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Resumen

Las fibras de quitosano electrohiladas se han estudiado por su biocompatibilidad y sus propiedades
antibacterianas. Sin embargo, la produccién de fibras puras de quitosano mediante electrospinning es un
reto debido a su rigida estructura quimica. En este estudio se sintetizan fibras de quitosano optimizando la
solucién de polimero y los parametros del proceso de electrospinning. Se elaboraron soluciones a varias
concentraciones de quitosano a partir de caparazones de camardn, cangrejo y quitosano comercial (Sigma-
Aldrich). Los disolventes usados fueron dcido acético diluido(AcOH),4cido trifluoroacético (TFA) al 99
% de pureza y diclorometano (DCM). Para mejorar su conductividad, algunas soluciones se reforzaron
con nanotubos de carbono multipared (MWCNT). Se probaron varias soluciones de quitosano para elec-
trospinning, pero ninguna produjo un chorro visible cuando se aplicé el campo eléctrico. S6lo cuando se
utilizé6 TFA como disolvente se depositaron fibras de quitosano en el colector. La homogeneidad de las
fibras electrohiladas se mejoré afiadiendo DCM a la solucién de quitosano-TFA. Mediante microscopia
electrénica de barrido (SEM) se analiz6 la morfologia de las fibras; antes de la observacion, las muestras
se recubrieron de oro mediante pulverizacién de plasma. Las muestras que proporcionaron las mejores
fibras fueron de quitosano de Sigma-Aldrich y quitosano de cangrejo a una concentraciéon del 4% (p/v)
utilizando TFA/DCM como solvente. Al someter las fibras a un andlisis quimico mediante espectroscopia
Raman, los resultados indicaron la presencia de grupos amino (NH;) caracteristicos del quitosano. Es
interesante observar que los picos relacionados con el solvente (CF3) no eran visiblemente prominentes en
los espectros, lo que indica que el proceso de electrospinning consiguié eliminar el solvente. La produc-
cién satisfactoria de fibras de quitosano ofrece un nuevo enfoque para crear andamios inteligentes para la
ingenieria de tejidos.

Palabras claves: Quitosano, electrohilado, biomaterial, solvente,
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Abstract

Electrospun fibers based on chitosan have been studied for their biocompatibility and antibacterial
properties. Nevertheless, producing pure chitosan fibers through electrospinning is challenging due to
its rigid chemical structure. This study synthesizes chitosan fibers by optimizing polymer solution and
electrospinning process parameters. Several concentrations of chitosan were produced from shrimp, crab
shells, and commercial chitosan(Sigma-Aldrich). The solvents tested were dilute Acetic Acid (AcOH),
Trifluoroacetic acid (TFA) 99 % purity, and Dichloromethane (DCM) . To improve their conductivity, some
solutions were reinforced with Multi Walled Carbon Nanotubes (MWCNTSs). Several chitosan solutions
were tested for electrospinning, but none produced a visible jet when the electric field was applied. Only
when TFA was used as the solvent, chitosan fibers were deposited onto the collector. The results showed
that when the chitosan concentration was increased, the morphology of the deposition on the collector
changed from spherical beads to interconnected fiber. The homogeneity of the electrospun chitosan fiber
was improved by adding DCM to the chitosan-TFA solution with a volume ratio 70:30 v/v. Scanning
electron microscopy (SEM) analyzed the morphology of the fibers; before observation, the samples were
coated with gold using plasma sputtering. The samples that provided the best fibers were Sigma-Aldrich
chitosan and crab chitosan at a concentration of 4 % (w/v) using TFA/DCM as solvent. Upon subjecting
the fibers to chemical analysis via Raman spectroscopy, the results indicated the presence of amino groups
(NH») that are characteristic of chitosan. It is interesting to note that the solvent-related peaks (CF3)
were not visibly prominent in the spectra, indicating that the electrospinning process was successful in
eliminating all the solvent. The successful production of chitosan fibers offers a new approach to creating
smart scaffolds for tissue engineering.

Keywords: Chitosan, electrospinning, biomaterial, solvent,
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Chapter 1

Introduction

In recent years, there has been significant scientific interest worldwide in biomaterials like chitosan, starch,
collagen, gelatin, alginate, and cellulose. These materials are attractive candidates for use in biomedical
fields due to their ability to support cell adhesion, migration, proliferation, and differentiation effectively '.
Chitosan is an extensively used natural polysaccharide that has garnered noteworthy recognition for its
advantageous features, including biocompatibility, biodegradability, and its effectiveness in combating
bacteria and inflammation?. The antimicrobial properties of chitosan oligomers are enhanced due to the
polymer chain’s positive charges and free amino groups. Therefore, increasing the number of amino
groups improves antimicrobial activity by changing the bacterial cell wall’s permeability. Protonated

amine groups of chitosan bind negatively charged bacteria breaking their reproduction?.

The conventional fiber spinning methods are melt spinning, wet spinning, and dry spinning®*. Recently,
there has been a lot of focus on using high electrostatic potentials to create ultrafine fibers from various
materials through a process called electrospinning. Chitosan-based electrospun nanofibers have been
extensively studied, and many products containing chitosan nanofibers have been made through electro-

spinning.



2 1.1. PROBLEM STATEMENT

Producing high-quality chitosan nanofibers is difficult due to their inflexible chemical structure, pos-
itively charged properties, and intricate hydrogen bonding at the molecular level®. In electrospinning,
the solvent plays two essential roles. Firstly, it dissolves the polymer molecules, making them ready to
form an electrified jet. Secondly, it transports the dissolved polymer molecules towards the collector and
then rapidly vaporizes to leave behind the polymer fibers. Choosing the right solvent system is crucial for
successful electrospinning®.

The research aims to create pure chitosan fibers using 3 types of chitosan sources: 1) shrimp chitosan,

2) crab chitosan, and 3) commercial chitosan.

1.1 Problem Statement

Chitosan is one of the most abundant natural polysaccharides, and the global market volume is expected
to reach USD 47.06 billion by 20307. Chitosan is a highly sought-after material due to its unique prop-
erties, which make it biologically renewable, biodegradable, and non-toxic. It is also biocompatible,
non-antigenic, and biofunctional. These properties are essential in successfully electrospinning the mate-

rial and help bridge the gap between basic polymer chemistry and advanced nanomaterial science®.

Although many articles have been published during the last twenty years, fiber chitosan applications
in the biomedical field still need to be improved, mainly due to the difficulty of obtaining fiber with high
purity®. The high electric field involved in electrospinning causes repulsion among the ionic groups present
in the polymer backbone. As a result, bead formation occurs frequently, which makes it quite challenging

to create pure chitosan nanofibers in a continuous form'

. Moreover, the production of uniform fibers
using chitosan-based materials poses a significant challenge due to the complexity of selecting appropriate
solvents and ensuring robustness based on fiber properties, processing parameters, and solution concen-
tration. Consequently, the production of chitosan-based materials is relatively limited due to their higher

cost compared to synthetic polymers!. For this reason, developing more economical and environmentally

friendly methods to obtain chitosan and convert it into valuable products is required.
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Research on chitosan is crucial in Ecuador due to its abundant raw material resources, especially white
shrimp. With an annual production of 600-800 million pounds, chitosan is the country’s second-largest
non-oil export'?. The majority of shrimp is sold with its exoskeleton still intact, accounting for 62% of
sales. 87% of the national shrimp production is exported, while the remaining 13% is sold locally. In
Ecuador, the shrimp exoskeleton is considered a waste in most food industries. The exoskeleton represents
approximately 15-20% of the total weight of the shrimp; however, waste from shrimp processing is about
40-50% of its weight (this includes the exoskeleton, legs, head, and tail); this means that a minimum of

41,000 tons of shrimp waste are wasted annually, which could be used in the production of chitosan!® .

According to Mathur Narang '? it requires 10 kilograms of shrimp waste to manufacture 1 kilogram of
chitosan via chemical deacetylation. This implies that Ecuador has the potential to generate 4,100 tons of
chitosan annually. To provide insight into the economic opportunity, a quantity of 250 grams of chitosan
can be sold for USD 231, which could result in a net profit of roughly USD 1.5 billion after factoring in

the expenses related to production and raw materials.

It is important to conduct research in Ecuador regarding the industrial extraction and production of
chitosan. This research can help create finished products like filters and dressings that use the electro-
spinning technique to generate nanofibrous membranes 3. The electrospinning process has gained more
attention from the scientific community in the last three decades due to its unique advantages that generate
promising results, especially in nanotechnology and biomedicine. Research on electrospinning is mainly

led by the United States, as evidenced by the increasing number of scientific publications.

However, in Ecuador, there needs to be more research on electrospinning. The educational institutions
that lead the field are the Yachay Tech University and the Universidad de las Fuerzas Armadas - ESPE.
This demonstrates the feasibility, viability, and importance of the current project since it would lay the

foundations for future research aimed at applying the results of this study in biomaterials, tissue engineering,
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drug delivery, and wound healing. Additionally, there is a growing demand to study and industrialize the
manufacturing methods of biomaterials derived from shrimp to gain better knowledge of the raw material

and eventually market the products.

1.2 Motivation and Research Objectives

1.2.1 General Objective

Synthesize pure chitosan fibers by electrospinning technique for biomedical application.

1.2.2 Specific Objectives

* To determine the most optimal parameters of the chitosan solution (molecular weight, solvent, and
viscosity/concentration) and processing (voltage, flow rate, and distance between needle tip and

collector) to make pure chitosan fibers by electrospinning.

