,2,3,4]. In electrospinning, depending
on the solvent system, ambient conditions or processing parameters, internally
porous fibers can be obtained [5]. It is important to clarify the difference in types
of porosity. While inter-fiber porosity, or “mat porosity” (Figure 3.1a), is defined
as the voids between electrospun fibers inside a membrane, intra-fiber (Figure
3.1b) porosity can be classified into two types: surface and internal (or interior)
porosity. (Figure 3.1c, d) In electrospinning literature, “intra-fiber” porosity, also
known as “interior” or “internal” fiber porosity, has received much less attention
than the “mat porosity”. The surface porosity includes all the pores in the shell
along the length of the fibers and internal porosity involves the porous inside the
fibers that can be also called “interior porosity” or “in-fiber porosity” In our

experiments, we will call it individual fiber porosity (IFP) to make a clear distinction.

We can formulate it as porosity = void fraction of the f iber/ total volume af the fiber.
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Figure 3.1. 2) Mat Porosity b) internal porosity ¢) fiber with internal and surface
porosity d) zoom-in image of (c)
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3.1.2. Role of fiber porosity in applications

One of the greatest challenges in recent studies is to determine how to control the
internal fiber porosity and demonstrate the influence of pores in specific

applications. These applications can be listed as follows:
Oil Sorption

Polymeric fibers produced by electrospinning have been widely used in oil
sorption applications due to their high surface area, low cost, and scalability.
Nonwoven polypropylene (PP) fibers have been commercially used as oil sorbents
due to their oleophilic-hydrophobic properties, however, they suffer from low oil
sorption capacity since they are usually made of compact PP fibers. Therefore,
finding alternative materials and tailoring the nanoporous structure of the fibers
has been an interesting research field. In a study by Lin et al.,, nanoporous
polystyrene fibers were developed and compared to PP fibers, revealing a notable

3-4 times enhancement in sorption capacity [6].

Bandegi and Moghbeli conducted another example of applying porous fibers for
oil sorption. They investigated how solvents and humidity influenced the creation
of porosity within electrospun nanofibers made from styrene/acrylonitrile
copolymer (SAN). The outcome was that porous SAN nanofibers exhibited

greater oil absorbency compared to their non-porous counterparts [7].

The advantageous aspect of having both internal and surface porosity for oil
adsorption was highlighted by Istk and Demir. They detailed their work on
customizing the morphology of individual electrospun fibers to achieve enhanced
oil absorption. To this end, they experimented with five varying concentrations of
foam-expanded polystyrene (f-PS). Their findings demonstrated that fibers
possessing interior porosity and textured surfaces displayed remarkable adsorption

capacity [8].
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Zaarour et al. contributed to this field through a noteworthy study involving
polyvinylidene fluoride (PVDF) nanofibers. By manipulating relative humidity
levels and solvent mixture ratios, they generated fibers with diverse surface
morphologies such as porous, rough, grooved, and internally porous structures.

Notably, fibers with a macro-porous structure exhibited the highest oil absorption

capacity [9].

The exploration of ultrahigh oil (silicone oil, pump oil, sunflower oil, and diesel)
adsorption capability was undertaken by Chen and Tung. They accomplished
various morphologies of polystyrene (PS) electrospun fibers using a one-step
electrospinning method with differing solvent/nonsolvent mixture ratios.
Additionally, they observed that introducing microscale voids within fiber

structures led to rapid adsorption coupled with a high adsorption capability [10].
Photocatalytic activity

A photocatalyst is a material that absorbs light to bring it to a higher energy level
and provides such energy to a reacting substance to make a chemical reaction
occur. These catalyst powders are easy to aggregate in the effluent, resulting in a
laborious separation process after their usage. The inevitable loss of some fine
powders during the process can cause contamination. Therefore, immobilizing
catalyst powders in electrospun fibers has been an appealing research area.
Immobilized catalysts can be made either by mixing the nanoparticles with the
electrospinning solution [11] or by coating the electrospun fibers with
nanoparticles afterward [12]. One unique property of electrospun fibers is their
high inter-fiber porosity which provides an increase in the specific surface area
alongside a higher photocatalytic activity. The catalysis field is another profitable
field because of the high activity and stability of internally porous nanofibers

compared to compact fibers.

Hou et al. produced hierarchically porous TiO2/SiO: fibers (Figure 3.2) in order
to enhance the photocatalytic activity, avoiding the separation problems of TiO»

which tends to aggregate without the fiber matrix. In this study, thanks to the
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porous structure, fibers were capable of keeping all the advantages of nanoparticles
(high efficiency, low cost, chemical inertness, and high surface area), but also

helped to create a uniform spatial TiO> distribution [11].

0 nm
Ope—

Figure 3.2. Porous TiO»/SiO; fibers for photocatalytic activity. Adapted with
permission from Ref. [11].

Ning et al. produced PVDF nanoporous fibers and coated them with Ag
nanoparticles. The porous structure of the electrospun fibers facilitates

nanoparticle adsorption on the surface [12].
Tissue Engineering

Porous fibers are widely used in tissue engineering and regenerative medicine. The
porous morphology of the fibers can change the mechanical properties, water
contact angle, and cell attachment. Therefore, several studies have been carried

out on these topics.

Previous studies have demonstrated that the modification of the morphology of
individual fibers in electrospun scaffolds can directly affect cellular response.
Moroni et al. reported that the fibers with nanoporous structure resulted in more
spread cells throughout the electrospun mat (Figure 3.3b), whereas cells were

aggregated when the fibers were not porous (Figure 3.3a) [13]. Similarly, Liao et al
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claimed to enhance the cell adhesion by using nanoporous fibers as a scaffold for

bone tissue engineering [14].

Figure 3.3. Different cell responses to smooth (a) and porous (b) fibers. The scale
bar is 50 um. Adapted with permission from Ref. [13].

Mota et al. reported a published study in the tissue engineering field with the aim
to develop electrospun microstructures with a layer-by-layer control for the well-
defined internal architecture and external shape of the scaffolds. Referring to the
highly porous morphology of the nanofibers, several advantages are found, such
as the biodegradation rate, the mass transfer associated with cell metabolism, and
the mechanisms regulating cell adhesion and proliferation. All of them are crucial
for the enhanced development of the bone scaffolds inside the human body. The
resulting scaffolds were composed of aligned fibers with a highly porous

morphology, both in the cross-section and on the outer surface [15].
Drug Delivery

Another advantageous application of porous fibers is biodegradable drug delivery
owing to the enhancement of diffusion and fluid transport. High surface porosity
fibers (or porous fibers) enable modification and control of the wetting processes,
adsorption/absorption as well as the release behavior of drugs. Nguyen et al.
observed large amounts of drug release from porous fibers compared to those that

are not porous [16].

Similarly, Ramos et.al reported that porous fibers are able to release double the

amount of drugs compared to non-porous fibers (Figure 3.4) [3].
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Figure 3.4. The difference in drug release between non-porous fibers and porous
fibers. Adapted with permission from Ref. [3]

1 ithium-lon Batteries

Electrospun nanofibers allow rapid transformation of electrons and ions, in
addition, the void spaces in the porous nanofibers can effectively buffer the
expansion of volume during the process of charging and discharging the electrode
material. Therefore, they are good candidates for lithium-ion battery applications.
Sabetzadeh et al. reported the crucial role of the highly polyacrylonitrile porous
(PAN) nanofibers as separators in order to facilitate and enhance ion migration
due to their higher discharge capacity. The high porosity of the porous PAN
micro/nanofiber membranes caused excellent electrolyte uptake and led to great

ionic conductivity of electrolyte-soaked porous PAN micro/nanofiber

membranes [17].
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Textile Membranes

Intra-fiber porosity is an important parameter that can directly influence the
wicking features of textiles. It is believed that the smaller the size of the pores, the
higher the capillary force and wicking rate, and vice versa. Thus, porous fiber
structure along with regulated inter-fiber pores would not only lead to high
moisture wicking but would also support the rate of evaporation to facilitate the
drying process. Hence, it’s essential to investigate the effect of inter- and intra-
fiber porosity on the moisture management performance of the textiles. Yan et al.
reported inter- and intra-fiber porous membranes for enhanced directional
moisture transport in a dual layer for sportswear in order to transfer the humidity
from the skin to the atmosphere and avoid reverse transport. Porous morphology

showed an increased hydrophilicity and higher evaporation rate [18].
Gas Sensing

The paper by Kim et al. (2020) presents a novel approach to improving the
performance of a gas sensor by utilizing a nanoporous polymer fiber reinforced
with Cellulose Nanocrystals (CNCs). The study focuses on enhancing the sensot's
porosity to achieve better sensitivity and response time simultaneously. Traditional
attempts to improve these two factors often led to trade-offs, but the introduced
CNC-reinforced nanoporous fiber overcomes this challenge. The crystalline and
hygroscopic properties of CNCs contribute to the formation of nanoporous
structures in the fiber, resulting in increased surface area and improved response
time. This innovative approach not only enhances gas sensor performance but also
holds promise for broader applications in fields like food fermentation quality

control and gas separation membranes. [19].
Biosensing

Biosensing is a field that also benefits from the intra-fiber and surface porosity of

electrospun nanofibers. Thereby, Nathani and Sharma published an article about
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the increase of sensitivity of porous poly(styrene-block-methyl-methacrylate) for

electrochemical biosensors [20)].

Another example of wearable sensors for the trace detection of chemical and
biological molecules was conducted by Chen et al. The large amounts of holes in
the fibers greatly improve the sample collection efficiency of the SERS-active
substrate and facilitate the adsorption of analytes on the surface of silver
nanowires. The porous structure of fibers facilitates it to be combined with silver

nanowires (Figure 3.5) [21].

a Surface Enhancement Raman Scattering

& Target molecular

Porous PS/AgNWs composite fiber

Figure 3.5. Schematic illustration of Ag NWs/PS composite porous fiber used in
(Chen 2020). a) target molecules permeating into the surface of Ag NWs from the
holes for SERS testing. b) magnified SEM images of the surface and cross-section
(inset) of a single composite fiber. Adapted from Ref. [21]

3.1.3. Methodologies to create internally porous electrospun fibers
There are several methods to create porous electrospun fibers such as selective

removal of a sacrificial phase, phase separation, solvent/non-solvent mixtures, or

co-axial spinning. [22]

Selective Removal

Selective removal is a two-step process in which the post-treatment step is
carefully controlled to fully remove the sacrificial phase whilst maintaining the

fiber matrix integrity. The sacrificial components can either be salts, silica, or
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polymers that can be easily extracted by solvents or removed by other post-

treatment methods such as heat treatment or using solvents for the sacrificial

phase [23, 24].
Non-solvent-induced phase separation

In non-solvent-induced phase separation (NSIPS), a non-solvent (such as water)
is added to the polymer solution. In this process, thermodynamics plays an
important role since there is an unstable region, called the demixing gap, where

separation in two phases occurs, which result in the formation of porous structure.

23]
Vapor-induced phase separation

In this mechanism, the water, which is a non-solvent vapor, is introduced
(dissolved) and mixed inside the fiber (Figure 3.6). Subsequently, the solvent is
evaporated, and the phase separation supplies the liquid-liquid demixing due to
the concentration of the polymer being thermodynamically unstable and the
boiling point of the solvent being higher in comparison with water (slow
evaporation of solvent). In this sense, the phase separation carries on a coexistence

of polymer-rich and polymer-poor phases [26, 27, 28].
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Figure 3.6. Schematic diagram of surface pore formation induced by breath
figures mechanism. Adapted from [27].
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Thermally-induced phase separation (TIPS)

In the TIPS process, a polymer is dissolved in a high boiling low molecular weight
diluent at elevated temperatures and after forming the solution to the desired
shape, flat or hollow fiber membrane, it is cooled to induce phase separation. In
the final stage of the membrane fabrication, the diluent is extracted by another

solvent and then the solvent is removed to produce membrane structure [29].
Co-axial electrospinning

Coaxial electrospinning is a modification of the conventional electrospinning
process involving the arrangement of multiple component feed systems
simultaneously. One nozzle dispenses the core material, and the other nozzle
dispenses the shell material followed by selective removal of the liquid core [30,
31, 32, 33, 34]. This phenomenon leads to obtaining hollow fibers as shown in

Figure 3.7.

Figure 3.7. Cross-section image of a fiber produced by co-axial electrospinning.
Adapted with permission from Ref. [34].

3.1.4. Methodologies to determine the porosity of individual fibers

Image analysis of microtome sliced fibers by TEM
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In electrospinning and nanofibers literature, we have found that several attempts
have been made to determine the internal porosity of individual fibers numerically.
Pai et al reported a technique that is based on Transmission Electron Microscopy
(TEM) images of microtome sliced fibers. In their work, they determined the as-
spun area and annealed area of polystyrene fibers by using those TEM images

(Figure 3.8) [35].

as-spun fibers (b) annealed fibers

500nm

Figure 3.8. Images of microtome sliced fibers. a) as-spun b) annealed fiber.
Adapted from Ref. [35].

