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Abstract

The accelerated development in sciences experienced during the last decades, along with
the significant expansion of our knowledge about material synthesis and processing have produced
relevant breakthroughs in several key disciplines and industries ultimately intended to improve
personal and social welfare. Nevertheless, the continuous demand for sustainable solutions to
address different problems has limited the use of traditional materials and has opened the door for
the application of alternative approaches.

Bombix mori silk, the most commonly used type of silk worldwide, is a naturally occurring
polymer primarily based on a fibrillar protein called fibroin (SF), and a globular protein known as
sericine. Silk has been used by mankind for thousands of years, predominantly as a staple for
textiles, and for wound dressing. With its inherent biological and mechanical properties, silk is a
promising candidate for use in biomedical applications such as tissue engineering, drug delivery
and cell culture. However, in most cases in order to process and take advantage of these properties,
sericine must be removed and fibroin dissolved to produce a solution of regenerated SF, which can
be processed into various shapes depending on the final application.

Electrospinning or electrostatic spinning, is a processing technique to generate ultra-thin
polymer fibers, where a strong electrostatic field is generated in the space between a reservoir
containing a polymer in solution, and a conductive surface used as collector. In the last few
decades, the interest in this technique has increased by virtue of the fascinating set of properties of
electrospun materials including high porosities and surface areas, and enhanced thermal resistance
and surface energy.

Consequently, based on the properties of silk, electrospinning has been proposed as a
potential processing technique, such that the production of SF electrospun nonwovens is expected
to impact different areas like material science, nanotechnology, textiles, and biomedicine. Such
applications have been hindered by reports regarding poor mechanical performance and

degradation control for materials produced using regenerated SF.



To address this, studies have examined reinforcing SF electrospun mats by blending with
other polymers, or adding fillers to regenerated SF solution before electrospinning. It has also
been reported that cellulose nanocrystals (CNC), with, high aspect ratios, interfacial adhesion and
surface activity can be used to reinforce different polymers, resulting in improved mechanical
properties.  Additionally, due to its renewability, biocompatibility, biodegradability and
availability, CNC may be a replacement for non-renewable fillers. Hence, CNC might represent a
new opportunity with potential revenues accruing to the forest products industry.

This project is concerned with blending regenerated SF with CNC at different ratios,
followed by electrospinning to generate SF/CNC composites with enhanced properties. The
reinforcing capacity of CNC was assessed through mechanical and thermal testing, whereas
morphological, chemical and rheological variations generated by the addition of CNC into SF were
observed in each sample.
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Chapter 1

Background

1.1. Introduction

Natural polymers like polysaccharides and proteins are materials that have played key roles
in human history, by use as textiles, food, medicines, construction, pulp and paper, and even
military applications. As societal needs have changed, however, synthetic polymers with specific
properties, have largely displaced natural polymers

Silkworm silk is a well-known, naturally occurring fibrous polymer whose glossiness,
versatility for processing, physiological, and mechanical properties, have made it an ideal
candidate for the production of fine textiles dating back to between five and five thousand years
ago. [1]-[6], and its use as material for suturing wounds has been reported for centuries [7], [8].
The characteristics of silk are due to the two major components, sericine and fibroin; While
sericine is a globular and hydrophilic protein which represents the majority of the amorphous
structure, fibroin is a fibrillar and hydrophobic protein comprising most of the crystalline domains
[8]-[11]. As a result of this blend, the chemical composition of silk is mainly based on the amino
acid residues glycine, alanine and serine, and other minor residues such as tyrosine, valine and
glutamic acid [12]. As a consequence silk is biocompatible, degradable, non-cytotoxic, can be
chemically modified, and has the capacity for immobilization of macromolecules [2]. These

characteristics in addition to the successful utilization of silk in wound healing have positioned



silk as a prospective source for biomedical applications, leading to the production of silk
based biomaterials for use in tissue engineering, drug release systems, food packing, biosensing,
and biotechnology [2], [13].