* To improve the electrospinning properties of the solution by adding Multi Walled Carbon Nanotubes

(MWCNTs)

» To evaluate the morphological characteristics of the fibers obtained using Scanning electron mi-

croscopy (SEM)

* To analyze the chemical composition and functional groups present in chitosan fibers by Raman
spectroscopy to understand the role of the electrospinning process and the interaction between

chitosan and the solvent in the resulting fibers.



Chapter 2

Theoretical Background

2.1 Chitosan

Chitosan is a natural biopolymer derived from the chitin deacetylation, found on crustacean shells (e.g.,
shrimps, lobsters and crabs)”. It consists of D-glucosamine and N-acetyl D-glucosamine linked through a
B -1,4-glycosidic bond, as depicted in Figure 2.1. The presence of reactive amino groups at C2 atom and
the hydroxyl group at atom C3 and C6 on chitosan is useful in a wide application in various industries.
This natural polysaccharide has attracted much attention in numerous biomedical applications because
of its well-known exceptional biocompatibility, non-toxicity, antimicrobial activity against a wide range
of bacteria and fungi, nonimmunogenicity and readily biodegradability®. Degree of Deacetylation (DD)
in chitosan can range from 40% DD to 98% DD, while its Molecular Weight (MW) can range from 50
Kilodalton (kDa) to 2000 kDa.

2.2 Source

Chitosan can be extracted from multiple sources, including insects, yeast, mushrooms, cell walls of fungi,

and marine shellfish such as crabs, lobsters, krill, cuttlefish, shrimps, and squid pens. Chitin forms a
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OH OH

HO NH, HO NH,

Figure 2.1: Schematic representation of chitosan.

covalently bound network with proteins, metals, and carotenoids in shellfish to create an outer protective
coating. The shells of crustaceans contain 30-40 % proteins, 30-50% calcium carbonate, and 20-30 %
chitin. They also have different pigments like astaxanthin, canthaxanthin, lutein, and carotene, but their
proportions vary depending on the species and seasons. Shrimp, prawn, and crab waste are the primary
sources of commercial chitin and chitosan production due to the increase in shellfish consumption and the
expansion of aquaculture. Nonetheless, mycelium waste from fermentation processes presents an untapped

potential source.

2.3 Production of Chitosan

Chitosan production involves several steps, including the preparation of chitin from biological material,
followed by deacetylation to produce chitosan. Typically, the production process for chitosan from crus-
tacean shells involves four basic steps: demineralization, deproteinization, decoloration, and deacetylation.
The order of demineralization and deproteinization steps can be interchangeable. The exoskeleton of crus-
taceans is a commonly used starting material for commercial chitosan production. Figure 2.2 clearly
depicts the process of chitosan powder production, which begins with the extraction of chitosan from

crustacean shell.
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gg Seafood waste — Demineralization — Deproteinization

_OH

.

<
09  «— Deacetylation «—

Chitosan

'\\ (@] :."\’
powder

HO NH, “CHs
Chitosan Chitin

Figure 2.2: Chitosan production process
2.4 Properties of chitosan biopolymers

Chitosan is powder (or flakes) with different MW, DD, insoluble in water and organic solvents, soluble in
dilute hydrochloric, formic and Acetic Acid (AcOH). The solubility of chitosan depends on MW and DD !4,
Understanding the molecular weight of polysaccharides is crucial for comprehending their applications
and functions in living systems. The molecular weight of chitosan is heavily influenced by the conditions
of deacetylation. Chitosan is available commercially with molecular weight ranging from 10 to 1000 kDa.
The higher the DD of chitosan, the higher the degree of protonation of amino groups in the molecule, and
the easier it dissolves. The larger chitosan MW, the more hydrogen bonds form in its polymer chain, and
the more difficult it dissolves. The viscosity of chitosan rises when its molecular weight and concentration

increase. Additionally, the degree of deacetylation also has a positive effect on viscosity.

Chitosan stands out among other polysaccharides due to its numerous beneficial properties. These

include non-toxicity, chelating activities, biocompatibility, biodegradability, adsorption capacities, film-
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forming ability, and bacteriostatic action'. Chitosan has been shown to possess antiviral and antibacterial
properties. Additionally, its derivatives have been found to have immunostimulating, adjuvant, adaptogenic,

anti hypoxic, cholestric, radioprotective, and hemostatic effects.

2.5 Structure-properties relationship

The antimicrobial properties of chitosan are due to the presence of amino groups in its structure. In an
acid environment, the NH, groups in the C2 position of chitosan protonates to yield NH; ,which binds
to negatively charged carboxylate (-COO-) groups located on the surface of the bacterial and fungal
cell surfaces, causing disruption of the barrier properties of the outer membranes of the microorganisms
followed by leakage of cell components '©. This hypothesis is supported by electron microscopy studies

that show binding of chitosan to outer membrane of bacteria!’.

2.6 Remarkable properties of chitosan as biomaterial

As already mentioned, several remarkable properties of chitosan offer unique opportunities for developing
biomedical applications. The elucidation of their mechanism will lead to a better understanding of chitosan
medical and pharmaceutical interests'8. Due to its positive charges, chitosan can also interact with the
negative part of the cell membrane, which can lead to reorganization and an opening of the tight junction
proteins, explaining the permeation-enhancing property of this polysaccharide. As for mucoadhesion, if
chitosan DD increases, the permeation ability also increases'®. The case of chitosan antimicrobial activity
is slightly more complex; two main mechanisms have been reported in the literature to explain chitosan

antibacterial and antifungal activities.

In the first proposed mechanism, positively charged chitosan can interact with negatively charged
groups at the surface of cells and, as a consequence, alter its permeability2°. This would prevent essential

materials from entering the cells or/and lead to leaking total solutes out of the cell. The second mechanism
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involves chitosan binding with the cell DNA (still via protonated amino groups), which would lead to the
inhibition of microbial RNA synthesis. Chitosan antimicrobial properties might result from combining

both mechanisms.

The polycationic nature of chitosan also allows explaining chitosan analgesic effects. Indeed, the
amino groups of the D-glucosamine residues can protonate in the presence of proton ions released in the

inflammatory area, resulting in an analgesic effect?!

. To explain chitosan biodegradability, it is important
to remember that chitosan is not only a polymer bearing amino groups but also a polysaccharide, which
consequently contains breakable glycosidic bonds. Chitosan is degraded in vivo by several proteases,

mainly lysozyme?? .

The biodegradation of chitosan leads to the formation of non-toxic oligosaccharides of variable
length?3.To explain the relationship between chitosan biodegradation and DD, it is important to remember
that chitosan is a semi-crystalline polymer; crystallinity is indeed maximum for a DD equal to 0 or 100%
(chitin or fully deacetylated chitosan, respectively), and decreases for intermediate DD. Yet, as polymer
crystallinity is inversely related to the biodegradation kinetic, when chitosan DD decreases (close to 60%),
its crystallinity also decreases, which increases the biodegradation rate. Besides, the distribution of acetyl

residues along chitosan will also affect its crystallinity and, consequently, the biodegradation rate*.

Due to its properties, Chitosan has been widely tested in biomedical and pharmaceutical applications,
including sutures, dental and bone implants, and artificial skin. Some applications of chitosan in the
biomedical field are shown in Figure 2.3. The U.S. Food and Drug Administration (FDA) has approved
it for use in wound dressings because of its biocompatibility>>. However, its compatibility with the body
depends on how it is prepared, as residual proteins can cause allergic reactions, and the biocompatibil-
ity increases with an increase in DD . In vitro studies have shown that Chitosan is more cytocompatible

than chitin®, and the interaction between cells and chitosan improves with an increase in positive charges?S.
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Biosensing

Tissue
Engineering Membranes
Wound Dljug
healing Delivery

Cartilague and bone repair

Figure 2.3: Chitosan in biomedical field

When creating implantable scaffolds, it’s important to consider factors such as body compatibility,
mechanical properties, scaffold shape and porosity, and its ability to promote healing and tissue replace-
ment?’. To meet the requirements for tissue engineering scaffolds, the scaffold must not cause any adverse
reactions, be biodegradable, have surface properties that encourage cell growth, possess suitable mechani-
cal properties, and be available in various shapes. Chitosan is a promising biomaterial for creating scaffolds
because it can replace damaged tissue and promote cell attachment and growth. However, it’s essential to
use robust processing methods to adjust the scaffold properties to meet the needs of the diseased tissue.

In this article, we’ll review the different techniques for shaping chitosan hydrogels and foams to create

3D-scaffolds suitable for tissue engineering.
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2.7 Electrospinning

Electrospinning has been used for more than 60 years to generate polymer fibers by utilizing electro-
static forces?®. Its applications in protective filtration, electronics, catalysis, clothing, biomedicine, and
agriculture continue to pique people’s interest. The following are the main benefits of this top-down
nanotechnology: (1) constant nanofibers in comparison with other bottom-up techniques ; (2) uniform
nanofibers that do not require expensive purification; and (3) low cost. Under high electric fields, the elec-
trospinning technique could produce constant polymeric nanofibers from melts of polymer or solutions.
An electrospinning setup usually includes a spinneret, a high-voltage power supply, a grounded target, and

syringe pumps. Many variables influence the electrospinning process.