To do this analysis, the polystyrene fibers were embedded in resin then cut into 60
nm slices by using a microtome. They used two different methods to investigate
the internal porosity of polystyrene fibers. Inn the first method, the void volume
fraction, was evaluated as 1 - (dannca®/ das-spun?), Where dasspun is the average diameter
of the as-spun fibers and daanea is the average diameter of the fibers after annealing.
In the second method for determining void volume fraction, the void fraction was
computed based on the shrinkage of the fiber diameter after annealing. Image
processing tools were used to set the threshold that distinguishes an image into
objects of interest and background based on gray level for the cross-sectional TEM
image, and then the area of voids within the fiber can be analyzed. They determine
the diameter for each void and the total void volume fraction within the fiber by
performing area fraction measurements and comparing the total cross section of

voids to that of the fiber.
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Similarly, Li et al. determined the surface porosity of polylactic acid fibers using
Field Emission Scanning Electron Microscopy (FESEM). They quantified the
potres on the surfaces on the fiber by Image], in the end, they determined the
sutface porosity with the formula surface porosity (%) =sum of pote area/whole
fiber area x 100. They tried to correlate the surface porosity of the fiber to its
mechanical properties. However, their conclusion was, the mechanical properties
do not depend only on surface porosity but also internal porosity [36]. Their
conclusion also shows that a robust method to characterize the porosity of

individual fibers is needed.
Paraffin Method

Fashandi and Karimi reported another technique to quantify the fractional pore
volume (FPV) of electrospun fibers, which we can also call internal porosity. They
immersed a large collection of fiber in paraffin, knowing the mass and volume of
fibers and paraffin, and they determined the density of fibers. And since the
density of material was also known, it was possible to determine the internal
porosity [37]. In their study, colotless liquid paraffin was used to calculate the mass
density of electrospun fibers. Liquid paraffin was chosen as a matrix due to its
non-polar and hydrophobic nature, two essential factors for the complete wetting
of polystyrene fibers. In addition, large paraffin molecules are not susceptible to
diffuse in the interior porous structure of fibers. The fibers were mixed with liquid
paraffin in a glassy vessel of a given volume to form an integrated composite.
Knowing the total volume of composite corresponding to the volume of vessel,
weight fraction of electrospun fibers (wy), and matrix, i.e. paraffin (wp), allows

one to calculate the density of produced fibers. pg is the density of the fibers and

Pp is the density of paraffin.

1 w w
_9r 9
Pmix P f pp
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Density of produced fibers can be used to calculate the internal porosity when the

compact fiber density is known.

3.2. New method of individual fiber porosity determination

based on microscopy techniques (This Work)

In this work, we propose a different method from aforementioned studies, where
we combine SEM and AFM techniques. We compute the void fraction (individual
fiber porosity) by investigating the fiber cross-sectional area before and after
thermal annealing. As-spun fiber area (before annealing) is determined from SEM
images and the annealed fiber area is determined by AFM. The idea of this method
is based on collecting a single fiber on a silicon wafer and breaking the silicon
wafer into two halves. The purpose of breaking the substrate into two halves is to
investigate the same fiber before and after collapsing the pores by annealing. A
simple illustration of the whole process is shown in Figure 3.9. We have chosen
both rubbery polymer and glassy polymers to study their porosity. As a rubbery
polymer, we chose polycaprolactone (PCL) since it is widely used in tissue
engineering, but also, we also studied polystyrene (PS) fibers due to their wide use

in electrospinning in general [38, 39, 40, 41, 42, 43].
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Figure 3.9. Porosity determination by microscopy techniques (This work)
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3.3. Results

3.2.1. Porosity determination of polycaprolactone (PCL) fibers

PCL was dissolved in chloroform/methanol (3:1 by volume) and deposited onto
a rotating wire drum. (Figure 3.10) The reason why we chose these solvents and
collector types is that we wanted to determine the porosity of a specific type of
polycaprolactone fibers that are used in Chapter 4 and analyzed mechanically.
Therefore, we aimed to reproduce the same experiments. (See Chapter 4 for
details) However, it is well known that rotating drums cause an orientation in the
polymer chains and change the degree of crystallinity, consequently causing a
change in density [44]. Therefore, we did not use this kind of collector type for
polystyrene (explained in section 3.5.2). We investigated the crystallization of PCL
polymer produced with a rotating wire drum in case it makes a difference in density

and, consequently, in porosity computation.

The individual fiber porosity (@) is the volume fraction inside the fiber which is
occupied by nanovoids and was computed as D=1-Auumeated/ Aus-spin, Whete Auepun is
the cross-sectional area of the (circular) electrospun fiber, and Aumeard is the area
of the (non-circular) fiber after its voids have been thermally collapsed. For this
purpose, new samples were prepared by electrospinning only for ~5 s, to get a
light fiber collection on the wire drum to obtain isolated fibers easily. It was done
under 45-55% RH and at room temperature. After collection, a single fiber was
placed on a Si substrate directly from the wire drum by approaching the fibers
from behind and picking them individually. The sample was then split into two
halves. One half was imaged by SEM and the fiber’s width (Dx) was determined
at K locations in N images of the same fiber, and used to compute the fiber’s

average as-spun cross-sectional area Aa.pun as:

N K )
b Y G T
as—spun = (K o1 4)
n
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1wk mD?

which expresses the averaging of areas (S, = k=1 ). The fiber width Dy is

interpreted as a diameter because the fibers on the Si wafers were circular, as we
verified by FIB-FESEM (Figure 3.12). The other half of the Si substrate was
annealed and inspected under AFM. Annealing was done to collapse any internal
nanovoids possibly present within the fiber by heating on a hot plate above the
melting point of the polymer (for 15 minutes at ~70° C), then taken to a Petri dish
immediately to cool it down quickly, to minimize the formation of crystalline
regions during cooling. Occasionally, the AFM images of annealed fibers revealed
texture, which might be due to nanometric crystalline regions embedded in the
amorphous matrix. The average annealed fiber area, Aumard Was computed by

dividing the fiber volume » by its length /.

The process of annealing did not change the fiber length () because while the fiber
was molten, no corrugations developed along the fiber by the Rayleigh-Plateau
instability [45]. Such liquid motions are driven by the surface tension stresses at

the fiber/air interface, while viscous and contact stresses slow them down.

28TmMM ——  agr T ¥'
|
|
Wire 70 }mm
drum \
|
B
< y__
60 mm Wires (3 mm dia.)

center to center

Figure 3.10. Wire drum used in PCL individual fiber porosity determination study.
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XRD

First, we investigated the commercial PCL beads we purchased from Sigma Alrich
(semicrystalline, which has approximately %50 degree of crystallinity). We run
XRD measurements on the beads as received and after annealing in order to see

whether annealing has an influence on the crystallinity.

2D diffractograms of aligned fibers were made using a Bruker-AXS D8-Discover
diffractometer equipped with a parallel incident beam (G6bel mitror), vertical 6-6
goniometer, XYZ motorized stage, and with a GADDS (General Area Diffraction
System). An X-ray collimator system close-to-the-sample allows to analyze areas
of 500 pum. The X-ray diffractometer was operated at 40 kV and 40 mA to generate
Cuy, radiation. The VANTEC-500 GADDS detector was placed at 9 cm from the
sample. The exposure time was 1900 s per frame. Aligned fibers were glued to a
ring-shaped support, which was then placed into the diffractometer to perform
the analysis in transmission mode. 1D diffractograms were obtained with a Bruker-
AXS D8-Advance diffractometer with vertical theta-theta goniometer, incident-
and diffracted-beam Soller slits of 2.5°, a fixed 0.5° receiving slit, and an automatic
Air-scattering knife on the sample surface. The angular 20 range was between 5°
and 80°. The data were collected with an angular step of 0.02° at a step/time of
0.5 s. Cuk, radiation was obtained from a copper X-ray tube operated at 40 kV
and 40 mA. Diffracted X-rays were detected with a PSD detector LynxEye-XE-T
with an opening angle of 2.94°. Aligned fibers were deposited on a low-
background support (Si (510)) which was then placed into the diffractometer to

perform the analysis in reflection mode.

A sample of aligned fibers was specifically electrospun for the XRD analyses under
the same conditions as the mechanical test ones. 2D diffractograms were collected
to interpret the molecular orientation in the fibers. Two discrete diffraction arcs
in the aligned samples (Figure 3. 11a) showed that the crystal planes in the
nanofibers were oriented in a specific direction in the fiber. The azimuthal angles

between the centers of both diffraction arcs and the fiber axis were approximately
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90°, indicating that the angles between the poles of the (110) and (200) crystal
planes and the fiber axis were orthogonal. The diffraction pattern is an arc, not a
point, due to the (expected) dispersion in orientation angles of the crystals. 1D
Diffractograms were used to investigate the degree of crystallinity, crystal lattice,
and crystallite size in the fibers. The fibers displayed (110) and (200) diffraction
peaks at 21.6° and 23.9°, respectively (Figure 3.11b). Figure 3.11c represents the
lattice and crystallite configuration with respect to the fiber. The crystal structure
of PCL is orthorhombic with the following unit cell parameters: a = 7.496 A, b =
4974 A, and ¢ = 17.26 A. [46] The unit cell contains two monomer units
aligned/stretched along the direction of ¢ [47]. Our data confirms the expectation
that the molecular chains in the nanocrystalline regions are substantially parallel to
the fiber axis. The degree of crystallinity and crystallite size was found 70% and
16.8 nm (Figure 3.11b). This high degree of crystallinity was caused by the

stretching experienced by the fibers during the electrospinning and collection

processes.

1 70% Crystallinity (110)
Crystallite size: 16.8 nm

(200)

| e 1 3
”) Crystallite b=4.974 A
0 LN c=17.16 A

0 10 20 30 40 PCL Crystal
20 (%) nanofiber structure

Figure 3.11. 2) 2D-XRD pattern of aligned PCL fibers. b) X-ray diffraction pattern
of aligned PCL fibers with crystallinity data. ¢) schematic representation of PCL

fiber, crystallites, and lattice cell, showing the predominant relative orientation. (c)
is adapted from Ref. [46].

Focused Ion Beam (FIB)

To determine whether the fibers were circular, we sectioned the fibers using a

focused ion beam (FIB) FESEM instrument (FEI-Scios 2). A group of fibers was
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attached to stainless steel support using silver paste (Figure 3.12a). The fibers were
then coated with ~10 nm gold in the microscope, and then with a layer of platinum
for stable cross-sectioning (Figure 3.12b). The area of the as-spun fiber was
determined with nD2/4. However, in order to make sure that the fiber was circular,
we took cross-sectional images of the fiber. Please note that it is still possible to
apply this method even if the fiber is not circular, but in that case, for the cross-
sectional area determination, we would have needed to know what the cross-

sectional shape is.

Figure 3.12. 2) PCL nanofibers attached to stainless steel support using silver
paste b) cross-section of PCL nanofibers

AFM sample, modes, and calibration

For the AFM half of the sample, it was needed to anneal the fibers until the point
the pores collapse. It is not desirable to anneal the fibers until they melt and flow.
After exceeding a temperature point or annealing it for too long, the fiber goes
Rayleigh instability which is not desirable since it makes the average area
determination statistically harder. Some Rayleigh instability and melted fiber
examples are shown in Figure 3.13a (top view) and Figure 3.13b (3D view) It is
critical to find the most appropriate temperature and annealing time for the fibers.
In the case of excessive heating (Figure 13c) the fiber melts and flows which also

makes the area computation more difficult. Therefore, the fiber should be heated
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only until the point where the polymer softens and pores collapse, but not

completely melted.

\
!

i L\ melted fib

- i al
Figure 3.13. a) Rayleigh instability in annealed fiber b) 3D view of the same
section. ¢) Melted fiber due to excessive heating.
AFM modes and calibration should be taken into consideration. The AFM tip we
used in our measurements is shown in Figure 3.14. Due to the morphology of the
AFM tip, it is expected that the tip would create artifacts with sharp shapes as

shown in the calibration samples. However, this artifact is not expected when we

have smooth objects like annealed fibers.

Figure 3.14. BudgetSensors Multi 75-G probe (10 nm radius, 17 pm height, 20°-
25° along cantilever axis, 25°-30° from side, 10° at the apex).

We used two types of AFM calibration samples (pillars and squared holes) to
ensure that the measurement was accurate. To analyze the AFM topography

images we used the software Profilmonline (http://profilmonline.com) (accessed

between March and December 2020). (Figure 3. 15) Please take note that these
AFM scans belong to the same individual fiber, albeit captured at vatious

locations.
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Figure 3.15. AFM calibration samples. a) cylindrical pillars. b) square holes.

Computation of the annealed PCL. nanofiber area

The annealed fibers were scanned at different locations in an Agilent 5050 atomic

force microscope using tapping mode with a BudgetSensors Multi 75-G probe

(Figure 3.16).
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AFMhalf | SEM half
.