In order to utilize silkworm silk for biomedical or biotechnological applications, sericine
is removed to reduce hypersensitive or allergic responses [14], [15]. The removal of sericine is
achieved by boiling silkworm cocoons in a mild alkali solution for few minutes, which removes
25-30% of total silk mass [2] ,[15], [16]. The resulting product is known as degummed silk, which
is subsequently isolated by dissolution in a solvent that disrupts the strong intermolecular hydrogen
bonds between protein chains, producing a silk fibroin solution, referred to as regenerated silk,
which can be processed in different shapes and/or blended with other compounds [17].

Among the different approaches for silk fibroin processing, electrospinning has been
identified as a promising manufacturing techniques for the production of fibrous matrices for
functionalized textiles and biomedical devices, due to its ability in processing different polymers
using a comparatively inexpensive setup, and the inherent properties of the final product such as
small fiber diameter ranging from micros to tens of nanometers, controllable porous structures,
large surface area, high porosity and aspect ratio [17], [18]. Such characteristics allows the
production of nonwoven fibrous structures that closely mimic the conditions of the extracellular
matrix, which make electrospun materials ideal for applications in tissue engineering, cell
culturing, production of manmade organs, fabrication of controlled drug releasing systems,
support for enzyme immobilization, and wound dressings [9], [17], [18].

Electrospinning has been employed to study and modulate the natural spinning process of
silk, and in several studies focused on the production of electrospun silk biomaterials or silk-
composites [2], [14], [19]. Through various projects on the fabrication of electrospun silk fibroin
non-wovens, materials have been produced that meet the chemical, morphological, and biological
requirements for use in biomedicine, as well as enhanced thermal and electrical resistance [18],
[20]-[22]; Isolated silks, however, exhibit poor degradation control and reduced mechanical
properties compared to native silk fibroin, thus limiting their applications [5], [23], [24]. These
drawbacks mainly arise from the regeneration or isolation process of silk fibroin, which disrupts
most of the intermolecular hydrogen bonds that stabilize the antiparallel B-sheet arrangement of
silk, leading to a predominantly silk I structure with lower crystalline domains, resulting in reduced
mechanical properties and increased the brittleness of the material [2], [3], [20], [25].
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Since biomaterials must be able to withstand varied stresses and loads, improvement of
mechanical properties for electrospun silk non-wovens is indispensable. Therefore, blending silk
fibroin with other polymers or fillers before electrospinning to produce silk fibroin composites has
been proposed and studied by the use of minerals, synthetic polymers, polysaccharides, proteins,
carbon nanotubes, carbon black, and cells, as reinforcement for silk fibroin [17], [20], [21], [26].
Diverse composites have shown superior mechanical performance, but problems regarding
stability, dispersibility in regenerated silk solutions, aggregation, weak interfacial bounding, high
energy and cost of production, biocompatibility, and degradability, have discouraged their
implementation [2], [14], [17], [19], [20], [27]. Given their good compatibility with silk,
polysaccharides such as alginate, chitin, chitosan, hyaluronic acid, and cellulose have been found
to impart remarkable stability and enhanced mechanical properties of silk matrix. Furthermore,
their application as reinforcement is enhanced by their abundance, availability and degradability
[17], [23], [28] as well as their biocompatibility, hydrolytic stability, chelating capacity and
mechanical properties, [20], [29].

Within the polysaccharides, cellulose nanocrystals (CNC) have been identified as a
promising filler for polymers or matrix reinforcement, whose superior mechanical properties are
attributed to their high aspect ratio, crystallinity and strong surface activity, yielding performances
comparable to carbon nanotubes or fiberglass [3], [5], [20], [25], [29], [30]. CNC are typically
produced through acid hydrolysis of cellulose pulp, where the disordered regions within fibers are
cleaved, while crystalline structures are preserved, leading to rod-like cellulose nanostructures
with a similar type of crystalline structure as the original fibres, but with higher crystallinity [31].
Depending on the cellulose source and parameters for the acid hydrolysis, assorted shapes and
surface characteristics are obtained, leading to variations in mechanical performance and stability.
For instance, CNC produced through acid hydrolysis with hydrochloric acid exhibits poor
dispersability in water, whereas, hydrolysis with sulphuric acid induces higher dispersibility via
charge repulsion from grafted sulphate ester groups, but with reduced CNC thermal stability [31]—
[33]. Therefore, several strategies for achieving stability of CNC without compromising their
potential reinforcing capabilities have been tested [32].