2.7.1 Electrospinning Process

The apparatus used for electrospinning consists of a high-voltage power supply with positive or negative
polarity, a needle spinneret connected to the syringe with a polymer reservoir, and a conducting flat plate
or rotating drum that acts as a ground collector (see Fig2.4). The polymer solution or molt is held by its
surface tension in the form of a droplet at the needle tip (spinneret). When an electric potential is applied
between the needle of the syringe and collector, then increasing the voltage°, the charge is induced on the
fluid surface, and the pendant droplet of the polymer solution at the needle tip is deformed into a conical
shape (Taylor cone). This occurs at the equilibrium of the polymer solution or molt’s electric forces and
surface tension. When the intensity of the electrical fields surpasses a critical value, the electrostatic
force will increase the electrical repulsion between the mutual charges on the drop’s surface. Thereby,
the electrostatic forces will overcome the surface tension of the polymer solution, and consequently, a
fine-charged jet is ejected from the cone’s apex. Meanwhile, the solvent immediately evaporates, and

finally, the jet solidifies into fibers deposited on the collector plate.
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Figure 2.4: Electrospinning apparatus
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2.7.2 Electrospinning Principles

The electrospinning process involves three steps: First, a pendant droplet is charged to form a cone-shaped
jetin an electric field. Second, the charged jet is elongated under the electric field, which causes the growth
of bending instability (also known as whipping instability). Finally, the jet is solidified and collected as

solid fibers on a grounded collector.

The polymer solution is ejected from the spinneret during electrospinning to form a pendant droplet
due to surface tension. The droplet is then electrified in the presence of the external electric field, which
results in the deformation of the electrified droplet into a conical shape due to the electrostatic repulsion
among the surface charges that feature the same sign. Thus, a charged jet is ejected from the tip of the
conical shape. Geoffrey Taylor mathematically explained the deformation of a droplet into a conical shape
in an external electric field through Plateau-Rayleigh instability between 1964 and 19693!. This conical
shape is now known as the “Taylor cone.” Equation 2.1 describes the electrostatic pressure (P,) exerted
by the external electric field on the surface of a droplet, assuming the liquid inside the droplet is a perfect

conductor.

P, = sE*|2 2.1)

where & represents the dielectric constant of the surrounding medium and E represents the electric
field intensity. To calculate the capillary pressure (P.) caused by surface tension, use the Young-Laplace
equation in the form 2.2,

P.=2y/r 2.2)

Where v is the surface tension, and r is the mean radius of curvature of the surface, which approximately
equals the inner radius of the spinneret. Once the electric field reaches a specific level known as the critical

voltage V¢, the electrostatic repulsion becomes stronger than the surface tension, and the droplet changes
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shape into a cone. This can be calculated using the equation 2.3.

2
V2 = 4% (ln (%) - 1.5) (1.37Ry)(0.09) (2.3)

where H is the distance between the tip of the spinneret and the collector, ¢ is the length of the spinneret,
and R is the outer radius of the spinneret. Factor 1.3 is obtained using the equation 2c0s49.3, assuming that
the cone has a semi-vertical angle of approximately 49.3°, which is believed to be close to its equilibrium
value. The properties of the liquid also affect the critical voltage required to deform the droplet into

a conical shape .

For a polymer solution to form a Taylor cone during electrospinning, the voltage’s
electrostatic repulsion threshold must exceed the sum of the liquid’s surface tension and viscoelastic force.
There must be enough liquid supply to compensate for the ejected amount to maintain the Taylor cone’s

shape during the process.

When a charged jet is expelled from the Taylor cone, it elongates in a straight line towards the collector
due to the electric field and gains acceleration. This linear elongated jet segment is named the near-field
region, and the electric force is dominant in this region. The surface tension and viscoelastic force gradually
reduce the acceleration in the jet. Meanwhile, because the jet is continuously elongated, its diameter in the
straight segment decreases as it moves away from the tip. In this region, The Rayleigh instability should

be overcome by the viscoelastic properties of the fluid to prevent the jet from breaking into droplets.

When the acceleration is reduced to zero or a constant, any small perturbation, such as the electrostatic
repulsion generated by the surface charges located on the jet, can disturb this straight movement, resulting
in the indication’s instability of the far-field region. In the far-field area, there are three instabilities:
Rayleigh instability (axisymmetric), axisymmetric instability at a higher electric field, and bending insta-
bility (whipping, non-axisymmetric)?? Rayleigh instability leads to the potential breakup of the jet into
the droplets, governed by surface tension. Rayleigh instability can be suppressed at a strong electric field
according to equation 2.3. Bending instability occurs when the aerodynamic instability causes a "lateral

electrostatic force" to act perpendicular to the electric field, resulting in wave-like perturbations on the jet.
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This force causes the jet to bend, as it is influenced by the electrostatic repulsion between surface charges
in a strong electric field, ultimately forming a coil *3.

The last step in electrospinning involves solidifying and collecting the jet as solid fibers. This is
achieved by evaporating the solvent, which leads to the solidification of the jet. Fibers with a thinner
diameter are produced if the solidification process is slow. The solidified fibers are then collected on a
grounded collector, resulting in nonwoven fibrous materials. The morphology of the final product is mainly
determined by bending instability. In order to create electrospun nanofibers, it is necessary to induce a

bending instability by causing the rapidly growing jet to bend or stretch.

2.8 Parameters of electrospinning process

The properties of electrospun fibers, such as their morphology, diameter, porosity, uniformity, and me-
chanical properties, depend on various factors. These factors include processing parameters and solution
properties. To create desired electrospun fibers, one can systematically vary the electrospinning param-
eters. The most important factors to consider are the solution properties, which are affected by the
polymer’s solubility and the solvent’s vapor pressure. Additionally, the electro spinnability of the solution
is significantly influenced by polymer crystallization, glass transition temperature, molecular weight, and
molecular weight distribution. Processing parameters, such as electric field strength, solution feeding rate,

needle diameter, and distance between the needle tip and ground collector, also impact the resulting fibers®.

2.8.1 Viscosity/concentration

The concentration of polymer in the solution affects the viscosity, which plays a major role in determining
the size and shape of polymeric fibers during spinning. When the polymer concentration is low, defects

such as beading and droplets can occur, making the process more similar to electrospraying than spinning.
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Wet fibers reaching the collector can also indicate the presence of junctions and bundles. Increasing the
polymer concentration to increase the solution viscosity is recommended to avoid these issues and achieve

uniform fibers with minimal defects !3.

2.8.2 Polymer molecular weight

The molecular weight of the polymer has a significant impact on the properties of the polymer solution and
the electrospun product form3*, Haghi and Akbari>>, have noted that molecular weight affects the rheo-
logical properties (viscosity and surface tension) and the electrical properties (conductivity and dielectric
strength). It has been noted that solutions with low molecular weight tend to form beads instead of fibers,

while solutions with high molecular weight produce fibers with a larger average diameter.

2.8.3 Flow rate

There have been few comprehensive studies conducted on the correlation between solution feed/flow rate
and fiber size and morphology. Generally, it has been observed that lower flow rates lead to smaller
diameter fibers, while excessively high flow rates can cause beading due to insufficient drying time before

reaching the collector 2.

2.8.4 Field strength/voltage

Among the controlled variables, one of the most studied parameters is the effect of field strength or applied
voltage. When the voltage or field strength is low, a drop is usually held at the tip of the needle, and a jet
is formed from the Taylor cone, resulting in a smooth spinning process without any beads (provided that

the electric field is strong enough to overcome the surface tension.
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2.8.5 Distance between tip and collector

An alternative way to control the size and shape of fibers is by adjusting the distance between the tip and
the collector. However, it was concluded that fibers need enough time to dry before reaching the collector,
which requires a minimum distance. If the distance is too close or too far, beading may occur. According
to Korniienko2022 et al. (2022), the size and shape of fibers in gelatin, chitosan, and poly(vinylidene

fluoride) are not significantly impacted by the distance between the tip and collector during spinning>>.

2.8.6 Collector composition and geometry

When making collectors, using materials like paper and copper mesh will result in less tightly packed
structures compared to using aluminum foil or water. Collectors made with a conductive frame have better

alignment of fibers than those made with a non-conductive frame3¢ .

2.8.7 Ambient parameters

Few studies have been conducted to examine the effects of ambient parameters (i.e., temperature and
humidity) on the electrospinning process. Mit-Uppatham et al. spun polyamide fibers at temperatures
ranging from 25 to 60°C. They found that increasing the temperature yielded fibers with a decreased
fiber diameter, and they attributed this decline in diameter to the decrease in the viscosity of the polymer
solutions at increased temperatures ' . The humidity was varied by Casper et al. while spinning polystyrene
solutions. Their work showed that increasing the humidity resulted in the appearance of small circular

pores on the surface of the fibers; increasing the humidity further lead to the pores coalescing.
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2.9 Electrospinning of chitosan for Biomedical aplication

Electrospinning chitosan has been challenging due to its rigid D-glucosamine repeat unit, high crystallinity,
and ability to hydrogen bond, which result in poor solubility in common organic solvents. To electrospin
defect-free fibers from chitosan solutions, the polymer concentration must be at least 2 to 2.5 times the
entanglement concentration. However, chitosan solutions at these concentrations are often too viscous to
overcome the electric field, making electrospinning difficult. Moreover, chitosan’s cationic nature affects
the solutions’ rheology, and the solution’s viscosity must be within a specific window for nanofibers to form
successfully. Blending chitosan with other polymers has been proposed to improve the electrospinability

of the solutions by several research groups®.

2.9.1 Composite scaffolds

Composite scaffolds can also be created using electrospinning. One type of composite scaffold developed
has sought to incorporate carbon nanotubes into the electrospinning process to reinforce polymeric fibers.
Composite materials, based on polymer/carbon , are interesting materials because of their enhanced prop-
erties, compared to those of the pure polymers. For exmaple, the addition of MWCNTs can enhance a
wide range of properties, including the electrical conductivity of a selected polymeric matrix>!. Research
shows that the reinforced polymer fibers had an increase in tensile modulus and tensile strength increased.
Therefore, it may be possible to tailor the mechanical properties of nanofiber scaffolds to resemble that of

the target tissue3’.