Figure 3.16. An example of fiber sections scans from the same individual fiber.

The AFM images were converted to gwy format using Gwyddion software
(version 2.55), and the annealed fiber volume computation was done by

Profilmonline and Matlab (R2020a) for a given fiber length. (Figure 3.17)

Height (nm)

Figure 3.17. Example of a PCL nanofiber AFM data plotted by a) Profilmonline
(without background subtraction) and MATLAB.

Table 3.1 shows an example of how the computation of annealed fiber was done.
Both Matlab and Profilmonline results were considered (Figure 3.17). The
MATLAB result was used to verify the Profilmonline result, and the final
computation was done using the Profilmonline result since we performed a more

successful background subtraction in Profilmonline most of the time (Figure 3.18).
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However, if the background subtraction was not successful in Profilmonline, in

that case, we used the MATLAB result.

Table 3.1. Measurement examples from the methodology followed for annealed
fiber area computation. They represent the volume and area of the sections from
one single fiber.

stfcltb:); V(Profilm) V(MatLab) Length (um) Area (um?)
1 2.704 2.559 10 0.256
2 2.853 2.940 10 0.294
3 2.819 2.727 10 0.273
4 2.836 2.769 10 0.277

Before leveling and
height correction o e

After leveling and
height correction

Figure 3.18. Example of a PCL nanofiber before and after subtracting the
background. Before leveling and height correction and after leveling and height
correction.
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Scanning Electron Microscopy (SEM)

The half of the silicon wafer (where the individual fiber stands) was gold coated
with a layer thickness of ~43 nm prior to imaging. Micrographs of the fibers were
obtained with a JEOL JSM 6400 to obtain the diameter of the fibers collected for
the purpose of determining individual fiber porosity. To prevent the stretching of
these fibers during this operation, we cut them carefully around the silicon wafer.
A precise determination of fiber width was obtained from single-fiber SEM
images, which were post-processed with Image]’s Ridge Detection plugin
(http://fiji.sc/Ridge_Detection) [48], whereby a backbone (“skeleton”) of the
fiber was obtained on the binary image, and the fiber width was then automatically
determined at discrete equidistant locations along the entire length of the
backbone (Figure 3.19). The average width of the as-spun fiber was determined
from several images which were taken from the same fiber and the average area

of the fiber A spun Was computed.

skeleton

v\

fiber borders

Figure 3.19. a) SEM image of an individual PCL fiber b) skeleton obtained by
ridge detection tool on Image].

Table 3.2. Example of results from ridge detection tool for only one SEM image.

Computed area was averaged for all the SEM images in order to determine Ags-spun

85



UNIVERSITAT ROVIRA I VIRGILI
CHARACTERIZATION OF NANOFIBERS PRODUCED BY ELECTROSPINNING FOR BIOMEDICAL APPLICATIONS
Reyda Akdemir

2
# of the pixel measured |Diameter(pm) measured ?::::tn;d]
forthe same image by Ridge Detection Tool (d) 2
(md’/4)

1 0.467 0.171

2 0.483 0.183

3 0.495 0.192
4 0.501 0.197

5 0.504 0.200
6 0.506 0.201

7 0.507 0.202

8 0.508 0.202

9 0.508 0.202
10 0.508 0.202
11 0.507 0.202
12 0.507 0.202
13 0.507 0.202
14 0.507 0.202
15 0.507 0.202
16 0.507 0.202
17 0.507 0.202
18 0.507 0.202
19 0.507 0.202
20 0.507 0.202
21 0.507 0.202
22 0.507 0.202
142 0.460 0.166
143 0.444 0.155
144 0.410 0.132

The overall IFP results of PCL are shown in Figure 3.20. There are two lines
indicating the compact fibers where the porosity would be zero (@=0). The red
line represents the scenario where the as-spun and annealed fibers have the same
density whereas the dark blue line represents the case where the annealed fiber has
a lower density due to the change in crystallinity, caused by the rotating drum.
Each data point corresponds to the average of many data points taken within the
same experiment. The result indicates that the data falls around the compact line
indicating that our PCL fibers are compact. Only one of them falls above the lines,
meaning minus porosity. Since minus porosity is impossible, we assume that the
fiber was not uniform along the length and the non-uniformity in diameter

affected the Agspun calculations.
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Figure 3.20. Porosity computation and results: annealed area versus SEM fiber
diameter and theoretical compact fiber limit.

3.3.2. Porosity determination of polystyrene (PS) fibers

PS was dissolved in DMF and deposited onto a stationary collector with a window
where we could collect the fibers until the electrospinning reached a steady state
in a different place, then we opened the window and collected the stabilized fibers

on the other side of the collectot.

The interplay between the PS polymer and the DMF solvent is critical in
determining the pore formation mechanism. The phase separation process, driven
by the differential solubility of PS in DMF as the solvent evaporates, leads to the
creation of pores within the fiber structure. The specific pore size, distribution,
and properties can be controlled by adjusting parameters such as polymer

concentration, solvent composition, electric field strength, and collector distance.

In the case of polystyrene (PS) and dimethylformamide (DMF), the phase diagram
(Figure 3.21) would help in understanding how the polymer dissolves in the
solvent at different concentrations and temperatures. This knowledge is crucial for

processes like electrospinning, where the polymer solution undergoes phase
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separation during fiber formation, leading to the creation of pores within the fiber

structure.

Keep in mind that the actual phase behavior can be more complex than this
simplified explanation, and the phase diagram can vary based on the specific
characteristics of the polymer-solvent system. Detailed experimental studies and
thermodynamic analysis are often required to accurately determine the phase
diagram and the conditions under which phase separation and pore formation

occur in PS fibers.

- 0.00

0.00 0.15 0.30 045 0.60 0.75
DMF Water

Figure 3.21. Phase diagram of PS/DMF/Water system at 40 °C. Solid line is
the binodal curve, dashed line indicates the spinodal curve, and dotted line is the
tie lines. Adapted with permission from Ref [37].

We prepared 25 wt.% PS in DMF solvent. The solution was left overnight on the
stirring plate at moderate speed. The electrospinning was done without co-axial
gas flow and at high relative humidity. Since DMF is a non-volatile solvent, it was
possible to run electrospinning without any blockage on the needle. When the
experiments were done at low relative humidity bead formation was observed.
This behavior can be explained by polymer precipitation on the fiber skin. Water

molecules act like a “non-solvent” and cause the polymer precipitation on the fiber

shell.
Microscopy method for polystyrene individual fiber porosity determination
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We used a half-covered collector for this experiment, as shown in Figure 3.22.
During the first minutes of electrospinning, we let the fibers be collected on the
open half of the collector, which we call “fransient collection”. During transient
collection, the electrospinning is not steady. After reaching a steady state, we
opened the other half of the collector and ran the experiment for about 5 more

seconds.

N .
\ Region of
\ interest

| (fibers collected

/ at steady-state
N

sample " -~ electrospinning)
preparation 1

I

Fibers that are collected

when the electrospinning Paper cover

is unstable. (Non-uniform - Single

fibers) nanofiber
Silicon wafer

Figure 3.22. The process of single fiber collection.

For the microscopy method, the method was applied to one single fiber assuming
the uniformity of the fiber size based on the steadiness of the electrospinning and
the standard deviation of the fiber’s diameters determined by SEM. The individual
PS fiber was collected using a silicon wafer and cut into two halves. The purpose
of cutting the single fiber into two halves is to subject one of the halves to heat in
otder to collapse its interior pores, as illustrated in Figure 3.23. The other half of
the fiber (the as-spun fiber) was gold coated for 90 s in a gold-coater by applying
a current of 30 mA. The as-spun fiber was then imaged by SEM (JSM- 6400
scanning electron microscope, JEOL Ltd., Tokyo, Japan) for diameter
measurement using Image] software. Four to five images were uniformly obtained
from the as-spun fiber for the average diameter measurement. The second half
(the annealed fiber) was heated under 150 °C for 40 minutes. The length and
volume of annealed fibers were obtained from AFM with contact mode. As-spun
fiber’s SEM images were treated using Image], as seen in Figure 3.24a. The
annealed part was imaged in the same way using AFM. Figure 3.24b shows the
AFM image of the annealed fiber. Then the annealed fiber images were analyzed

in Profilmonline. From the volumes and lengths, the annealed fiber’s average
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cross-sectional area is determined. The provided areas were used for internal
porosity computation.
Using the equation DP=1-Aumati/ Asspun, the individual fiber porosity was

computed.

As-spun fiber

Internal pores

Annealed fiber

Annealing -

Substrate Substrate

Figure 3.23. Pore collapsing mechanism.

Figure 3.24. 2a) Diameter determination of individual PS fiber b) Area
determination of annealed fiber

Pycnometry method for polystyrene individual fiber porosity determination

The fibers were collected from the aluminum foil by using a stationary collector.
(Figure 2.4) The density of PS fibers was obtained using 1 mL (Unadjusted 1mL
ACCDIN 12 - WITG3.900.001 and 5 mL (Borosilicate glass 3.3. DIN ISO 3507,
type GayLussac) pycnometers. The density was computed by mixing highly liquid
paraffin and PS fibers inside the pycnometer to form a homogenous mixture.
Highly liquid paraffin was used due to its non-polar and hydrophobic properties,

as its large molecules cannot penetrate inside the interior pores of the fibers. Using
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the weight of each element in the mixture (pycnometer, fiber, paraffin), the fiber’s
volume was calculated. As a result, the fiber’s density was defined as given by:
mf ibers

Pfibers =
Jibers Vfibers

Where (p, m, V) represent density, mass, and volume, respectively. Individual
fiber porosity was computed using fibers and PS densities, as shown in the
equation:

p fibers
Ppolystyrene

Porosity results obtained by pycnometry method

5 mL pycnometers were used for the electrospun PS fibers (Figure 3.25). The use
of two pycnometers allows the comparison of the computed porosity values and
establishes a range. 25 mL, 20 mL, and 10 mL pycnometers were used as well at
the beginning of the study. The use of bigger flasks resulted in nanofibers with
masses in milligrams, while the paraffin’s masses were in grams. This big difference
provides misguided porosity values, as small errors in mass measurement could
impact the porosity computation. Another important point is that small air
bubbles can get stuck between the fibers. This means a small volume of air is
occupied instead of paraffin and counted as air inside the fibers, which could
remarkably affect the determination of individual fiber porosity. To help reduce
the bubbles inside the pycnometer, the mixture was gently stirred using a small

spatula without damaging the nanofibers.
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Figure 3.25. a)Pycnometry used in porosity determination experiments. b)
Pyconometry filled with PS fibers paraffin.

Although this step was performed skillfully, it appeared that it did not eliminate
the bubbles completely, as will be discussed later. As seen in Table 3.3, starting
from experiment 4, experiments were run using 1 mL and 5 mL pycnometers.
Both pycnometers provide similar porosity values. We conclude that the
pycnometer volume (between 1 and 5 mL) is not affecting the result strongly and
that the results can be consistent over a wide range of porosity values (although in
one case the discrepancy was more than desirable).

As a result, we compared the IFP results obtained by microscopy and pycnometry
methods. Although in one case (Experiment 6) the values are very different. We
usually obtained similar values for similar fiber diameters. The reason for this
discrepancy is unknown in the case of Experiment 6, but we assume that it could
be due to trapped air between the fibers. Apart from that, we obtained very similar
porosity values to Pai et al.’s results for similar fiber diameters [35]. They reported
46-55% porosity for their PS fibers which are about 4 pm. Our values by
microscopy methods also fall in this range. It is expected that the porosity
percentage will decrease with the decrease in fiber diameter. Consequently, we

report lower porosity for smaller-diameter fibers.

Table 3.3. Individual porosity results from microscopy methods and pycnometry
method. In all cases, the solution flow rate is 0.25 ml/h and the co-axial gas flow
rate is 0.18 (m/s)
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Relative Average Individual
E i Vol kV, Meth: Ri k
pperEnt ota Rk} humidity (%) Gz diamter (um) fiber porosity (%) emarks
Pycnometry 291 12.4 5 ml pycnometer
1 13.89 57
Microscopy techniques 1.23 16.6 One single fiber
Pycnometry 3.12 37.9 5 ml pycnometer
2 13.3 63
Microscopy techniques 3.12 48.6 One single fiber
Pycnometry 3.76 38.3 5 ml pycnometer
3 8.77 64
Microscopy techniques 3.02 54.4 One single fiber

5mland 1ml
4 10.21 27 Pycnometry 4.1 14.1and 12.8 pycnometer
respectively

5mland 1ml
Pycnometry 2.71 50.4 and 52.3 pycnometer

5 8.6 65 respectively
Microscopy techniques 2.12 59.8 One single fiber

S5mland 1 ml

6 051 45 Pycnometry 2.46 15.5and 25.1 pvcncm-eter

respectively
Microscopy techniques 2.84 48.6 and 49.8  two single fibers

Smland1ml

7 8.84 61 Pycnometry 2.6 37.2 and 31.7 pycnometer

respectively

Microscopy techniques_ 2.54 54.4 and 53.4 two single fibers

The outcomes of individual porosity experiments are illustrated in Figure 3.26 and
Figure 3.27. The majority of data points are situated within the range of average
fiber diameters spanning from 2 to 3 um. This outcome is anticipated given that
we generated the fibers employing identical electrospinning parametets.
Concerning the microscopic techniques, porosity values tend to cluster around
50%. Notably, certain points display almost ovetlap. These instances correspond
to fibers derived from the same experimental batch, highlighting the method's

reliability when applied to uniform fibers.