Studies on the blending silk fibroin with either cellulose nanocrystals or cellulose
nanofibrils by varying the solvents, silk-cellulose ratios, and processing systems, have yielded
composites with diverse morphologies, physicochemical, and mechanical properties. For instance,
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Huang, el al. [20], successfully improved tensile strength and reduced fiber width of electrospun
silk fibroin non-wovens by adding up to 4% wi/w of cellulose nanocrystals to a solution of silk
fibroin in formic acid. But, a reduction in the strain at breaking was observed as CNC content
increased. Likewise, Park, et al. [5] dispersed bacterial cellulose nanocrystals (BCN) into a
solution of silk fibroin in formic acid to produce silk fibroin/BCN electrospun composites with
increased Young’s modulus and tensile strengths until BCN levels increased up to 7%.
Interestingly, the elongation at break was not affected by the addition of BCN. In addition, Lee,
etal. [34], fabricated wet-spun fibers of silk fibroin/TEMPO-oxidized cellulose nanofibrils
(TO-CNF), employing formic acid as solvent, and methanol as coagulating agent. It was found
that TO-CNF decreased the drawing ratio of the fibers, and the crystalline index of the composite
since TO-CNF might have restricted the crystallization of silk fibroin. Yao, et al. [35], blended
cellulose pulp and silk fibroin in different ratios by dissolving the compounds into 1-Butyl-3-
methylimidazolium chloride to produce microfibers via jet-dry wet spinning. The tensile strength,
elastic modulus, crystallinity, and drawing ratio decreased as silk fibroin percentages increased,
while all the fibers exhibited excellent mechanical performance. Liu and Yao [36], compared the
mechanical and thermal performance of degummed silk and wet-spun regenerated silk fibroin,
against wet-spun SF composites reinforced with CNC, produced by adding the crystals at different
ratios into SF aqueous solutions before coagulating in a methanol bath. The wet-spun SF-CNC
composites presented superior crystallinity, thermal resistance, Young’s modulus, and tensile
strength compared to the wet-spun regenerated silk fibroin and the degummed silk fibers. Shefa,
etal. [37], developed SF:TO-CNC composites with wound healing capability by blending
regenerated silk fibroin with TO-CNC at different ratios. The components were successfully linked
by producing amide bonds between primary amides in silk fibroin with carboxylic groups on
TO-CNC surface, using carbodiimide crosslinkers, and then freeze-dried. SF: TO-CNC composites
exhibited biocompatibility as well as increased water uptake capacity and accelerated wound
healing capacity (related to percentage of wound closure), compared to other wound dressing
materials, although the mechanical performance of the composites was not tested.

It can be seen that in most of the aforementioned approaches, non-benign solvents like
formic acid have been used for the production of silk fibroin-CNC composites. The use of harsh
solvents may be deleterious for the fabrication of composites, whose applications involve
handling, contact, or human health impacts. Therefore, in order to overcome this complication, in
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the current project, silk fibroin-cellulose nanocrystals electrospun composites have been produced
by blending a concentrated solution of regenerated silk fibroin in an aqueous solution with CNC
dispersed in water. Cellulose nanocrystals produced via acid hydrolysis of regenerated wood pulp
were used as the reinforcing agent for electrospun silk fibroin composites. The effects of adding
CNC in different ratios were assessed through the determination of mechanical and thermal
properties, and the morphology, crystallinity, and chemical characteristics of the fabricated
materials. In addition, the properties of the solutions of silk fibroin and CNC were studied to
evaluate their implications on the electrospinning process, and to determine the percolation
threshold of the CNC in the solution of concentrated silk fibroin, in order to ensure that the system
works under satisfactory conditions. To the best of our knowledge, no reports about the fabrication
of electrospun SF-CNC composites employing water as solvent including an analysis of the
percolation threshold for the reinforcing agent have been published.