2.9.2 Co-polymer scaffolds

Also, chitosan (nano)-fibers can be created using electrospinning with a chitosan blend and another poly-
mer. Many examples of chitosan blend fibers made through electrospinning have been reported in the

literature>. Commonly reported blends include chitosan with Poly(ethylene oxide) (PEO) and Ultrahigh-
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molecular weight poly(ethylene oxide) (UHMWPEQ) . These blends have been found to promote the
attachment of human cells while maintaining their shape and health. Other polymers such as Poly(vinyl
alcohol) (PVA), Poly(ethylene terephthalate) (PET), Poly(vinyl pyrrolidone) (PVP), and Poly(lactic acid)
(PLA) have also been used to form chitosan (nano)fibers. UHMWPEOQO added to chitosan allows for the
formation of fibers ranging from less than a hundred nanometers to a few tens of micrometers, while PVP
decreases the diameter of chitosan-based fibers. Chitosan/PVA nanofibers are commonly used for various
biomedical applications since they are biocompatible and free of beaded defects. Chitosan/PET nanofibers

are also a possible option.

2.9.3 Commercial chitosan products

Chitosan can be derived from various sources, but the most commonly used one is waste crustacean shells,
like those of crabs or shrimp, which are obtained from the seafood processing industry. Although there are
other potential sources, these are currently not being actively investigated on a commercial basis. There
are several chitosan-based products available commercially on the world market. These products come in

various forms and are used in different ways in biomedical practice.

For instance, some are used as wound dressings like Hem-Con® Bandage, ChitoGauze® PRO,
ChitoFlex® PRO, ChitoSam™, Syvek-Patch®, Chitopack C® and Chitopack S®, Chitodine®, Chi-
tosanSkin®, TraumaStat®, TraumaDEX®, and Celox™. Others are used as hemostatic sealants like
ChitoSeat™, while others like Reaxon® (Medovent, Germany) are used as chitosan-based nerve conduits.
Reaxon® is resistant to destruction, prevents irritation, inflammation, and infection, inhibits scar tissue
and neuroma formation. Chitosan-based nutritional supplements like Epakitin™ and Nutri + Gen® are
also available commercially for use in chronic kidney disease in pets. Additionally, various chitosan-based
products like ChitoClear®, Chitoseen™-F, and MicroChitosan NutriCology® are sold as safe weight loss

supplements, cholesterol-reducing agents, and antioxidant agents '©.






Chapter 3

Methodology

The methodology applied in the present study is summarized in the flow diagram in Figure 3.1. Chitosan of
different types and solvents of different nature were used. . The process involves preparing the polymeric
solution, processing it through electrospinning, and characterizing the resulting fibers. If no fibers were
obtained, new solutions were made by adjusting variables such as the solvent or type of chitosan used.
The process of synthesizing fiber was divided into two parts, as illustrated in Figure 3.2. The first part
involved determining the optimal conditions for the polymeric solution, while the second part involved
identifying the best processing parameters for the electrospinning process. Details of solution preparation

and electospinning processing parameters are explained throughout this chapter.

3.1 Materials

This study used three types of chitosan sources: 1) chitosan from shrimp shells, with a Degree of
Deacetylation (DD) of 75-85% and 50 — 190 Kilodalton (kDa) purchased from EcuaChitosan, an artisan
manufacturing company, 2) chitosan from crab shells, with a DD of < 85% and 190 — 375 kDa purchased
from EcuaChitosan , and 3) commercial chitosan, with a DD of > 75% and 310 - 375 kDa purchased

from Sigma-Aldrich. Multiple solvents were utilized in this research, Acetic Acid (AcOH), Trifluoroacetic

21
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Figure 3.1: Experimentation flowchart
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Figure 3.2: Illustration of the fiber synthesis process carries out by electrospinning.

acid (TFA), and Dichloromethane (DCM), acquired from Sigma-Aldrich (USA). These solvents were used
directly without any additional purification. The physics department of Yachay Tech University supplied
the Multi Walled Carbon Nanotubes (MWCNTs) for usage.

3.2 Electrospinning solution

In the production of fibers, the first step involves creating a polymeric solution, as shown in the first part
of Figure 3.2. This study prepared both pure chitosan solutions of different types and solutions of chitosan
mixed with MWCNTs to enhance their conductive properties. Also, chitosan was dissolved in various
solvent systems, including AcOH, TFA, and DCM, which are used in solution dynamic studies of chitosan.
Detailed information about the solvent, chitosan type, and polymer concentration used in preparing the
samples can be found in Tables 3.1, and 3.2. All samples were prepared under a biosafety cabinet at room

temperature.
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Solvent Polymer Chitosan Concentration % (w/v)
2
Commercial Chitosan 2,5
3
6
Shrimp Chitosan 7
8
3
Crab Chitosan 4
5
AcOH
2
Commercial Chitosan+MWCNT 2,5
3
6
Shrimp Chitosan+MWCNT 7
8
3
Crab Chitosan+MWCNT 4
5

Table 3.1: Chitosan samples using AcOH as solvent



CHAPTER 3. METHODOLOGY

25

Solvent Polymer Chitosan Concentration % (w/v)
2
Commercial Chitosan 2,5
3
TFA
3
Crab Chitosan 4
5
3
Sigma-Aldrich 4
5
TFA/DCM
3
Crab Chitosan 4
5

Table 3.2: Chitosan samples using TFA and DCM as solvent.
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3.2.1 Chitosan in AcOH

Chitosan can dissolve in both acidic and alkaline solutions. In this investigation, acetic acid is the preferred
solubilization agent due to its widespread use for this purpose. In order to make the chitosan solution,
it’s important to first prepare a mixture of acetic acid and distilled water. This study utilized a 3% (v/v)
AcOH solution as a solvent. Then, a specific amount of chitosan is weighed on an electronic balance and
added to a AcOH solution to test for different concentrations. The amount of chitosan used is determined
by the desired percentage concentration (x%). In this work, the polymer solution is prepared with the
different types of chitosan at different concentrations to find the most suitable ones for the electrospinning
process. To prevent degradation of the chitosan, the solution was prepared at room temperature. After
mixing, it should be left in a dark place until it becomes homogeneous, ideally for 24 hours, to prevent

lump formation.

3.2.2 Chitosan +MWCNT in AcOH

Solutions were prepared with the three types of chitosan mixed with MWCNTs at a concentration of

0.3% by chitosan weight as reported Bahadir3®

. MWCNTs has conductive properties that improve the
electrospinning ability of the solution. As a first step, chitosan solutions dissolved in AcOH were prepared
at the same concentrations as the procedure described in section 3.2.1. Then the MWCNTs were added
to the homogeneous solution. The solution was subjected to an ultrasonic bath for 90 minutes to mix
the MWCNTs in the chitosan solution completely. The chitosan+MWCNTSs solution was stored at room

temperature in a dry place for further processing by electrospinning.

3.2.3 Chitosan in TFA and TFA/DCM

The solvent was changed to TFA and new samples were prepared by mixing the chitosan powder in TFA
(99% purity). Then a 70:30 TFA/DCM cosolvent was prepared as proposed by Ohkawa3°. New samples
were prepared by mixing the chitosan powder in the TFA/DCM cosolvent. The solutions were stored in a

dark place for 24 hours until homogeneous, then they were processed in electrospinning.
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3.3 Electrospinning

Electrospinning unit at Yachay Tech is a Spraybase® Electrospinning Starter Kit which is composed of
syringe pump, 20kV Power Supply Controller and collector (see Figure 3.3). The processing parameters
such as can needle diameter, collection distance, flow rate and voltaje used in this study can be found in
the Appendix A.

The procedure used in this study to process the samples by electrospinning is detailed in Table 3.3 . The
solution was poured into a 10 mL syringe attached to a stainless steel needle via standard polyvinylidene
fluoride tubing. The syringe was then inserted into a programmable syringe pump. Then, a suitable
pumping speed was set, ranging between 0.05 to 0.1 mL/Hr. The aluminum foil as a collector was placed
6-15 cm from the end of the syringe. High voltage DC power was delivered to the syringe and gradually
increased until a stable jet was attained. After every experiment, the high-voltage power supply was turned
off, and a new layer of aluminum foil was laid on the collector. The power was turned on, and samples
were collected for 1 hour for each experiment. Each solution was tested under ambient conditions. To
ensure similar conditions, the temperature and humidity levels were noted for each experiment, and the
ambient temperatures were within (17£2) °C, and relative humidity levels were within (60+3) % of each

process run. Each sample was appropriately stored after ensuring adequate drying of the fibers.

3.4 Characterization

Biomaterial characterization combines theoretical and experimental methods and successive experimental
testing. Existing experimental instrumental techniques for the characterization of biomaterials could be
divided into methods for the characterization of spatial structure, measurement of surface characteristics,
and determination of the composition and structure of biomaterials, phase transformations, and molecular
weight distribution!. Surface properties occupy a central place in biomaterial characterization since there

is a correlation with the biological performances of biomaterials.
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Steps Procedure
1 Make sure the voltaje generator and the programmable syringe pump are off.
2 Fill up the syringe with chitosan solution.
3 Attach the syringe to the PVDF tube.
4 Wait for all air bubbles to dissipate from the solution.
5 Place the syringe in the programmable syringe pump.
6 Set the desired flow rate in mL/Hr.
7 With the help of the motion controller, the distance between the needle tip to the collector is adjusted
8 Make sure the voltage supply wire is connected to the needle of the syringe.
9 Set up the aluminum foil on the collector.
10 Align the needle in such a manner that it is in the center of the collector.
11 Turn on the voltage generator.
12 Change flow rate to the desired flow rate.
13 Adjust the voltage
14 | If the pendant drop dries out at the needle tip, turn off the voltage generator before cleaning capillary tip.
15 After collecting fibers, zero the voltage indicator, the turn off the voltage generator.
16 Discard the PVDF tube and clean the valve and collector properly.