In a specific case, where the average diameter measures 1.23 pum, the associated
porosity registers at 12%. As anticipated, a reduction in diameter leads to a
corresponding decrease in porosity. For the fibers from Experiment 1, computed
using the pycnometry method, the porosity was determined to be 16%. This
finding reinforces the absence of experimental errors in this disparity between

calculations.
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Conversely, the porosity values obtained through the pycnometry method
exhibited greater variability across the chart. This illustrates the challenge of
obtaining consistent data using the pycnometry approach, possibly attributed to

the existence of air bubbles.

Microscopy techniques
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Figure 3.26. Individual fiber porosity vs. Average fiber diameter obtained by
microscopy techniques.

Pycnometry method
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Figure 3.27. Individual fiber porosity vs. Average fiber diameter obtained by
pycnometry method.
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3.4. Conclusions

In conclusion, this work has introduced a novel technique for accurately
computing the internal porosity of individual polymeric nanofibers. Leveraging
the capabilities of both SEM and AFM imaging, we have devised a method that
enables the determination of cross-sectional areas before and after thermal
annealing. This approach offers a localized perspective on fiber porosity, setting it
apart from the pycnometry-based method that provides a global porosity value,

which also can be valuable in specific applications.

The application of our method to compute the individual fiber porosity of PCL
and PS fibers has yielded insightful results. For PCL fibers, the observed
compactness or near compactness indicates the absence of internal voids. This
information was used in Chapter 4 for determining the tensile modulus. On the
other hand, the computed porosity of approximately 50% for PS fibers with sizes
ranging from 2 to 3 um underscores the presence of significant internal voids
within these fibers. Such detailed information about fiber porosity has the

potential to guide material design and optimization for various applications.

The comparison between our microscopy-based method and the pycnometry-
based method revealed the reliability and validity of our approach. By applying
these techniques to PS electrospun fibers, we have demonstrated that the
microscopy-based approach provides a local view of fiber internal porosity. This
localized insight is particularly valuable in understanding the spatial distribution of

porosity within individual fibers.

In summary, this study presents a new method as well as it bridges the gap between
global and local porosity characterization of nanofibers, offering a powerful
analytical tool for in-depth material analysis. The insights gained from this research
can steer the development of novel materials with tailored properties, bringing us
closer to harnessing the full potential of nanofibers in various cutting-edge

applications.
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Chapter 4. Mechanical characterization of single

nanofibers

4.1. Introduction

In most applications, the mechanical properties of the nanofibrous constructs
determine their performance and durability. For example, cells in in-vitro models
can “feel” the stiffness of the surrounding fibrous matrix or substrate. [1, 2, 3]. In
Figure 4.1, we can see the different responses of the cells to different stiffness. In
(a) the cell matrix is elongated whereas in (b) cell appears rounded and lacks

pronounced stress fiber.

Stiff substrate Soft substrate

Figure 4.1. Different cell response to materials with different stiffness. a) cell
response to a stiff substrate. b) cell response to a soft substrate. Adapted with

permission from [2].

The mechanical properties of nanofibrous constructs depend critically on the
mechanical properties (e.g., tensile properties) of individual nanofibers, as
highlighted in constitutive models, which connect microstructure and
macroscopic behavior [4, 5, 6], and in numerical simulations [7, 8, 9]. Therefore,
whereas a mechanical test of the nanofibrous construct often suffices in practice,
the mechanical characterization of individual nanofibers is critical to develop

predictive models and gain fundamental knowledge.
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The approaches used to date to determine the tensile properties of single
nanofibers fall in two groups: feusile testers and microtools [4]. With tensile testers,
ultra-sensitive load cells must be used to achieve accuracy and consistency [10, 11].
Otherwise, the force signal is noisy, especially for weak polymers of biomedical

interest like polycaprolactone (PCL) [12, 13] and PVDF [14].

Furthermore, the issue of signal noise becomes worse as the fiber size gets smaller
[15, 16, 17, 18]. With microtools, the fiber is typically pulled or bent by atomic
force microscopy (AFM) cantilever tip [19, 20, 21, 22, 23, 24, 25, 26, 27]. Figure
4.2 shows several examples of AFM tools for tensile tests. Wingert et al. tested
individual nylon-11 fibers by attaching them to the AFM cantilever via tungsten
manipulator (Figure 4.2a) [23]. Zussman et al. followed a similar strategy and
attached individual nylon-66 fibers between the AFM cantilever and stainless-steel
wire (Figure 4.2¢) [25]. Baker et al. used a different strategy that relies on stretching
of the individual fibers that are anchored on a purpose-made substrate (Figure
4.2b) [20].

AFM

Cantilever




UNIVERSITAT ROVIRA I VIRGILI
CHARACTERIZATION OF NANOFIBERS PRODUCED BY ELECTROSPINNING FOR BIOMEDICAL APPLICATIONS
Reyda Akdemir Reyda Akdemir - Doctoral Thesis

Figure 4.2. Use of AFM tools for single fiber tensile modulus determination. a)
Nylon-11 fiber tested by attaching them to the AFM cantilever via tungsten
manipulator. Adapted with permission from [23]. b) . The anchored fiber to the
grooves of the striated substrate and lateral stretching of the fiber AFM probe.
Adapted with permission from [20]. ¢) Mechanical testing of an individual nylon-
66 fiber attached between AFM cantilever and stainless steel wire. Adapted with
permission from [25].

A complementary approach was presented by Wang et al. where AFM
nanoindentation provides local nano-mechanical information [28]. The tensile
modulus has also been determined from the resonant frequency of the fiber on
which a small weight hangs (Figure 4.3) [29]. However, these measurements were

done on very strong materials such as nylon-66. These methods could be more

challenging with weaker or rubbery materials.

L s s s n "
1825 1850 1875 1900 1925 1950
v(Hz)

Figure 4.3. Resonant frequency method for single fiber tensile modulus
determination. Adapted with permission from [29].

These single-fiber testing methods, however, suffer from several shortcomings.
First, isolating individual nanofibers is inherently difficult [30], and this may be
why many studies focused on strong polymers like silk, nylon, polyimide, PA(6)3T,
PS, Chitosan, Polyimide, and PAN (Table 4.1). Second, the sensitivity of the force-
sensing device (e.g. load cell or AFM cantilever) must be ultrahigh to be able to
match the tiny tension in the fiber. In a few cases, bundles of aligned nanofibers
have been used to mitigate these challenges (Figure 4.4); however, this approach

only works if the number of fibers is low enough to be counted (for the cross-
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sectional area computation, as explained below), and only a modest gain (~2-10)

in force-sensing is achieved [31].

Fibre bundle ——> I

Super glue —___

(a)

Cutting line  ---}-}- -1

Paper frame

Figure 4.4. Tensile testing of fiber bundles. Adapted with permission from [31].

The third challenge in single-fiber testing is the determination of the initial fiber
size before the mechanical test, which usually requires electron microscopy, where
the fiber can be damaged by the electron beam. Instead, the size of the fiber has
been determined by optical microscopy [32], but this can lead to big errors due to
the optical resolution limit at close to 1 um. Another method commonly used to
determine the size of nanofibers was inspecting the undeformed section of the
fiber by scanning electron microscopy (SEM) after the mechanical test. [30]
However, this method also remains unclear since the unbroken part of the fiber
might undergo plastic deformation. Finally, by single-fiber measurements it is
difficult to obtain enough measurements (on different fibers) to obtain statistically
averaged data which can represent a particular nanofibrous construct. Table 4.1

shows a summary of single fiber mechanical tests in electrospinning literature.

Here, we describe an approach that overcomes these issues. We investigate the
individual fiber properties from tensile tests carried on samples of nearly identical
electrospun fibers. The fibers are collected in aligned orientation on rotating

substrates [33]. To go from the sample data (force versus displacement) to the
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individual-fiber information (stress vs. strain) we need the total cross-sectional area
of the entire fibers sample. We determine this area by a method that does not
involve counting the fibers in the sample, but the mass and internal porosity of
the nanofibers. Such individual fiber porosity (IFP) is not usually quantified in
electrospinning, despite being critical to the mechanical behavior of the nanofibers
and their constructs. [34, 35] Here, to determine the IFP, we use a method which
we previously described in Chapter 3 that combines imaging of the fibers by SEM
and imaging of thermally annealed fibers by Atomic Force Microscopy (AFM).
Figure 4.5 illustrates the electrospinning, sample preparation and tensile testing

SthS.

We demonstrate this method using poly-e-caprolactone (PCL), a biodegradable
semi-crystalline aliphatic polyester. With a glass transition temperature of -60 °C,
and a melting point of about 62 °C [30], it typically behaves as a leathery material
and it is delicate, mechanically speaking. The term ‘leathery’ indicates the behavior
observed between the glass transition temperature and the melting temperature
for a semicrystalline thermoplastic polymer [37, Chapter 1]. PCL has been widely
used in tissue engineering to build scaffolds that promote the regeneration of new

tissue, for which the tensile behavior of the nanofiber can be critical during use

[38, 39, 40].
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Table 4.1. Single fiber studies in literature

Testing Method

AFM
AFM
AFM
AFM
AFM
AFM
AFM-3-point
AFM-3-point
AFM-3-peint
AFM nancindentation
Oscillating string
Tensile Tester
Tensile Tester
Tensile Tester
Tensile Tester
Tenslle Tester
Tensile Tester
Tensile Tester
Tenslle Tester
Tensile Tester
Tensile Tester
Tensile Tester
Tensile Tester

First
author
Zussman
Wingert
Baker
Baker
Carlisle
Sharpe
song
Croisier
Shin
Wang
Burman

Szewczyk

Tan
Chew
Lim
Wong
Pai

Siberstein

Pai
Bazbouz
Chen
Chen

Papkov

year

2006
2017
2016
2012
2009
2020
2018
202
2006
2004
2008
2020
2005
2006
2008
2008
2011
2012
2009
2010
2009
2008
2013

Material
Ny lon
Ny lon
PCL
Fibrinogen
Fibrin
PCL- Fibrinogen
PVP/mullite
PCL
PAMPS
SiKPEO
Ny lon
PVDF
PCL
PCL
PCL
PCL
PA(B)3T
PA(B)3T
Polystyrene
MNylon 6
Colagen-Chitosan
Polyamic acid/Polyimide
PAN

M, (kDa)

MN/A
N/A
120-300
MN/A
N/A
120-300

Mn = 130,000

80
2000
900
N/A
275
80
60
80
80
N/A
N/A

280 and 2000

MN/A
80-100
270
MN/A

Fiber selected from
poly disperse mat?
MNo
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
MA
Yes
Yes
Yes
Yes
MNo
MN/A
MIA
N/A
Yes
Yes
MNo

Diameter, average

570 nm and 550 nm
65 nmio 516 nm
440 fo 1040 nm
95
200
230 +/-90
589 nm
250 to 700 nm
60 to 250
800 +/- 50 nm
below 500 nm
MA
1.4{+/- 0.3) pm
from 200 nm o Spm
from 200 to 1200 nm
250 nm 10 2.5 pm
from 170 fo 3643 nm
1.2 pm
11710 3.93 pm
800 nm
between 950 nm 11 pm
221 1o 289 nm
262 1o 1280 nm
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Figure 4.5. Schematic showing the electrospinning, sample preparation and tensile testing steps.
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4.2. Experimental Methods

Polycaprolactone (PCL) (Mw 80 kDa; Mw/Mn < 2; ~3 mm pellets; <0.5% water;
density 1.145 g/mlL at 25 °C) was putchased from Sigma-Aldrich (P/N 440744).
Chloroform (=99%, Alfa Aesar) and methanol (reagent grade, Scharlau) were used
as solvents for PCL. A 12% (w/v) PCL solution in chloroform and methanol (3:1
by volume) was prepared under slow stirring on a magnetic stir plate at room
temperature. The solution was prepared by first dissolving PCL pellets in
chloroform and, after overnight stirring, methanol was added, and the mixture was
stirred for two additional hours to obtain a homogeneous and clear solution. PCL

solutions based on methanol-chloroform mixtures have been previously

electrospun [41, 42, 43, 44].
4.2.1 Electrospinning with a coaxial gas jacket

Electrospinning was performed in a sealed chamber (50 x 50 x 45 cm; see Figure
2.7). A1 mL glass syringe (Hamilton 81320) was filled with the liquid solution and
placed horizontally on an infusion syringe pump (New Era Pump System Ink, NE-
300) which was adjacent to the chamber. A syringe needle (0.390 mm 1D; 0.685
mm OD) (Figure 4.6) was attached to the syringe and introduced through a hole
on a chamber side wall and was then coaxially fitted inside the chamber with a

glass tube (7.9 mm ID).