Table 3.3: Step-by-step procedure for operating electrospinning.
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Figure 3.3: Electrospinning unit at Yachay Tech University: a) high voltage supply , b) collector, and c)

syringe pump.

3.4.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is an essential tool capable of producing high-resolution images of
a sample surface. SEM measurements were conducted on a field emission scanning electron microscope.
This microscope generates images of a sample by examining it with a focused beam of electrons. The
electrons interact with atoms in the specimen, producing various signals that can be discovered and that
comprise data about the sample surface topography and composition. SEM can attain a resolution better
than 1 nanometer. Once the samples were dry, the morphology and diameter of the electrospun nanofibers

can be observed by using field emission SEM.

In this study, SEM characterization was made using JEOL JSM-IT300 at an accelerating voltage of
15kV. An illustration of the SEM equipment used in this study is shown in Figure 3.5. Samples were
cut from electrospun mats on an aluminum foil and mounted on metal stubs using double-sided carbon
tape. Before observation, the samples were coated for 3 min with gold using the plasma sputtering (108C

Auto/SE Carbon Coater sputtering Figure 3.6) to prevent charging in the SEM electron beam. See Figure
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Figure 3.4: Fiber sample preparation for SEM

3.4 for a schematic of sample preparation for SEM. Diameters and distribution evaluation of the electrospun
nanofibers were analyzed from the SEM images by using ImagelJ analysis software. For each electrospun
mat, several fibers were considered from different locations on the sample to calculate the average fiber

diameter.

ImagelJ software was used for the analysis of the SEM micrographs. Image] was developed by the
U.S. National Institutes of Health. Image] is in the public domain and runs on any operating system. It
has found wide usage in many research areas, including nanotechnology . ImagelJ is used to determine
the diameter of the nanofibers at every pixel along the fiber axis.Various software is available to measure

items of the image manually using scale bar calibration.

3.4.2 Raman spectroscopy

Raman Spectroscopy is a method of analysis that allows for examining a material’s chemical properties

and vibrational modes without causing damage. It also provides information about materials’ structure,
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Figure 3.5: Scanning Electron Microscopy (SEM) illustration
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Figure 3.6: 108C Auto/SE Carbon Coater. Equipment used for sample coating prior to SEM characteriza-

tion.

phase, and crystallinity. This method is commonly used to identify the vibrational modes of molecules,
including pyranoid ring, in-plane or out-plane bending, and stretching vibrations. Raman scattering rep-
resents a high-resolution spectroscopic technique based on the interaction of Infrared radiation with the
vibrational modes of the examined molecular system. This vibrational technique helps us map a surface
and get a chemical characterization at every sample point. Raman scattering vibrational spectrum pro-
vides similar but complementary information to Infrared radiation spectroscopy. This method enables the
determination of the spatial structure of electron density distribution and electronic-vibrational interaction

in biomolecules, biomaterials, and in the sub-molecular condensed state.

Vibrational spectroscopy is one of the most important methods covering infrared, near-infrared, and
Raman spectroscopies. It is based on the measurement of vibrational energy levels, which are associated
with the chemical bonds in the sample. So, the obtained spectra could be used to assess the close inter-
molecular interactions of specific groups. The spectra obtained by scattering and absorption infrared light

provide vibrational data from solid-state or gas-phase samples. Raman vibrational spectroscopic tech-
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Figure 3.7: Raman spectra were carried out by LabRAM HR Evolution microscope. The excitation laser

wavelength was 785 nm.

nique, is of particular significance in providing information about the molecular composition, structure,

and interactions within a sample.

The Raman spectroscopy analysis for all our chitosan samples was carried out using LabRam HR
Evolution microscope (see Figure 3.7). The following measuring parameters were applied: range — 20 to
3200 ecm™!, source of radiation —785 nm. The Raman spectra were then acquired using an accumulation

time of 15 s and summing up 8 accumulations.






Chapter 4

Results & Discussion

Section 4.1 analyzes the numerous factors that affect the electrospinning process of the chitosan poly-
mer solution. These factors comprise the material’s molecular weight, solvent nature, boiling point and
dielectric constant. Section 4.2 describes the morphology through Scanning electron microscopy (SEM)
spectroscopy of fibers obtained from the improved procedures of section 4.1. The morphology varies from
beaded fibers to fibers without beads, depending on the specific materials/processing parameters. Finally,

section 4.3 shows Raman characterization of the fibers obtained in the present investigation.

4.1 Optimising the polymer solutions and process parameters in the elec-

trospinning of chitosan
Understanding electrospinning can be challenging due to the interplay between the electric field and fluid
deformation, which is determined by the material’s rheology. This section examines several factors, in-

cluding the properties of the solution, processing, and solvent nature, that impact the conversion of polymer

solutions into electrospun fibers. Regulating these parameters is essential to ensure the electrospun fibers’

35
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Figure 4.1: Comparison of the chitosan solution before mixing and after several hours of mixing when

homogeneity was achieved.(a) Solution with chitosan lumps (b)Homogeneous solution.

desired morphology and chemical structure.

In this study, it was found that samples of shrimp chitosan, crab chitosan and commercial chitosan
dissolved well in Acetic Acid (AcOH) as a solvent. All three types of chitosan examined showed great
solubility, and the solutions were uniform regardless of polymer concentration. A solution is considered

homogeneous when it is completely dissolved without any visible lumps, as shown in Figure 4.1.

The mechanism of chitosan disolution in AcOH can be resumed in Figure 4.2. This reaction results in
the protonation of the NH, group of chitosan and is responsible for the dissolution of chitosan in aqueous
acetic acid medium. The solubility of chitosan is attributed to the presence of amine groups in its structure,
which are protonated in acid media, resulting in positive charges distributed along their chains NH; 40,

Protonation of the amino groups is a necessary step to dissolve chitosan powder in aqueous medium.

It is evident from Figure 4.3, that there are differences in the time it takes for dissolution among the
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Figure 4.2: Chemical reaction of chitosan dissolved in AcOH. Chitosan was protonated in AcOH and form

polycation chitosan.

different types of chitosan. The time to obtain a homogeneous solution increases as the concentration of
chitosan in the solution increases, Chitosan obtained from Sigma Aldrich and crab shells dissolve slowly
because of their high Molecular Weight (MW) . In contrast, the chitosan extracted from shrimp shells has
alow MW, which makes it dissolve faster. Based on existing literature, it is evident that the solubility of
chitosan is influenced by its MW. Viscosity of chitosan increases with increase in its MW and concentra-
tion. Specifically, the higher the MW of chitosan, the greater the number of hydrogen bonds formed in its
polymer chain, resulting in a more complex dissolution process*!. The solution only attained homogeneity

after the complete dissolution of chitosan powder without any visible lumps in the solvent.

Different chitosan samples were processed at different concentrations, but no fibers were obtained.
Although different types of chitosan of different MW were tried, it was not possible to obtain pure chitosan
fibers using AcOH as solvent. The solution is unsuitable for electrospinning as the Taylor cone cannot
be formed. Therefore, in order to improve the conductive properties of the solutions, new solutions re-
inforced with Multi Walled Carbon Nanotubes (MWCNTSs) were prepared. With the chitosan/MWCNTs
composite, the electrospinning process becomes more stable. The chitosan/MWCNTs solutions showed

good nanotube dispersion as shown in Figure 4.4.

However, it is not possible to observe the formation of fibers using Chitosan/MWCNTs composite as

shown in Figure 4.5. When pure chitosan and MWCNTs-reinforced chitosan samples were dissolved in
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Figure 4.3: Time for chitosan to dissolve in AcOH
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Figure 4.5: SEM photograph of the deposited chitosan using AcOH as solvent.

AcOH as a solvent and subjected to high voltagee even above 18kV, no steady jet was produced during the
electrospinning process. As a result, it was not possible to obtain electrospun chitosan fibers using these

conditions.

The tests conducted revealed that obtaining fibers with AcOH as solvent is not feasible despite test-
ing different concentrations of chitosan with varying molecular weights. AcOH by itself is incapable of
reducing the surface tension of the polymer drop in the electrospinning process>*. This behavior can be
attributed to the high boiling point exhibited by the AcOH solutions, does not allow it to evaporate quickly
from the jet surface of the polymer solution when voltage is applied*?>. Table 4.1 shows information on
the solvents used in this study. The boiling point is related to the evaporation rate of the solvent and
the dielectric constant represents the amount of free charge that can be induced into the polymer solu-
tion during electrospinning®®. Generally, a solvent with a higher dielectric constant encourages solvent

evaporation and reduces bead formation, resulting in the formation of fibers with lower average diameter**.