UNIVERSITAT ROVIRA I VIRGILI
CHARACTERIZATION OF NANOFIBERS PRODUCED BY ELECTROSPINNING FOR BIOMEDICAL APPLICATIONS
Reyda Akdemir Reyda Akdemir - Doctoral Thesis

Figure 4.6. The needle used in our experiments. The scale bar is 0.5 mm.

This tube supplied chloroform-saturated nitrogen gas coaxially (as a gas jacket) at
0.35 mL/s to the end of the needle to prevent premature drying by solvent
evaporation during electrospinning [45, 46] (following the vial design of Liibbert
& Peukert [47]. This flow had a plug-flow speed of 7.2 mm/s, which was
intentionally kept far below the fiber speed. (In preliminary tests, we realized that
methanol in this coflow was detrimental. As chloroform evaporates faster than
methanol, only this solvent’s vapor was needed in the gas jacket.) The needle end
protruded ~30 mm from a small hole at the center of a 50 mm OD brass disk
(“back electrode”), situated behind the glass tube end (Figure 2.7). This
configuration helped reduce the amplitude of fiber whipping during
electrospinning [33]. The needle and the back electrode were connected to the
same high voltage power supply (Ultravolt HV-RACK-2-250-00228). A rotating
wire drum collector was centered in the chamber 15 cm away from the needle [48].
The collector consists of eight thin brass rods (“wires”) distributed along a 30 mm
radius and straddled between two aluminum discs separated by 27 cm (Figure 2.7).
This configuration was chosen instead of the commonly used solid cylinder
collector to facilitate harvesting the fibers without damage. The wire drum was

rotated at 1966 rpm (7.2 m/s equivalent collection speed).

Two independent electrospinning collection runs were performed (named
“Experiment 17 and “Experiment 2”), both within chamber temperature and
humidity ranges of 23.3-25 °C and 20-24% RH. The electrospinning was kept
stable with minor adjustments in the infusion flow rate. The needle voltage was
adjusted between 9.86 and 13.1 kV in Experiment 1 and was kept constant at 14.4
kV in Experiment 2. The top plate electrode voltage was 6.12 kV in Experiment 1
and 60.57 kV in Experiment 2. The wire drum was Earth grounded through its

supporting structure. The collection time was about 90 minutes.
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4.2.3. Samples preparation for mechanical testing

Fiber samples for mechanical testing were prepared as aligned fibers cemented
between two paper frames, as shown in Figure 4.7. First, a strand of fibers at a
selected location on the wire drum was isolated using a razor blade by separating
the neighboring fibers away on either side. Second, a paper frame with a thin layer
of epoxy applied to its top and bottom was adhered to the back side of the strand
of isolated fibers (still on the wire drum). Third, immediately after the first paper
frame was glued, a second paper frame (also with epoxy) was placed over the first
frame from the front side. After letting the epoxy cure for 24 hrs, we cut the fibers
outside of the frame to release the sample, as shown in Figure 4.7 (Framing). The
samples prepared in this way had a uniform distribution of fibers and were easy to
handle. These steps are similar, although not precisely equal to the guidelines of
ASTM D3822 / Designation D3822M -14 [49]. For each Experiment (1 and 2),
several samples were taken from the drum at two axial locations between different
wires (Figure 4.7). The samples were inspected and those free of imperfections

(excessive epoxy or damaged fibers) were set aside for mechanical testing,

The weight of the exposed part of the fibers in each test sample, M, was typically
below 0.2 mg, and was determined as follows: The larger mass of a reference
sample taken from the same axial position on the wire drum was determined. The
dimensions of this reference sample were larger so that the error on its weight
could be acceptably low. The reference sample had a similar width as that of the
test sample but was longer (by a factor of about 3). We then scaled its mass down
by the ratios of frontal areas (width X length) of the test and reference samples.
This proportion must be fulfilled because the fiber properties and width-over-area
density must be the same for a given position on the rotating drum. A Mettler
Toledo XS205DU balance with 0.01 mg resolution was used. Therefore, the

uncertainty in the test sample mass was reduced to about 5%.
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Figure 4.7. Aligned fibers collected on a wire drum and sample preparation.
4.2.4. Mechanical testing

Tensile tests were performed at 30 °C in a dynamic mechanical analyzer (DMA)
(TA Instruments, Q800) equipped with an 18 N load cell (resolution of 1 mN),
fitted with a film tension clamp. The paper-framed samples were placed in the
DMA by clamping the top and down grip areas (where epoxy is present). Next,
the sides of the paper frames were cut with fine scissors, and the automated
chamber closing, and tensile test routines were initiated, and the corresponding
force (N)-displacement (um) curves were obtained. The tests were run at a

constant force ramp rate of 0.1 N/min.

Converting the displacement data to strain involves knowing the initial fiber length
LO. It was determined from photos of the frames before the tensile testing, as the
length of fiber in the open space of the frame which was free of any epoxy. The
initial fiber length of each test sample was determined on the sample photo as the
average of the lengths obtained at 10 positions along the width of the sample,

determined by means of Image] (Figure 4.8).
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Figure 4.8. Representation of Image] lines (red) for the initial sample length
measurement

4.2.5. Indiwidual fiber porosity (IFP) determination

The individual fiber porosity (@) was computed as P=1-Aumeard/ Auspun. The

details of the method are previously explained in Chapter 3.2.
4. 2.6. Scanning Electron Microscopy (SEM)

All SEM samples were gold coated with a layer thickness of ~43 nm prior to
imaging. Micrographs of the fibers were obtained with a JEOL JSM 6400
apparatus and were used for determining their diameter. After electrospinning, we
sampled fibers from the wire drum by approaching from behind the aluminum
SEM sample support with carbon tape affixed. These fibers were from the exact
same axial location on the wire drum as that of the fibers used in the mechanical
test; although were taken between different drum wires than the samples used in
the mechanical test. To prevent the stretching of these fibers during this operation,
we cut them carefully around the SEM support. The fiber diameter measurements

were made “manually” on the images with the aid of Image] (version 1.52p).
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4.29. TGA

A Perkin-Elmer TGA7 thermogravimetric analyzer apparatus was used to
investigate the presence of any residual solvent in the fibers. The analysis was
petformed at 2 °C/min in a nitrogen atmosphere to prevent fiber oxidation. A
specific batch of fiber was made for this purpose. The fibers were left in a Petri

dish for 24 hours before the TGA analysis.

4.3. Results and Discussion

4.3.1. Production and characterization of aligned PCL. nanofibers

We prepared aligned nanofibers of polycaprolactone (PCL) by electrospinning a
solution of this polymer in a mixture of chloroform and methanol (see
Experimental Section). We have specifically chosen this challenging material to
better demonstrate the capabilities of our mechanical testing method since leathery
materials do not exhibit a clear linear elastic (Hookean) region in their stress-strain
curves. Figure 4.5 summarizes the electrospinning process and subsequent steps
needed to obtain the stress versus strain curve from a given sample of fibers. Such
a curve reflects the average mechanical behavior for the fibers in a sample, and is
dependent on the microstructure of the fibers and the molecular arrangements of
the polymer chains in that structure. The electrospinning process conditions can
result in changes in fiber microstructure. For example, smaller fiber sizes typically
result in higher polymer chain orientation, resulting in a stronger mechanical

response [11, 13, 106, 23, 20].

During electrospinning, the PCL fiber whipped in the air while solvent evaporated
(Figure 4.5). The PCL fiber was collected on a wire drum composed of parallel
wires, which rotated at a constant speed (Figure 4.5). The fibers directly harvested
from the wire drum displayed high alignment and smooth walls, as demonstrated
by SEM images (Figures 4.9a,c). Alignment of the fibers during collection is

possible despite the whipping motion when the rotation speed at the collection
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point (ot fiber take-up speed) (7.2 m/s in our case) is comparable to the fiber
production speed (length of fiber arriving at the collector per unit time). Much
higher fiber alignment would require take-up speeds greatly exceeding the fiber
production speed. This would cause the fibers to stretch while suffering structural,
morphological -and thus mechanical- changes [33, 50, 51, 52]. Only when the fiber
whipping can be suppressed, can very high fiber alignment be achieved at the
critical condition of speed matching [33]. For these reasons, in our experiments,
in which the fibers whipped, we sought a moderate take-up speed condition, for
which the fiber alighment was high enough to be able to consider the fibers as
having equivalent orientation, but not so high as to cause mechanical stretching

which would cause a diameter change as well as profound structural changes.

Figures 4.9b,d show the histograms of fiber widths determined from several SEM
images. The fibers’ widths are submicron with a narrow dispersion, with a sample
average diameter of 665 nm in Experiment 1 and 605 nm in Experiment 2, and
standard deviations of 147 and 114 nm, respectively. Although the difference
between the two averages is small, it has statistical significance by Student’s t-test.
The smoothness of the fiber wall is an indication that the fibers are circular. PCL
fibers by electrospinning were reported to be circular in several works [39, 53] .
We confirmed the circularity of our PCL fibers by imaging the cross-sections of
fibers cut by FIB (Figure 11b in Chapter 3). As the presence of solvent can
drastically change the mechanical behavior of polymeric materials [54], we
analyzed a sample thermo-gravimetrically (Figure 4.10). Heating the sample up to
200 °C resulted in only 1% mass loss, proving that no solvent residue is
significantly present in the polymer matrix. Further confirming this conclusion,

the melting peak of PCL in the heat flow curve is observed at 62 °C.
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Figure 4.9. a) SEM image of the fibers obtained from Experiment 1. The inset
shows the smooth wall of the fiber. b) SEM image of the fibers obtained from
Experiment 2. ¢) Size distribution histogram of PCL nanofibers from Experiment
1 (average diameter = 665 nm; standard deviation = 147 nm; sample size = 441).
(Experiment 1) and d) from Experiment 2 (average diameter = 605 nm; standard
deviation = 114 nm; sample size = 221).
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Figure 4.10. TGA curve of PCL/Chloroform/Methanol fibers
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Note that observing smooth-walled circular fibers by SEM does not imply that the
fibers are compact inside, e.g. polystyrene nanofibers spun from DMF solutions
[33, 55]. Therefore, we investigated the individual fiber porosity (IFP) of PCL
fibers. (Chapter 3)

Sample rejection criteria

Samples with damaged fibers or visibly non-uniform fiber coverage were rejected
because we aimed to have as uniform load distribution as possible. Figure 4.11
shows examples of rejected samples. These situations were either caused by errors
in sample preparation. One of the errors was caused by non-uniform ingress of
epoxy into the fibers window. Epoxy was used to glue the fibers to the paper frame
(both frame halves). The presence of epoxy in the fibers window was not cause of
sample rejection, only if the extent of the epoxy varied too much. For each valid
sample, the stretchable length of the fibers (initial fiber length, I5) was determined
excluding the length occupied by any excessive epoxy visible in the frame window.
The tensile testing did not alter the part of the fibers which was covered with
epoxy, as shown in Figure 4.12b,c. We determined the length of the epoxy ingress
into the fibers in the frame window (Figure 4.12a) before and after the mechanical
test. We showed that the length of the epoxy remained the same before and after
the mechanical test, thus proving that the epoxy did not contribute to the
mechanical test. After this was verified, in the fiber length determination of each
sample, we determined the sample’s fiber length as the average of 10
measurements of fiber length, excluding the length occupied by the epoxy, which

were approximately evenly distributed across the sample (Figure 4.8).
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Figure 4.11. Examples of rejected samples. Imperfections (fiber sample damage)
are indicated with red arrows and were caused by errors during sample preparation.

During the mechanical tests, the fibers in most samples broke in the middle
between the clamping points, and this was taken as a criterion for validity of the
test. However, in three cases out of 20 framed samples (all 3 in Experiment 2), the
test was rejected due to incorrect procedure. This includes the cases of Figure 4.11,
which underwent mechanical testing, and only afterwards we noticed their
imperfections in the initial sample, shown in the figure. In another sample tested,
the fibers broke near the clamp where the epoxy overflowed non-uniformly. In

another test, the frame slipped out of the clamp due to poor clamping.

Figure 4.12. a) SEM images of the edge of a sample after mechanical testing,
showing the overflow of epoxy. b) Epoxy length before the mechanical test (c)
and after the mechanical test

4.3.2. Tensile stress-strain behavior

We determined the tensile behavior of single nanofibers by axially pulling large

collections of nearly identical aligned fibers. The fibers had an extremely large
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aspect ratio individually (~10%). In this way, the load was uniformly distributed

across all the aligned fibers in the sample.