40 4.1. OPTIMISING THE POLYMER SOLUTIONS AND PROCESS PARAMETERS

System Dielectric constant | Boiling point (°C)
TFA 39.0 71.8
DCM 9.1 39.8
TFA-DCM 7:3 29.0 61.1
Acetic acid 6.2 118.1
Water 78.5 100.0

Table 4.1: Dielectric constant and boiling point of the solvents

Ambient conditions /
H R =
‘‘‘‘‘ -
Aqueous medmm = o
HO +
NH,
Chitosan powder Chitosan in solution

Figure 4.6: The chemical reaction between chitosan and TFA

Electrospinning of pure chitosan from weak acids (AcOH), more commonly used for dissolving chi-
tosan, was found to be a real challenge as previously reported in this research . In the best cases, only
nanobeads were formed. A similar study suggests that for this reason, a strong acid, with a low boiling
point and high dielectric constant, namely i.e. Trifluoroacetic acid (TFA), was utilized*° . Figure 4.6 shows
the possible reaction that occurs when dissolving chitosan in TFA. In this reaction, the amino groups of the
chitosan can form salts with TFA, which can effectively destroy the intermolecular interactions between

the chitosan molecules and thus facilitate electrospinning™*’

It was only possible to obtain fibers by changing the solvent to TFA, being the 2.5% w/v commercial
chitosan sample the one that showed the best results. Electrospinning TFA fibers can be achieved for two

reasons. Firstly, the solvent creates salts with the amino groups in chitosan, which breaks down the rigid
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Figure 4.7: Time for chitosan to dissolve in TFA and TFA/DCM

interaction between chitosan molecules and makes it suitable for electrospinning?. Secondly, the solvent
has a high volatility, which causes the electrospinning process to solidify into visible fibers in the collector
quickly ! . Figure 4.7 provides the specifics of the amount of time it takes for the chitosan-TFA solution
to become homogeneous. The time it takes for chitosan to dissolve in TFA until it becomes a uniform
solution is directly related to its MW. The greater the MW, the longer it takes to dissolve. This finding is

similar to the results obtained from the chitosan dissolution process in AcOH.

Although it was possible to obtain fibers using the TFA system, this system still produced beads and
droplets. This was due to the high repulsive interaction between the poly-cations along the chitosan chains,
which prevented the formation of sufficient chain entanglements required for proper fiber formation!’

The literature suggests that the best solvent system for electrospinning chitosan solutions is TFA-
Dichloromethane (DCM) (TFA-DCM)334¢ | The study examined how electric field strength, solvent ratio,
and chitosan concentration affect the diameter of fibers. Results showed that using 13kV-17kV, TFA/DCM

solvent ratio of 70/30% v/v, and a 4% w/v chitosan concentration produced the most uniform fibers. The

experiment used Sigma-Aldrich commercial chitosan and crab chitosan at this concentration. Table 4.2
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provides more information on the processing parameters used to achieve fiber production.

Polymer Con-
Needle diameter | Collection Dis- | Flow rate | Voltage

Sample centration % Result
(mm) tance (cm) (mL/Hr) kV)

(wiv)
Sigma-Aldrich in

2,5 0,7 10 0,1 14 Fibers with beads
TFA
Sigma-Aldrich in

4 0,9 12 0,05 13 Bead-free fibers
TFA/DCM 70/30
Crab Chitosan in

4 0,9 12 0,05 17 Bead-free fibers

TFA/DCM 70/30

Table 4.2: Processing parameters of chitosan samples with better electrospun fiber performance.

Figure4.8 compares the droplet when the polymer is dissolved in AcOH (a) and when it is dissolved in
TFA (b). In (a) The solution presents a high surface tension which does not allow the drop to form a stable
Taylor cone in the electrospinning process. In this case, the electrical energy inside the drop is greater than
that created by electrospinning, so it is not possible to form a stable jet to make fibers '*. While in (b) TFA
creates the necessary instability in the system for the Taylor cone to form. In this case. the electrostatic
repulsion between charges on the jet surface tends to increase the surface area and thus favors the formation

of a thin jet associated to the electrospinning process

In general, it is accepted that the formation of beads can be eliminated if the influence of the surface
tension is suppressed*’. Due to the dielectric constant and boiling point of DCM being a lot lower than
those of water, its presence in the solvent system increased the rate of evaporation of the solvent, which

reduced the very strong charge density contributed by TFA, thus resulting in ultrafine fibres .

To ensure successful fiber processing, it is crucial to maintain a voltage range between 13kV-17kV.

Going beyond the 20kV limit will result in the formation of two Taylor cones in the electrospinning jet,
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(b)

Figure 4.8: Drop of polymer solution in the process of electrospinning (a) usinf AcOH (b) using TFA

which will impede the production of continuous fibers due to the excessively high voltage. Moreover,
if the distance between the collector and needle is less than 6cm, the elongation of the polymer jet will
be hindered, leading to a repulsion phenomenon, which is illustrated in Figure 4.9. In cases where the
polymer concentration in the solution is too high (5 % w/v), the droplets dry out at the needle tip before

the polymer jets can be initiated, which ultimately prevents electrospinning 2.

The results show that the polymer concentration factor in electrospinning is not only affected by the
MW of the polymer used but also by the interactions between polymer and solvent. The properties of the
polymer solution, such as its rheological and electrical properties, are greatly influenced by the nature of

the solvent and the MW of the polymer.
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(b)

Figure 4.9: Shape of the polymer solution jet at different processing parameters. Chitosan in TFA solution.

(a) High voltage (b)Short distance between the needle and the collector (c) Too concentrated solutions
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Figure 4.10: SEM image Electrospun Sigma-Aldrich Chitosan 2,4 % (w/v) TFA (magnification x 1,000)

4.2 Scanning Electron Microscopy

Upon successful completion of the electrospinning procedure, a thorough examination of the fiber structure
within the collected membranes was conducted. Regardless of the nature of the chitosan, only when TFA
is used as a solvent can fibers be obtained. Figure 4.10 shows the best result that could be obtained
using only TFA as a solvent, beads are observed in the fibers. The fibers were made with Sigma Aldrich

commercial chitosan at 2.5% w/v chitosan in the solution, showing a diameters ranging from 4.7 to 7.33 um.

Bead-free fibers were obtained using Sigma-Aldrich chitosan and crab chitosan both at 4% w/v polymer
concentration using TFA/DCM as solvent. The application of co-solvent in chitosan with a volumen ratio
TFA:DCM 70:30 led to a successful electrospinning experience, altogether avoiding the electrospraying

phenomenon, as shown in Figure 4.11 and 4.12.
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Figure 4.11: Electrospun Sigma-Aldrich Chitosan 4% (w/v) TFA: DCM (magnification x 1,000)
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Figure 4.12: Electrospun Crab Chitosan 4% (w/v) TFA: DCM (magnification x 1,500)
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Figure 4.13: Fiber diameter histogram (a)Sigma-Aldrich electrospun fibers (b) Crab electrospun fibers

Figure 4.11 showcases the fibers produced from commercial Sigma-Aldrich chitosan 4% (w/v), which
exhibit a structure without beads, indicating that the parameters employed during the electrospinning
process were appropriate. The continuous fibers show a random distribution along the membrane and
the diameter histogram shown in 4.13 (a) indicates that the average diameter of the fibers is 1.4 um. A
selected SEM image of the as-spun chitosan fibrous membranes from crab chitosan is shown in Figure
4.12 . Clearly, fibers with smooth and bead-free structure were obtained. These fibers possess a smooth

appearance and an average diameter of 2,34 um.

Compared to the fibers made with commercial chitosan in Figure 4.11, the crab chitosan fibers showed
an increase in diameter. Since both types of chitosan, shrimp and commercial chitosan, have a high
molecular weight, the increase in diameter is due to processing parameters such as voltage. This result
is consistent with the literature which indicates that the higher the voltage, the larger the diameter of the

resulting fibers*® .

Using TFA/DCM as a solvent resulted in fibers with smaller diameters than those made with only TFA.
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This decrease in diameter is beneficial for biomedical purposes. For exmple, nanofibrous yarn materials
consist of multiple bundles of very fine nanofibers interconnected to form a material structure with high
mechanical integrity and are commonly used in the fabrication of various biomedical materials such as
sutures*”. The diameter of fiber using TFA/DCM is strongly affected by the electrospinning conditions
as well as by the solvent. Thus, the DCM presence in the solution reduced the extremely strong charge
density originated by the TFA and also generated better electrospinnability conditions by reducing even

further the boiling point.

Increasing the solution viscosity by increasing the polymer concentration yields uniform fibres, with
the formation of fewer beads. Variation in solution viscosity is responsible for many of the morphological
changes in fibres. Hence, even when polymer concentration is low, high molecular weight polymer can
maintain a sufficient number of entanglements in the polymer chains, to provide an adequate level for
solution viscosity.>?. It is important to note that the best chitosan fiber formation occurred with medium-
high MW chitosan, such as commercial chitosan and crab chitosan. This is due to an overall increase in
solution viscosity and a decrease in surface tension, as explained above. However, it is crucial to avoid
low viscosities that cause droplets to form and high viscosities that lead to flow instability due to the
solution’s high cohesiveness'. Consequently, surface tension and viscosity, which are a function of the
mass density (concentration and MW) of the polymer in a solvent, play a major role in determining the
morphology of the spun material by an electrostatic force. Molecular weight also has a significant effect
on the polymer rheological and electrical properties, such as: viscosity, surface tension, conductivity and
dielectric strength. It has been observed that a very low MW solution tends to form beads rather than

fibres, while higher MW polymer solutions produce fibres with higher average diameter.
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4.3 Raman Spectroscopy

Raman spectroscopy can provide reliable evidence of functional chitosan groups through its characteristic
peaks, making it a useful tool for structural analysis 2. When analyzing the Raman spectrum of chitosan,
it is common to observe multiple peaks that correspond to different functional group vibrations within the
polymer chain. According to the literature?*, the prominent Raman peaks of the chitosan spectrum can
be assigned as the following; the C-C stretching region (1050-1200 cm™'), Amide-III (1313-1450 cm™"),
Amide-II (1550-1600 cm™"), Amide-I (1630-1730 cm™!), and C-H (2888-2897 cm™")>3.