Dynamic Mechanical Analyzer IDMA) uniaxial tensile tests were performed in two
independent electrospinning experiments (1 and 2) with a total of 17 samples. The
corresponding force-displacement curves are shown in Figures 4.13a, b. As
expected, the curves atre distinct because the number of fibers (IN) and average
initial fiber length (Ig) varied from sample to sample (see Table 2). To determine
the stress-strain curves from the force F versus displacement AL curves obtained,
the force IF was converted to engineering stress o by dividing I by the aggregate
initial cross-sectional area of the fibers in the sample 5, while the engineering strain

e is the ratio of the displacement AL by Ly
o=F/S  e=4dL/Ly (1,2)

S is the sum of individual cross-sectional areas of all the fibers in the sample before
stretching and is computed as the average cross-sectional area (s7) of a single fiber
in the sample times number of fibers in the sample IN [31]. However, in our case
N is tens of thousands; therefore, we obtained S from the ratio of the aggregate
volume of the fibers [ and the average length of the fibers L in reference samples

(see section 4.2.3) as:

M
Lp,(1-@)

S=V/L

)

where 17is obtained from the mass of the fibers M and their density p, (1 — @),
where p), is the known density of the bulk polymer, and @ is the fibers’ average

porosity (which we established as ®=0; section 3.5.1). After combining equations

(1) and (3), the stress can be expressed as a function of known quantities:

c=F/S=FLI[p(1-®)]/M @)
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Although the number of fibers in each sample N was not needed to compute the

stress, it was nonetheless computed. It was obtained by dividing § by the mean

n T
i=177/4

cross-sectional area of a single fiber s = , where d is the diameter of the

individual fibers determined by SEM which were used in the size histogram

(Figure 9b,d), as:
N =25/s1=M/(s1L [pp(1=P)]) ®)
Sample parameters N, Lo, widths are listed in Table 1.
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Figure 4.13. Force-Displacement curves for the samples from Experiments 1
and 2. The curves are labeled with the sample number.
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The stress-strain curves for the two experiments are obtained from Figure 4.13
using equations (4) and (2) are shown in Figures 4.14. The curves overlap, with a
narrow spread, indicating consistency between the different samples from a single
experiment. At the same time, such consistency proves that the proper
normalizing factors for the force and the displacement (in Equations (1) and (2))
have been considered. Additionally, a good agreement exists between the two

experiments.
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Figure 4.14. Stress-strain curves for the samples from Experiments 1 and 2.

The legends show the sample number.
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For each stress-strain curve in Figure 4.14, we extracted the following mechanical
parameters, listed in Table 1: Maximum slope (MS) stress (stress at the tangent
point), MS strain (strain at the tangent point), tangent modulus (slope at the
tangent point), stress at break, strain at break, and the energy absorbed per volume
of material (toughness). The combined stress-strain curves of experiment 1 and 2
are shown in Figure 4.15. It shows that the curves for single fibers are very similar
from different experiments and samples with different numbers of fibers. The
standard deviations for these variables were small, indicating that the data clustered
around their mean values. Both experiments (1 and 2) exhibit similar means for all
the variables, despite some statistical differences according to the Student’s t-test’s
p-values (Table 1). The tangent modulus was 480 and 506 MPa for experiments 1
and 2, respectively. These values are anticorrelated with fiber size (Figure 4.9), a
trend which has been reported in previous tensile studies on single PCL
electrospun fibers below ~1-micron diameter [11, 12, 13]. Similar size dependence
of the tensile modulus has also been found for single nanofibers of other polymers
by various methods: tensile testing [16, 17], AFM-based mechanical testing [23,
26] and by other techniques [29]. It has been associated with the increased
molecular orientation of the polymer chains as the fiber becomes smaller in

electrospinning. [4]
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Figure 4.15. Combined stress-strain curves for Experiments 1 and 2.
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A point of interest is how contacts between fibers may influence the result of the
tensile test. A large number of fibers in each sample leads to numerous contact
points between the fibers. Such points give mechanical cohesiveness to the fiber
set, as revealed in the hourglass shape adopted by the sample during stretching,
Hypothetically, two perfectly aligned fibers that are in contact along their lengths
will stretch uniaxially in solidarity, provided both fibers have a uniform diameter
and mechanical moduli along their lengths (even if the fibers have different
diameters and moduli). In such an idealized case, the “contact point” is, in fact, a
line of contact, and the contact stresses have a zero net contribution to the force
along the axial direction. In our real samples, the lack of perfect alignhment between
the fibers precludes such lines of contact, but will inevitably result in a multitude
of small contact regions, instead. In either case, the contact regions occupy a
negligible fraction of the aggregate cross-sectional area S, and play a negligible role
in the mechanical response of the sample during the tensile test. The breaking of
the aligned fibers is shown in a supporting video, which shows that the fibers’
stretch homogeneously, indicating that the contact points played a negligible role
in the fiber stretching. (This test was not performed in the DMA, where the fibers
cannot be visualized, but in a separate tester; see the QR code). The video shows
that the sample did not display any kind of global behavior while stretching, of the
kind which is typically observed in bulk samples, where an hourglass shape is
developed.

OF-%10
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Table 4.2. Sample dimensions, number of fibers and tensile properties of tested

samples.
. Initial Number of Maximum Maximum Tangent Stressat Strain at
sosle Wil length fibers /10° slope stress slope strain mofulus break break enimes
@) ey s (MPa) (%) (MPa) (MPa) (%)  (KV/m3)
Experiment 1

1 2.42 5.00 8.62 30.0 7.5 454 137 51 82

2 2.83 5.63 10.1 21.8 6.6 509 151 57 90

3 3.66 5.08 13.0 26.2 7.1 475 134 53 68

4 2.52 5.24 9.0 26.2 4.5 551 145 54 89

5 2.72 5.50 9.7 24.9 5.1 513 163 59 90

6 3.62 4.03 14.1 19.5 5.2 420 173 77 111

7 3.03 4.46 11.8 23.7 5.9 421 140 68 91

8 3.35 4.69 13.0 273 5.9 461 174 70 108

9 2.74 5.42 10.7 19.4 4.7 510 164 63 102

10 2.93 4.61 11.4 309 7.2 483 188 75 127
Mean 25.0 6.0 480 157 63 96
STDEV 3.6 0.9 43 18 9 17

Experiment 2

1 3.56 4.98 26.6 28.8 6.8 547 184 71 91

2 4.38 473 328 18.9 4.6 516 177 78 97

3 417 5.15 313 26.2 42 547 162 60 72

4 4.41 5.16 33.1 159 3.5 564 183 63 79

5 5.00 5.45 36.5 24.9 5.3 456 149 62 59

6 5.03 5.32 36.7 25.6 7.3 404 147 63 59

7 4.26 5.32 31.1 18.9 4.1 504 159 63 67
Mean 22.7 5.1 506 166 66 75
STDEV 4.8 1.4 57.3 15.8 6.2 15.0
p-value (two-tail) 0.33 0.21 0.34 0.295 0.43 0.02

The tangent modulus from our samples (Table 4.2 and Figure 4.14) is compared
to tensile moduli on single electrospun nanofibers, from studies which reported
low noise curves obtained using high sensitivity load cells [11, 13]. Our tangent
moduli are slightly higher than Lim et al.’s (fiber diameter = 350 nm) [13], and
about twice those reported by Wong et al.’s (fiber diameter = 900 nm) [11].
Difterences between studies are not unexpected due to various factors, particularly
crystallinity and polymer chains’ alignment, which can be enhanced by stretching
from the collecting drum in our case (as no drum was used in any of the single-
fiber works). Another unknown factor is whether the fibers in those works had

any individual fiber porosity, whereas our fibers’ porosity is inexistent or very low.
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The tangent modulus from our samples can also be compared to tensile moduli
obtained from macroscopic PCL samples. Data different such studies vary from
216 to 440 MPa (see Table 4.3). This variability is not unexpected as differences
in tensile modulus can arise from various factors, such as polymer molecular
weight, crystallinity, manufacturing, and testing conditions (e.g. strain rate,
temperature). Our moduli (480 and 506 MPa, from Table 4.2) fall above the
macroscopic-sample moduli. This is not surprising, as the polymeric chains are
strongly aligned uniaxially in the direction of the fiber, as was revealed by the XRD

data (Section 3.2).

Besides tensile modulus, bulk and electrospun PCL samples differ greatly in the
plastic deformation region of the stress-strain curves. Figure 4.16 displays two
bulk-PCL studies, corresponding to injection and compression molding [56, 57],
as well as three electrospun fiber samples, one from this study plus two single-
fiber studies with low noise [11, 13]. The two bulk-PCL samples display
viscoplastic behavior with extreme elongations due to necking, where a strain-
hardened neck region develops whose width remains nearly constant with
increasing strain [37, Chapter 9]. This phenomenon allows for very large sample
elongations before the break (ranging from several times to over 10 times the
original sample length) and has been found in other studies (Table 4.3). On the
other hand, the stress vs. strain curves for the fibers made by electrospinning in
Figure 4.16 show much different behavior. The fibers sustain much higher stresses
before breaking than PCL bulk samples, suggesting that they undergo significant
strain hardening without necking. Nonetheless, necking has been observed by
SEM in electrospun fiber mats (including PCL), typically occurring at multiple
locations along the fiber [58, 59, 60, 61,62].
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Figure 4.16. Comparison of the engineering stress-strain curves from this study
and from others for electrospun and bulk PCL from the literature (Lim 2008,
Wong 2008, Rosa 2004, Ragaert 2014). All studies except ours were performed at
constant strain rate (whereas constant stress rate was used in our case). The trace
shown for our study corresponds to sample 6 from Experiment 1.

Table 4.3. Bulk tensile mechanical properties and test conditions of PCL reported
in the literature.

. Stress at Tensile Specimen Elongation _ -
A:,'t':;r Yer Reference Fabrication method ( : sm:_"'r‘;’]te break (n:,a] strength  length rate fx“g;':? c'{itt“"}::’]"t"
(MPa) (MPa) (mm) (mm/min)

Rosa 2004 [57] Compression molding 80 143 18 425 16.9 35 50 238 1

Lepoittevin 2002 [65] Compression molding 50 - - 216 37 - 50 - 524
Ragaert 2014 [56] Injection moiding ~ 84.5 278 35 440 M % 100 463 56
Correlo 2005 [66] Injec fion molding 124 25 - 376 273 20 5 042 -
Granado 2008 [67] Injec fion molding 80 - - 300 14 - - - 42
Eshraghi | 2010 [68) Laser Sintering (I) = 73 88 - 363 105 57 50 - -
Eshraghi | 2010 [68) Laser Sintering (L) =~ 73* 83 343 16.1 57 50 1.46 56
Pitt 1981 [69] Mett extrusion 845 - - 265 - 200 - - 45
Feng 1983 [70] - 50.4 - 273 - -

M,
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4.4 Conclusions

We presented a new method to characterize the tensile properties of nanofibers
made by electrospinning. The method considers a large collection of similar fibers
which are collected in an aligned fashion. Such collections of fibers are much easier
to manipulate than single fibers, as done in previous studies. In addition, the new
method does not require obtaining the size (cross-section) of the single fiber for
the force-to-stress conversion. In our method, instead, the cross-section for each
sample is computed from the mass of the fibers and their density. This method is
very robust and was demonstrated on PCL nanofibers, to show that it can be used
even with rubbery and weak materials, for which methods based on isolating single
fibers become extremely challenging. We obtained consistent tensile properties
across different samples made of fibers produced in the same electrospinning
experiment. Two independent experiments led to slight differences in such

properties.

In summary, the method presented in this study introduces a new dimension to
the characterization of nanofiber tensile properties. Its robustness, simplicity, and
ability to provide consistent results across varying experimental conditions
highlight its potential for becoming a standard in the field of nanofiber research.
As nanofibers continue to find applications in an array of industries, ranging from
biomedical engineering to advanced materials, this method opens doors for more
accurate material assessment and design, ultimately driving progress and

innovation.
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Chapter 5. Use of nanofibers in Tissue Engineering, 3D
rendering, and mechanical simulation.

“The possession of knowledge does not kill the sense of wonder and mystery.

»

There is always more mystery.
-Anais Nin

5.1. Aims and objectives of this work

In this chapter, we focused on vascular tissue engineering scaffolds made by
electrospinning as well as we give an outlook on electrospun scaffolds in tissue
engineering and regenerative medicine. We fabricated polyglycerol sebacate (PGS)
and tropoelastin (TE) scaffolds at different ratios to observe their potential as
small diameter blood vessels. To investigate the distribution of the materials used
in the scaffold (PGS and TE) throughout the scaffold we did 3D rendering of
multiphoton microscopy images and confirm if the ratio used in the
electrospinning solution remains the same in the scaffold.

This work was performed during a research stay in Sydney during COVID
pandemic. Due to the lockdown, we focused on the in-depth analysis of the data
we previously obtained (provided by Weiss research group). However, thanks to
the disposition of Prof. Weiss, Ziyu Wang and Dr. Suzanne M. Mithieux I felt
welcome and was readily integrated into the research team’s work and was able to

contribute on the work described in this chapter.


https://www.azquotes.com/quote/214889?ref=mystery
https://www.azquotes.com/quote/214889?ref=mystery
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5.2. Introduction to Tissue Engineering and Scaffolds

Tissue engineering is an interdisciplinary field that combines principles from
biology, engineering, and medicine to create functional biological tissues for
therapeutic and research purposes. It aims to regenerate or repair damaged or
diseased tissues by utilizing a combination of cells, biomaterials, and biochemical

factors [1,2].

One crucial aspect of tissue engineering is the use of scaffolds. Scaffolds provide
a supportive framework for cells to attach, proliferate, and organize into functional
tissue structures. These structures mimic the natural extracellular matrix (ECM)
found in the body, which provides structural and biochemical cues to guide cell
behavior. The extracellular matrix (ECM) is a complex and dynamic network of
molecules that surrounds and supports cells within tissues and organs in
multicellular organisms. It's a three-dimensional structure composed of vatious
proteins, glycoproteins, proteoglycans, and polysaccharides secreted by cells
themselves. Some examples of ECM are shown in Figure 5.1. The ECM provides
structural integrity, mechanical support, and communication cues for cells,

influencing their behavior and function. |3, 4]
Functions of the extracellular matrix include:

e Structural Support: The ECM forms a scaffold that helps maintain the
structural integrity and shape of tissues and organs. It acts as a
foundation upon which cells can organize and interact.

® Cell Adhesion: The ECM provides attachment sites for cells through
specialized proteins called integrins. These adhesion sites are essential
for cell anchoring and migration.

® Cell Signaling: The ECM contains signaling molecules that guide cell
behavior, growth, and differentiation. These signals influence processes
like cell proliferation, migration, and tissue repair.

® Barrier and Filtration: In certain tissues, the ECM can function as a

barrier, preventing the movement of cells or molecules between
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different compartments. It can also play a role in filtration processes,
allowing specific molecules to pass through.

® Mechanical Support: The ECM contributes to the mechanical properties
of tissues and organs. It helps absorb mechanical forces and distribute
them throughout the tissue, contributing to overall tissue strength and
flexibility.

® Tissue Development and Remodeling: During tissue development, the
ECM plays a vital role in guiding cell differentiation and tissue
organization. It also supportts tissue repair and regeneration by providing
a framework for new tissue formation.

® Homeostasis Maintenance: The ECM helps maintain tissue homeostasis
(a self-regulating process by which a living organism can maintain
internal stability while adjusting to changing external conditions) by
regulating the concentration of growth factors, cytokines, and other
signaling molecules. This contributes to balanced cell behavior and

function.

The composition and properties of the ECM vary across different tissues and
organs, adapting to the specific needs and functions of each tissue type. Overall,
the extracellular matrix is a critical component of multicellular life, contributing to

tissue structure, function, and regulation.
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Figure 5.1. Examples of extracellular matrix. Adapted with permission from [3].

In tissue engineering applications, fibrous scaffolds have been utilized in various
tissue types, including skin, bone, cartilage, nerve, and blood vessels [5, 6, 7, 8, 9].
Researchers have successfully demonstrated the ability of fibrous scaffolds to
support cell attachment, proliferation, and differentiation, leading to the formation

of functional tissues.

Nanofibrous scaffolds are a popular choice in tissue engineering due to their
unique characteristics. Firstly, their high surface area-to-volume ratio allows for
efficient nutrient and oxygen exchange, promoting cell viability and growth.
Additionally, the fibrous structure can mimic the native tissue's mechanical
properties, providing mechanical support to the developing tissue. They are
composed of fibers arranged in a three-dimensional architecture, resembling the

natural ECM. These fibets can be made from vatious materials, such as synthetic
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polymers (e.g., polyglycolic acid, polyglycerol sebacate, polylactic acid,
polycaprolactone), natural polymers (e.g., collagen, fibrin), or a combination of

both [10, 11, 12, 13, 14].

Moreover, fibrous scaffolds can be engineered to possess specific characteristics
that promote tissue regeneration. For instance, the fiber diameter, porosity, and
surface chemistry can be tailored to control cell adhesion, migration, and
differentiation [15]. Functionalization of the fibers with bioactive molecules,
growth factors, or signaling molecules further enhances their ability to guide

cellular behavior and tissue development [16].

Overall, nanofibrous scaffolds play a critical role in tissue engineering by providing
a suitable microenvironment for cells to regenerate and develop into functional
tissues. Continued research and advancements in scaffold design and fabrication
techniques hold great promise for the future of tissue engineering, offering
potential solutions for tissue repair and replacement in a wide range of clinical

applications.

5.1.1. Concept of cell adbesion and proliferation

Cell adhesion refers to the process by which cells attach and bind to the
extracellular matrix (ECM) or other neighboring cells. It is a fundamental step in
tissue formation, as it provides structural integrity and allows cells to communicate
with each other and the surrounding environment. Cell adhesion involves
interactions between specific cell surface receptors, such as integrins, and proteins

present in the ECM, including fibronectin and collagen [17].

To promote cell proliferation in tissue engineering, several factors are considered.
First, providing a suitable microenvironment is crucial. This includes optimizing
the scaffold properties, such as pore size, mechanical strength, and surface
chemistry, to support cell growth and proliferation. The scaffold should also allow
the diffusion of nutrients and oxygen while facilitating the removal of waste

products [18, 19].
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Secondly, the addition of growth factors or cytokines in the scaffold can stimulate
cell proliferation. Growth factors are signaling molecules that regulate cell
behavior, including proliferation. By incorporating growth factors into the scaffold
or delivering them in a controlled manner, tissue engineers can influence cell

proliferation rates and guide tissue development |20, 21].

Furthermore, the mechanical forces experienced by cells, such as fluid shear stress
or mechanical stretching, can also impact cell proliferation. Applying appropriate
mechanical cues to the engineered tissues can mimic the physiological conditions

and stimulate cell growth and division. [22, 23, 24|

In summary, cell adhesion and proliferation are crucial aspects of tissue
engineering. Promoting cell adhesion ensures proper cell-substrate and cell-cell
interactions, while facilitating cell proliferation enables the formation of functional
tissues. By understanding and manipulating these processes, tissue engineers aim
to create artificial tissues and organs that can effectively restore or replace damaged

or diseased tissues in the human body.
5.1.1. Other technigues to manufacture artificial scaffolds

There are several techniques used to produce artificial scaffolds for tissue
engineering. The choice of technique depends on factors such as the desired
scaffold structure, material properties, and the specific tissue engineering

application. Here are some commonly employed techniques:

® Porogen-based techniques: Porogen-based techniques involve the use
of sacrificial materials that are mixed with the scaffold material and
subsequently removed to create a porous structure. One approach is the
salt-leaching method, where salt particles are mixed with the polymer,
and subsequent leaching with a solvent dissolve the salt, leaving behind
interconnected pores. Another method is the use of gas-foaming agents,
where gas bubbles generated during scaffold fabrication create voids

upon the solidification of the polymer [25].
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3D Bioprinting /Additive Manufacturing: 3D printing or additive
manufacturing techniques allow the precise layer-by-layer deposition of
materials to create complex 3D structures. Various 3D printing methods
are employed, including stereolithography, fused deposition modeling,
and selective laser sintering. These techniques enable the fabrication of
scaffolds with intricate geometries and controlled pore size and
architecture, tailored to specific tissue needs [26, 27, 28, 29]. Types of

bioprinting is shown in Figure 5.2.

a Inkjet bioprinter b l Microextrusion bioprinter ] c[ Laser-assisted bioprinter

Energy- Laser Donor

Thermal Piezoeletric Pneumatic Piston Screw absorbing pulse  slide
S S l l «Valve layer
Heater J
Vapor Piezoelectric > *
bubble actuater :
I =~ & < g

Figure 5.2. Types of bioprinting. Adapted with permission from [26].
Self-Assembly: Self-assembly techniques exploit the inherent properties
of certain materials to form organized structures without external
intervention (Figure 5.3). For example, peptides or proteins with self-
assembling properties can be designed to spontaneously form
nanofibrous scaffolds when exposed to physiological conditions. Self-
assembly techniques offer simplicity and reproducibility in scaffold
fabrication [30, 31] .

K::'"
5N

".

Layer-by-layer self-assembly Tmplant

Figure 5.3. Layer-by-layer scaffold assembly. Adapted with permission
from [30].

Solvent Casting/Particulate Leaching: Solvent casting involves the
creation of a polymer solution or suspension that is cast into a mold and

then solidified by solvent evaporation or crosslinking. Particulate
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leaching involves incorporating particulate materials, such as sugar or
salt particles, into the polymer solution, followed by their removal to
generate pores. This technique allows the production of scaffolds with
controlled porosity and pore size distribution [32].

e Electrospun Fiber Meshes: In addition to electrospinning, electrospun
fiber meshes can be created by using various collectors or mandrels with
specific geometries. By manipulating the collector or mandrel design,
such as using rotating drums or cylinders, fibers can be collected in
aligned or oriented patterns, mimicking the organization of native tissues
such as muscle or nerve. [33, 34, 35]

® Decellularized Tissue Scaffolds: Decellularization involves removing
cellular components from native tissues, leaving behind the extracellular
matrix (ECM). These decellularized tissue scaffolds retain the structural
and biochemical cues of the native tissue and can serve as scaffolds for
cell seeding and tissue regeneration. This technique is particularly useful

for complex tissues such as heart valves or blood vessels [36, 37].

5.3. Electrospun scaffolds for tissue engineering of vascular
grafts

Every year, around 1.4 million patients in the United States require arterial
prostheses due to vascular issues. Unfortunately, the current options available for
replacing these vascular grafts have shown limited success in clinical applications,
amounting to a cost exceeding US$25 billion [38]. Notably, diseases affecting
small and medium-sized blood vessels contribute significantly to mortality rates
[39]. Atherosclerosis, a severe condition, leads to plaque buildup beneath the
intimal layer, reducing the available cross-sectional area for blood circulation. This
results in diminished blood flow to tissues downstream of the plaque [40].
Ultimately, patients often need cardiac and peripheral bypass surgeries, involving

the replacement of a section of blood vessels.
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In cases like "blue baby syndrome," where only one of an infant's ventricles
functions propetly, a procedure called the "Fontan operation" becomes imperative
[41]. This operation requires the creation of an engineered blood vessel to link the
right pulmonary artery with the inferior vena cava. This redirection allows
deoxygenated blood to bypass the heart and directly reach the lungs. Similarly,
conditions such as coronary artery diseases and peripheral vascular diseases

frequently necessitate the replacement of damaged native blood vessels [42].

Vascular scaffolds specifically focus on creating scaffolds that mimic blood
vessels. They are designed to support the growth and organization of endothelial
cells, smooth muscle cells, and other cell types found in blood vessel walls
(Figure 5.4). The electrospun nanofiber-based vascular scaffolds can provide
mechanical support and serve as a template for the formation of new blood

vessels in tissue engineering applications.

Tunica Tunica Basal Tunica Endothelial
adventitia media lamina intima

cells

Fibroblast

Smooth
muscle
cells

Collagen
and elastic
fibers

Figure 5.4. General structure of a blood vessel (Ng 2018)

Currently, the available choices for these types of transplants include autologous
grafts (e.g., coronary artery bypass graft using the patient's own mammary arteties
and saphenous veins), allografts (from donors or cadavers), xenografts (like bovine
or porcine pulmonary valve conduits), artificial prostheses, or synthetic vascular

grafts constructed from materials such as expanded polytetrafluoroethylene
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(ePTFE) and polyethylene terephthalate (PET) [44]. Limitation of commercially

available vascular grafts can be listed as:

® Thrombosis: All types of vascular grafts can be prone to blood clot
formation (thrombosis), which can lead to graft failure and potentially
serious complications.

® Aneurysm Formation: Some grafts can lead to aneurysm formation due
to various factors such as porosity, graft material, and blood flow
dynamics.

® Immune Reactions: Biologic grafts, allografts, and xenografts (grafts
from animals) can trigger immune responses, potentially leading to graft
rejection.

e Compliance Mismatch: Synthetic grafts may have different compliance
(elasticity) compared to natural blood vessels, which can impact blood
flow dynamics and lead to complications.

® Size Limitations: Some grafts may not be suitable for very small or very
large vessels, limiting their application. Although these materials are
available and provide clinical efficiency, they have a low ratio of patency
when employed for small diameter blood vessels (<6 mm). The reported

patency rates are 40% after six months and 25% after three years [45].