As described in section 4.1, only when the solvent is changed to TFA could fibers be obtained by
electrospinning. Figure 4.14 shows the Raman spectrum of the fibers made using only TFA as a solvent.
It can be seen that the spectrum of the pristine material (chitosan from Sigma-A.) and the spectrum of the
fiber are similar, this is due to the fact that in the electrospinning process the solvent evaporates before the
fiber is deposited in the collector . In the electrospinning process, there exists a rapid solvent evaporation as
well as phase separation as the polymer solution jet is thinned . Therefore, the chemical characterization
of the fiber shows the spectrum of the pure material. This result also demonstrates that the solvent has the

ability to protonate the amine groups of chitosan without compromising its degradation.

The spectrum of the pristine material (Sigma-Aldrich) in Figure 4.14 the peaks 426, 493, 896, 1101,
1264, 1376, 1659 and 2888 cm™! correspond respectively to the out-of plane bending vibration of (OH),
the in-plane bending vibrations of(CO-NH3), the stretching vibration of pyranoid ring, the stretching
vibration of (C-O-C), the in-plane bending vibrations of (O-H), vibration of Amide-III and vibration of
Amide-I°* The fiber spectrum in Figure 4.14 shows a band at 1376 cm™! related to Amide-III, while the

second band is a stretching vibration of the pyranoid ring with a low-frequency vibration at 896 cm™!.

The peaks in Figures 4.14, 4.15 and 4.16 that are between the ranges 500 cm ™! to 730 cm™! can be asso-

ciated the interaction between TFA and chitosan molecule which the two possible modes are the symmetric
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Figure 4.14: Raman spectra of Sigma Aldrich chitosan fibers made by electrospinning using TFA as solvent
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CF; and CO, deformation?’. CO, vibration in the trifluoroacetate ion should be identified with the sharp
intense band at 730 cm~!. The symmetric CF3 deformation mode has been assigned a value between 500
and 700 cm™~! .In this investigation, we cannot relate the presence of TFA to the CO, vibration at 730 cm™!
because this band is also associated with the chitosan molecule, as shown in Figure 4.14 . The band at 730
cm~! shows a peak in the pristine chitosan material, so to identify the presence of TFA in the fibers, we dis-
card the band at the 730 cm~! level and use the band range of 500- 700cm™!. The sharp moderately intense
band at 601 cm ™! is attributed to the CO2 deformation in the trifluoacetate ion®. A remarkable fact is that
the signatures related to the CF3 group ( 601 and 521 cm™") were not clearly observed in the Raman spec-

tra of the fibers made by electrospinning indicating little or no presence of the solvent in the resulting fibers.

In the sample Sigma-Aldrich chitosan TFA/DCM Figure 4.15, Raman signatures related to the amide
groups of chitosan molecule were noted at 1378 and 1659 cm~'. The characteristic functional groups of

chitosan found in the fiber spectrum using Sigma Aldrich chitosan are described in more detail in Table 4.3.

Figures 4.15 and 4.16 show a similarity between the spectrum of the resulting fiber and the spectrum
of the pristine material when the cosolvent is used (TFA:DCM). This result is similar to that found when
only TFA is used as solvent. The Raman spectra of the 3 samples measured displayed small variations in
the intensities in the 1200-1300 cm~! region. These variations are mainly attributed to the vibration of

the C-H group™,
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Figure 4.15: Raman spectra of Sigma Aldrich chitosan fibers made by electrospinning using TFA:DCM

as solvent
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Pristine Chitosan Electrospun fibers
Bands assignment
Sigma-A. | Crab TFA:DCM Sigma-A. | TFA:DCM Crab
2892 2897 2892 2897 v(CHy)
1659 - 1659 - Amide-I
1378 1382 1378 1382 Amide-III
1264 1256 1264 1263 6 (OH...0)+ v(C-C)+ v(C-
0)+ 6 (OH)+ p(CH»)
1110 1101 1118 1101 v(C-0-C)+ v(g)+ v(C-
OH) +  v(C-NHy)+
6(CH)+ p(CH2)+ p(CH3)
1044 1038 1040 1030 p(CO3)+ 6(CH)+6(OH)
- 998 - 979 v(¢)+ p(CHy)
943 941 - - v(CN)
896 897 898 897 v(¢)+p(CO-NH>)
730 709 730 - v(CO»)
- - 601 - v(CF3)
- - 521 - v(CF3)
493 493 493 486 6 (CO-NH,)
426 | 421 433 421 y (OH) + v (¢)
363 357 377 357 v (OH) + vy (¢)

Table 4.3: Wavenumbers of the bands observed in Raman spectra for Pristine Chitosan Sigma-Aldrich (CS
S.A), Chitosan TFA:DCM Sigma-Aldrich Fiber (CS TFA:DCM S.A Fiber), Pristine Chitosan Crab (CS
Crab), Chitosan TFA:DCM Crab Fiber. ¢ -pyranoid ring, v - stretching, ¢ - bending in plane, ¥ and w-

bending out-of plane.
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Figure 4.16: Raman spectra of crab chitosan fibers made by electrospinning TFA:DCM






Chapter 5

Conclusions & Outlook

The thesis research aims to develop a novel chitosan-based fibrous material using electrospinning tech-
niques and explore its properties. This will help design chitosan-based materials with better stability
for various biomedical applications. The research achieved its goal and discovered new information on

designing chitosan-based materials.

In section 4.1 of Chapter 4, various parameters that are required for producing electrospun fibers were
analyzed. The electrospinning process is quite complex, and multiple parameters must be examined. It
is impossible to predict the fiber diameter or any other product characteristic based on a single parameter
since many of these parameters are interrelated. To achieve the solution electrospinning, there were two
control points. The first was ensuring the chitosan solution had the appropriate viscosity and conductivity
for the electrospinning process. After several tests, it was determined that the AcOH solvent can dissolve
the three types of chitosan used in this research. The polymer dissolution time is directly proportional to

the molecular weight of the chitosan used.

The second control point is related to the electrospinning parameters. Despite attempts to use AcOH,

electrospun fibers could not be obtained. The addition of the chitosan-MWCNT composite to increase
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solution conductivity was unsuccessful. However, changing the solvent to TFA allowed for successful
fiber production. This demonstrates that the polymer concentration factor in electrospinning is affected
by the amount of polymer and the interaction between polymer and solvent. The switch to TFA was the
key to success. During the electrospinning process, we experimented with different working parameters
to determine the optimal combination that yields favorable outcomes: needle diameter (0.35mm-0.9mm),

collector distance (6cm-15cm), flow rate (0.05 ml/h-0.1 ml/h) and voltage (6 kV-20 kV)

Chapter 4, Section 4.2 indicates that cosolvent produces smooth-looking fibers without droplets. The
best-looking fibers were achieved by electrospinning a 4% w/v chitosan (Sigma Aldrich and crab) with
TFA: DCM 70:30, using high voltage and low flow rate. Fibers made from Sigma-Aldrich chitosan had
an average diameter of 1,4 um and fibers made from crab chitosan had an average diameter of 2,34 um.
This study shows that TFA serves as both a solvent and proton donor, which helps to disperse chitosan
and reduce repulsive forces during electrospinning. As a result, it promotes the formation of fibers.The
appearance of the fibers was improved by using a TFA:DCM 70:30 cosolvent which by lowering the boiling

point of the solution allows for successful electrospinning.

In Section 4.3, Raman spectroscopy showed that chitosan nanofibers with amide groups have a stable
structure. Raman investigations prove that the electrospinning process can not change the chemical nature
of the polymer. Raman spectra of the processed samples showed the characteristic functional groups of
chitosan. The peaks were assigned as follows: Amide I (1659-2891 cm™"), Amide I (1659¢m™"), C-H
(1200-1300cm™"), OH (426¢m™") , CO-NH, (493cm™!), C-O-C (896cm™") and O-H (1101cm™"). Also,
the solvent-related peaks (CF3) in the spectra were not distinctly visible, indicating that the electrospinning

process had effectively evaporated all the solvent, thus yielding stable chitosan fibers

Electrospinning biological materials demands less flexibility than synthetic polymers due to the sen-
sitivity of biological materials that require a solvent that won’t cause any harm. Chitosan, in particular, is

extremely vulnerable to failure, and that’s why it’s crucial to opt for a solvent that guarantees the stability



CHAPTER 5. CONCLUSIONS & OUTLOOK 59

of the polymer during the electrospinning process.

In summary, this thesis research contributes significantly to the design of chitosan fibers with various
physicochemical properties through electrospinning. The polymer could not be electrohylated using AcOH
as solvent. This challenge was addressed by changing the solvent to TFA , which is anticipated to improve
the conditions for electrospinning of natural polymers. Moreover, the structure of chitosan fibers was
studied by conventional characterization methods and Raman spectral imaging. The findings presented
here offer a thorough comprehension of how supramolecular assembly contributes to the creation of elec-
trospun fibers using chitosan. These insights can inform the development of fresh material design tactics

for chitosan electrospun fibers.