Electrospun nanofibers for tissue engineering, specifically for vascular scaffolds,
hold great potential in advancing regenerative medicine and providing solutions
for tissue and organ replacement therapies. According to the literature search done
by Leal et al, electrospinning holds 49% of the entire vascular tissue engineering
studies [46]. Several efforts have been undertaken to create scaffolds for blood
vessels using diverse strategies and polymers. Figure 5.5 shows some of the
frequently utilized polymers in these attempts. Researchers continue to explore
and refine this technique to develop functional and clinically relevant tissue-

engineered constructs.
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Figure 5.5. Polymers used in vascular tissue engineering. Adapted with
permission from [46].

5.1.1. Tropoelastin (The Building block Elastin) nanofibers and blood

vessel tissue engineering

Elastic fibers exist within the extracellular matrix of connective tissue, furnishing
tissues with the capacity to undergo repetitive and reversible deformation while
maintaining resilience. It stands out as one of the most hydrophobic proteins
known, with more than 75% of its sequence comprising only four nonpolar amino
acids: glycine, valine, alanine, and proline. Elastin is widespread in numerous
tissues, constituting a significant portion of their composition. For instance, it
constitutes up to 57% of the aorta, 50% of elastic ligaments, 32% of major vascular
vessels, 7% of lung tissue, and contributes 5% to the overall dry weight of the skin
[47]. These fibers exhibit diverse arrangements based on the tissue type: forming
compact, cord-like networks in the lung, skin, and ligaments; adopting thin,

concentric layers in blood vessels; and creating expansive, three-dimensional
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honeycomb patterns in elastic cartilage [48]. Presence of elastic fibers provides
these tissues with the ability to rebound and recover. (Figure 5.6) Mechanically,
elastic fibers operate akin to a collection of entropic springs. These fibers store a
fraction of mechanical energy while the heart undergoes systolic expansion,
subsequently releasing this stored energy during diastole. This released energy

serves to facilitate the continuous flow of blood.
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Figure 5.6. Schematic for the mechanical and biological roles of elastin in natural

blood vessels. Adapted with permission [43].

Elastin is an insoluble protein composed of the soluble monomer #ropoelastin [49).
Elastin-forming cells, such as smooth muscle cells (SMCs), endothelial cells, and
fibroblasts, produce tropoelastin in the form of a protein weighing around 60 to

70 kDa [50, 51]. A tropoelastin monomer is illustrated in Figure 5.7.
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Figure 5.7. a) Structural features of the tropoelastin monomer; b) cell interactive
C- terminal sequence — RKRK; and ¢) assembly model showing the N- to C-
terminal interaction. Adapted with permission from [52].
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The production of elastin fibers is most prominent in the initial stages of
development, particulatly in the late fetal and early neonatal periods [53, 54].
Tropoelastin, beyond its traditional function in providing elasticity as the building
block for the ECM protein elastin, has now been recognized for its crucial
involvement in cell attachment, spreading, signaling, and tissue regeneration [50].
During elastin synthesis, cells within the ECM come into contact with tropoelastin.
However, in mature tissue where elastogenesis is limited, the levels of tropoelastin
decrease accordingly. Nevertheless, injury to mature elastic tissue leads to the
release of proteolytic elastin fragments, which retain functional cell-interacting
sequences found in tropoelastin. Consequently, tropoelastin plays a signaling role,
promoting angiogenesis (the growth of blood vessels from the existing
vasculature) in vivo. It remains unclear whether endothelial cells directly respond
to these elastic sequences or if the effects are mediated indirectly. The angiogenic
potential of tropoelastin was initially identified in an in vivo study that employed
tropoelastin within a dermal regeneration template. Furthermore, recent evidence
shows that heat-stabilized pure tropoelastin implants enhance the healing of full-
thickness wounds in pigs. This improvement is accompanied by evidence of
perfusion in pink tissue, leading to enhanced dermal growth and accelerated re-
epithelialization. These consistent yet not fully understood findings from multiple
animal models highlight the role of tropoelastin as a promoter of blood vessel

formation in vivo. [50]

5.4. Fabrication and 3D rendering of PGS/TE scaffolds,
what information do we get from 3D reconstruction? (This
Study)

5.2.1. Fabrication of PGS/ TE scaffolds (This Study)

In our work, multiphoton microscopy (Leica SP8 Dive) was used to examine the
microstructures of the heat-stabilized scaffolds composed of TE and PGS
(shown in Figure 5.8). In the case of TE30, a combination of TE aggregates and

tibers was found within a PGS matrix. For TE50, TE fibers were uniformly
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dispersed throughout a PGS matrix, with a denser fiber network compared to
TE30. The structure of TE70 was entirely fibrous, with both TE and PGS
present in the same fibers, and a notable concentration of the PGS component
at the interconnecting fiber regions. A similar fibrous network structure was
evident in TE100 as well. The findings from both SEM and multiphoton analysis
revealed that electrospun TE-PGS scaffolds exhibit a range of microstructures,
varying from matrices where fibers are embedded in a non-porous manner to
complete fibrous networks. The specific microstructure observed is contingent

on the ratio of TE to PGS. [57]
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produced scaffolds at different ratios c) average porosity of the scaffolds. d) multiphoton microscopy images of cells through the scaffold
at different ratios. Adapted with permission from [57]
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Creating a 3D rendering of nanofibrous multiphoton microscopy images
involves visualizing intricate structures and details captured using advanced
microscopy techniques. The images are obtained from the nanofibrous
multiphoton microscopy images using a suitable microscope equipped with
multiphoton capabilities. This technique allows deeper imaging within samples,

such as biological tissues, by using near-infrared light.
3D rendering usually involves four main steps:

® Image Segmentation: Segment the nanofibrous structures from the
background using image processing methods. This could involve
thresholding, edge detection, or machine learning-based techniques to
isolate the nanofibers.

® Image Reconstruction: For each plane of the microscopy data, create a
2D image stack that represents the nanofibers in that plane. These 2D
slices will form the basis for constructing the 3D rendering.

® Volume Rendering: Utilize software tools capable of volume rendering,
such as Image], Fiji, Imaris, or specialized microscopy software provided
by the microscope manufacturer. These tools allow you to stack the 2D
slices and render them into a 3D structure.

® Visualization: Interact with the 3D-rendered structure using software
tools. Rotate, zoom, and pan to explore the nanofibrous structure from

different angles.

In order to make 3D rendering of TE70 and TE50, we used Dragonfly (version
2021.1, accessed from July 2021 to November 2021) The first step was
separating the images of TE and PGS (50:50) taken by different detectors

(Figure a and b). We used Image] software with the Bio-Format plugin in order
to process the images.. In this case, there were 50 slices of microscopy images of
TES50 and they were separated as 25 (PGS) and 25(TE) slices. From Figure 5.8a
and b, we made one segmented image adjusted manually (Figure 5.8¢c and d),
then the same conditions were applied to the rest 49 slices automatically. Finally,

all the images were stacked together in order to visualize the 3D image (Figure
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5.8d). We made several “imaginary” cuts in order to investigate the internal
morphology of the overall structure (Figure 5.8f), as well as the cross-section
(Figure 5.8g). TE50 showed homogeneously distributed TE fibers dispersed
throughout a PGS matrix with a higher fiber network density Same process for
TES50 was tried for 90 slices as well. Similar results were obtained. This ratio of

PGS:TE seemed to give homogenous distribution consistently.
. .
J g

Figure 5.9. 2) multiphoton microscope image of TE fibers b) multiphoton
microscope image of PSG matrix. ¢) segmented image of TE fibers d) segmented
image of PGS matrix. €) microscope images combined to create a 3D object f)
segmented images of TE and PGS combined (showing the internal structure) g)
cross-section of the stacked images

The same 3D rendering processing conditions were applied to TE70 images that
had 128 slices (Figure 5.10). In this case, inhomogeneity and aggregates of PGS
were observed throughout the mat. We also made an area determination study.
(Figure 5.11) Region of interest was determined for each slice. The results
suggested that TE/PGS ratios in the scaffold were not the same as in the
solution. This might be because unstable electrospinning causes some material

loss.
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Figure 5.10. 3D rendering of 70TE scaffolds. White arrows show the
accumulated PGS regions.
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5.5. Mechanical simulation of electrospun mats, why is it
important, future works

Electrospun mats are commonly used in vatious applications, including tissue
engineering, filtration, and drug delivery. The mechanical properties of these mats,
such as stiffness, elasticity, and strength, play a crucial role in their performance.
Mechanical simulation allows researchers and engineers to predict these properties
without the need for extensive experimental testing, saving time and resources. By
simulating the mechanical behavior of electrospun mats, researchers can explore
different design parameters, such as fiber alignment, density, and composition, to
optimize the material's performance for specific applications. This helps in
tailoring the material's properties to meet desired requirements. Simulations can
guide the manufacturing process of electrospun mats by predicting how different
processing parameters, such as electric field strength, solution flow rate, and
collector distance, affect the final mechanical properties. This helps in achieving
consistent and desired material properties. Mechanical simulations can be used to
validate experimental results. If the simulated mechanical properties closely match
the experimental values, it provides confidence in the accuracy of the simulation
model.

In our study, we simulated the tensile test behavior of randomly oriented 350 nm
TE fibers that are about 350 nm. (This value was obtained experimentally) The
fibers were drawn in SolidWorks and mechanically analyzed in Abacus software.
Baldock et al. reported the young modulus of TE protein as 2.9 kPa [58]. We used
this value in our simulations as the young modulus of one single fiber to simulate
the overall young modulus of the TE mats. We did 2 mats, one with fewer fibers
(Figure 5.12) and another with more fibers (Figure 5.13). This was the first attempt
to see the stretching of TE nanofibers and stress concentration regions within the
electrospun mat. However, in order to get meaningful stress-strain data, further

investigation is required.
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5.6. Conclusions

In conclusion, the utilization of Dragonfly 3D rendering in this study has provided
valuable insights into the structural characteristics of electrospun scaffolds and
their correlation with real-world samples. The analysis of the 3D rendering results
revealed a consistent and logical pattern that aligns with the physical attributes of

the electrospun scaffolds.

One noteworthy observation from the 3D rendering analysis is the similarity in
distribution patterns exhibited by the scaffolds produced using different
parameters. Specifically, the scaffolds generated with a 50TE configuration
consistently displayed the most uniform distribution for both components. This
consistency across different samples underscores the reliability and accuracy of the
Dragonfly 3D rendering method in capturing the inherent characteristics of the

electrospun scaffolds.

However, it is crucial to acknowledge that the investigation into material
distribution did reveal some intriguing and potentially important disparities. The
utilization of image stacking and subsequent region of interest computations
exposed a phenomenon where the material ratios within the 3D images deviated
from the expected ratios in the original solution. This incongruity raises questions
about the electrospinning process itself and suggests the presence of material loss

during the fabrication process.

One plausible explanation for this discrepancy could be attributed to the instability
of the electrospinning process. Electrospinning is a complex and multifaceted
procedure influenced by numerous variables such as voltage, flow rate, and
solution viscosity. The interaction of these factors may lead to non-uniformities in
the deposition of materials on the collector, resulting in material loss that is not
adequately captured by the 3D rendering method. The volatility of the
electrospinning process could account for the observed disparities between the

material ratios in the 3D images and the anticipated ratios in the solution.
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In light of these findings, it is apparent that while Dragonfly 3D rendering offers
a comprehensive visualization of the electrospun scaffolds' structutes, it may not
provide an exhaustive account of the material distribution, particularly when facing
intricate processing techniques like electrospinning. Therefore, future research
endeavors should not only continue to leverage the power of advanced imaging
techniques like Dragonfly 3D rendering but also collaborate with other analytical
methods to comprehensively capture the intricacies of material distribution during

fabrication.
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General Conclusions

To conclude, this study has introduced an innovative method to precisely compute
the internal porosity of individual polymeric nanofibers. By combining SEM and
AFM imaging, we've developed a technique that determines cross-sectional areas
before and after thermal annealing, offering localized insight into fiber porosity.
This localized approach differs from the pycnometry-based method that provides

a global porosity value, which can be valuable in specific applications.

Applying our method to analyze PCL and PS fibers has yielded valuable outcomes.
PCL fibers exhibit compactness, implying the absence of internal voids, while PS
fibers show approximately 50% porosity, highlighting significant internal voids.
This detailed porosity information can guide material design for various
applications. Comparing our microscopy-based method with pycnometry-based
approach validates our method's reliability. Applying these techniques to PS
electrospun fibers demonstrates that the microscopy-based approach offers a local
view of fiber porosity distribution, particularly useful for understanding individual
fiber porosity distribution. Insights gained can drive tailored material
development. The study also introduces a new method for characterizing tensile
propetties of electrospun nanofibers in a practical way. This method's robustness
and consistency across varying conditions highlight its potential as a standard in
nanofiber research. Utilizing Dragonfly 3D rendering offers insights into
electrospun scaffold structures. In our work, consistent distribution patterns are
observed, notably with the 50TE configuration. Discrepancies in material
distribution within 3D images compared to original solutions raise questions about

the electrospinning process and possible material loss.
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