5.1 Recomendations and future work

In addition to fibers, trifluoroacetic acid (TFA) can also be used for producing chitosan thin films. This
study demonstrated TFA’s high volatility, which is advantageous for biomaterial production. Also, to ensure
the complete dissolution of the polymer, it is advised to prepare the solutions a day prior to electrospinning.
This approach eliminates the need for heating plates, which can lead to degradation of chitosan at high
temperatures (>45°C). It is also recommended to characterize the fibers as soon as possible to prevent any
damage. The next step of this research is to improve the physical properties of the fibers to perform cell

growth and proliferation assessment.
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Electrospinning processing data
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Solvent Polymer Solution Concentration % (w/v) | Needle diameter(mm) | Collection Distance (cm) | Flow rate (mL/Hr) | Voltage (kV)
0,1 8-15
6
0.5 8-15
0.1 8-15
0,35 8
0.5 11-15
0.1 8-15
10
0.5 11-15
0.1 8-15
6
0.5 8-15
0.1 8-15
2 0,45 8
0.5 11-15
0.1 8-15
10
0.5 11-15
0.1 8-15
6
0.5 11-15
0.1 8-15
0,7 8
0.5 11-15
0.1 8-15
10
0.5 11-15
0,1 8-15
6
0.5 8-15
0.1 8-15
0,35 8
0.5 11-15
0.1 8-15
10
0.5 8-15
0.1 8-15
6
0.5 8-15
0.1 8-15
AcOH | Commercial Chitosan 2.5 0,45 8
0.5 8-15
0.1 8-15
10
0.5 11-15
0.1 8-15
10
0.5 8-15
0.1 8-15
0,7 8
0.5 8-15
0.1 8-15
10
0.5 11-15
0,1 8-15
6
0.5 8-15
0.1 8-15
0,35 8
0.5 8-15
0.1 8-15
10
0.5 8-15
0.1 8-15
6
0.5 8-15
0.1 8-15
3 0,45 8
0.5 8-15
0.1 8-15
10
0.5 8-15
0.1 8-15
10
0.5 8-15
0.1 8-15
0,7 8
0.5 8-15
0.1 8-15
10
0.5 8-15

Table A.1: ACOH Commercial chitosan samples
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Solvent Polymer Solution Concentration % (w/v) | Needle diameter(mm) | Collection Distance (cm) | Flow rate (mL/Hr) | Voltage (kV)
0,1 11-15
6
0.5 11-15
0.1 11-15
0,45 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
6 0,7 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
09 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0,1 11-15
6
0.5 11-15
0.1 11-15
0,45 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
AcOH | Shrimp Chitosan 7 0,7 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
09 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0,1 11-15
6
0.5 11-15
0.1 11-15
0,45 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
8 0,7 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
09 8
0.5 11-15
0.1 11-15
10
0.5 11-15

Table A.2: ACOH Shrimp Chitosan Samples
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Solvent Polymer Solution Concentration % (w/v) | Needle diameter (mm) | Collection Distance (cm) | Flow rate (mL/Hr) | Voltage (kV)
0,1 11-15
6
0.5 11-15
0.1 11-15
0,45 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
3 0,7 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
0,9 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0,1 11-15
6
0.5 11-15
0.1 11-15
0,45 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
AcOH | Crab Chitosan 4 0,7 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
0,9 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0,1 11-15
6
0.5 11-15
0.1 11-15
0,45 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
5 0,7 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
0,9 8
0.5 11-15
0.1 11-15
10
0.5 11-15

Table A.3: ACOH Crab chitosan Samples
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Solvent Polymer Solution Concentration% (w/v) | Needle diameter(mm) | Collection Distance(cm) | Flow rate(mL/Hr) | Voltage(kV)
0,1 11-15
6
0.5 11-15
0.1 11-15
0,35 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
2 0,45 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
0,7 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0,1 11-15
6
0.5 11-15
0.1 11-15
0,35 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
AcOH | Commercial Chitosan+tMWCNT 2,5 045 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
0,7 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0,1 11-15
6
0.5 11-15
0.1 11-15
0,35 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
3 0,45 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
0,7 8
0.5 11-15
0.1 11-15
10
0.5 11-15

Table A.4: ACOH Commercial chitosan+MWCNT samples
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Solvent Polymer Solution Concentration%(w/v) | Needle diameter(mm) | Collection Distance(cm) | Flow rate(mL/Hr) | Voltage(kV)
0,1 11-15
6
0.5 11-15
0.1 11-15
0,45 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
6 0,7 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
0,9 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0,1 11-15
6
0.5 11-15
0.1 11-15
0,45 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
AcOH | Shrimp Chitosan+MWCNT 7 0,7 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
0,9 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0,1 11-15
6
0.5 11-15
0.1 11-15
045 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
8 0,7 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
0,9 8
0.5 11-15
0.1 11-15
10
0.5 11-15

Table A.5: ACOH Shrimp chitosan+MWCNT samples
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Solvent Polymer Solution Concentration % (w/v) | Needle diameter(mm) | Collection Distance(cm) | Flow rate(mL/Hr) | Voltage(kV)
0,1 11-15
6
0.5 11-15
0.1 11-15
0,45 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
3 0,7 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
09 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0,1 11-15
6
0.5 11-15
0.1 11-15
0,45 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
AcOH | Crab Chitosan+MWCNT 4 0,7 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
0,9 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0,1 11-15
6
0.5 11-15
0.1 11-15
0,45 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
5 0,7 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
09 8
0.5 11-15
0.1 11-15
10
0.5 11-15

Table A.6: ACOH Crab chitosan+MWCNT samples
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Solvent Polymer Solution Concentration % (w/v) | Needle diameter(mm) | Collection Distance(cm) | Flow rate(mL/Hr) | Voltage(kV)
0,1 11-15
6
0.5 11-15
0.1 11-15
0,35 8
0.5 12-15
0.1 11-15
10
0.5 12-15
0.1 12-15
6
0.5 11-15
0.1 11-15
2 0,45 8
0.5 14-15
0.1 11-15
10
0.5 11-15
0.1 14-15
6
0.5 11-15
0.1 14-15
0,7 8
0.5 11-15
0.1 14-15
10
0.5 11-15
0,1 11-15
6
0.5 11-15
0.1 11-15
0,35 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
TFA Commercial Chitosan 2,5 045 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
0,7 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0,1 11-15
6
0.5 11-15
0.1 11-15
0,35 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
3 0,45 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
0,7 8
0.5 11-15
0.1 11-15
10
0.5 11-15

Table A.7: TFA Commercial chitosan samples
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Solvent Polymer Solution Concentration % (w/v) | Needle diameter(mm) | Collection Distance(cm) | Flow rate(mL/Hr) | Voltage(kV)
0,1 11-15
6
0.5 11-15
0.1 11-15
0,45 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
3 0,7 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
09 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0,1 11-15
6
0.5 11-15
0.1 11-15
0,45 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
TFA Crab Chitosan 4 0.7 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
0,9 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0,1 11-15
6
0.5 11-15
0.1 11-15
0,45 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
5 0,7 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
0,9 8
0.5 11-15
0.1 11-15
10
0.5 11-15

Table A.8: TFA Crab chitosan samples
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Solvent Polymer Solution Concentration % (w/v) | Needle diameter(mm) | Collection Distance(cm) | Flow rate(mL/Hr) | Voltage(kV)
0,1 11-15
6
0.5 11-15
0.1 11-15
0,35 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
2 0,45 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
0,7 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0,1 11-15
6
0.5 11-15
0.1 11-15
0,35 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
TFA/DCM | Commercial Chitosan 2,5 0,45 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
0,7 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0,1 11-15
6
0.5 11-15
0.1 11-15
0,35 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
3 0,45 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
0,7 8
0.5 11-15
0.1 11-15
10
0.5 11-15

Table A.9: TFA/DCM Commercial chitosan samples
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Solvent Polymer Solution Concentration%(w/v) | Needle diameter(mm) | Collection Distance(cm) | Flow rate (mL/Hr) | Voltage(kV)
0,1 11-15
6
0.5 11-15
0.1 11-15
0,45 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
3 0,7 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
09 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0,1 11-15
6
0.5 11-15
0.1 11-15
0,45 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 11-15
6
0.5 11-15
0.1 11-15
TFA/DCM | Crab Chitosan 4 0,7 8
0.5 11-15
0.1 11-15
10
0.5 11-15
0.1 15-17
10
0.5 15-17
0.1 15-17
0,9 8
0.5 11-15
0.1 15-17
10
0.5 11-15
0,1 15-17
6
0.5 15-17
0.1 15-17
045 8
0.5 15-17
0.1 15-17
10
0.5 15-17
0.1 15-17
6
0.5 15-17
0.1 15-17
5 0,7 8
0.5 15-17
0.1 15-17
10
0.5 15-17
0.1 15-17
10
0.5 15-17
0.1 15-17
0,9 8
0.5 15-17
0.1 15-17
10
0.5 15-17

Table A.10: TFA/DCM Crab chitosan samples






Appendix B

WET SPINNING

Since it was not possible to obtain fibers by the electrospinning method using AcOH as a solvent, it
was decided to produce fibers by the wet spinning method following the methodology proposed by
Nechyporchuk?’ and evaluate the morphology and chemical structure of the resulting fibers. Chitosan
solutions were injected into a coagulation bath to form fibers. The wet spinning experiments were
performed with chitosan solution having the concentration 2.5 % (w/w) and sodium hydroxide solutions
with concentration 1.5 (mol/L). The chitosan solutions were transferred to a 1 mL syringe and injected
into the coagulation bath to form the chitosan fibers. The residence time for coagulation was 5 min. The
neutralization reaction between the —-NH3 + groups and NaOH is instantaneous. Table B.1 shows the
images of the fibers obtained by the wet spinnning process. Defined fibers with an average diameter of

300 um are observed.

Figure B.1 shows the Raman spectrum of the fiber that was formed by the wet spinning process and
the spectrum of Sigma Aldrich’s pristine chitosan. The chitosan fiber’s spectrum differs from the pristine
material, as seen in the Raman results. The fiber loses characteristic peaks of the chitosan molecule,

therefore, some bands are not active in fiber but are active in pristine Raman band
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—— Fiber-AcOH

—— Sigma A. Chitosan Pristine
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Figure B.1: Raman Spectra of Sigma Aldrich chitosan fibers made by wet spinning
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Table B.1: Chitosan fiber made by the wet spinning technique using AcOh as solvent. (a)Sigma-Aldrich,
(b)Sigma-Aldrich+ MWCNT, (c)Shrimp, (d)Shrimp+MWCNT, (e) Crab and, (f)Crab+MWCNT
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