1.2.  Electrospinning

Electrospinning is a versatile processing technique in which different natural and synthetic
polymers in a solution are used to produce of non-woven fibrous materials in a wide variety of
shapes, with controlled structural properties and average diameter sizes ranging from microns to
tens of nanometers. This technique relies on the application of an electrical field strong enough to
overcome the surface tension and viscous forces within a polymer solution placed in between a
conductive and charge dissipating surface. To produce the electrical field, the polymer solution is
electrically charged generating a difference in the electrical potential between the conductive
surface where the polymer is placed and the charge dissipating surface. When the electrical field
exceeds the strength of viscous and surface forces in the polymer solution, a thin filament of
polymer is ejected the in the direction of the field until it reaches the dissipating surface. During
the time when the polymer solution is in the electrical field, the solvent is evaporated while the
polymer undergoes stretching and repulsive forces, as well as bending and whipping movements
allowing the elongation of the polymer until fine fibres in the submicron scale are produced [18],
[26], [38], [39].

In spite of the fact that electrospinning has been studied and analysed for more than a
hundred years, its implementation in fundamental and applied research had not received much
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attention, until recent decades. As interest in nanotechnology increases and due the continuous
demand for functionalized, ultra-light, and strong fibers, electrospinning has been examined as a
relatively inexpensive, versatile, and easy to use technique for the fabrication of fibres with
features otherwise unattainable through conventional spinning methods [26].

1.2.1. Electrospinning history

The first insights regarding the electrospinning process were reported given by Rayleigh,
who evaluated the stability and effects of charge induction in water jets during the end of the 19t
century [39]. However, the first official report of a recognized electrospinning process was
described by J.F. Cooley in 1902, in the US patent titled “Apparatus for electrically dispersing
fibres” in which a detailed method for generating yarns using high voltages, viscous polymer
solutions, and volatile solvents was illustrated [40], [41]. In the same year, W. J. Morton was
granted the US patent 705,691, entitled “Method of dispersing fluids”, where a method for
dispersing fluids mixed with volatile solvents into a non-volatile solvent using an electrical field
was developed [42]. The following year, once again J. F. Cooley presented an improvement of his
invention described in the US patent 745,276, entitled “Electrical method of dispersing fluids”
[41]. Nevertheless, no substantial progress in electrospinning theory or setup was made until 1914
when Zeleny published his work regarding the behavior of fluid droplets suspended in the tip of
metal capillaries under the influence of electrostatic forces, as well as a first description of the
electrospraying process of solutions in the tip of a capillary [18], [43].

The aforementioned works served as a guide for Anton Formhals, who first successfully
explained the electrospinning process and produced continuous filaments of artificial polymers.
Between 1934 and 1944 Formhals patented a number of experimental setups for the production
of filaments using electrostatic forces [44], [45], [46], [47], [48], [49], [50]. His first approaches
did not result in many improvements in the technical aspects regarding filament drying and
collection, because of the small distances between the nozzles and collector. Formhals overcame
the drawbacks of his first apparatus by enabling interchangeable distances between the nozzles
and collector, which provided longer drying times. Later on, Formhals proposed a mechanism for

the fabrication of composite fiber-webs by electrospinning multiple polymers and composites onto



a moving substrate. Figure 1-1 shows one of the first electrospinning methods for the production

of continuous artificial fibers proposed by Formhals in his patent US 2,187,306.
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FIGURE 1-1. Diagrammatic view of the apparatus proposed by Anton Formhals for the
production of continuous artificial threads or yarns. It Includes a storage reservoir containing a
quantity of spinning solution. A storage reservoir is connected to a header conduit with multiple
nozzles through which a stream of spinning solution is extruded. A base thread about two
grooved pulleys (collector) may be rotated by means of a motor or any other desirable
mechanism. Figure adapted from US Patent No. 2,187,306 (1940)., granted to Anton Formhals.

More recently, between 1964 and 1969, Sir Geoffrey Ingram Taylor postulated the
theoretical underpinnings of electrospinning, by mathematically modelling the formation of the
cone produced when a fluid droplet supported on the tip of a capillary is subjected to electrostatic
forces. This phenomenon is known as the “Taylor cone”. Taylor observed that the shape of fluid
droplet changes from rounded or spherical to tapered as the strength of the electrical field increases,
until the electrical force is strong enough to overcome the surface and viscous forces that holds the
droplet, producing jet ejection from the vertices of the cone [51]. In addition, his work with J. R.
Melcher led to the development of the “leaky dielectric model” for conducting fluids [41], [52]-
[54].

After the investigations of Formhals and Taylor, the main focus of research on
electrospinning was concerned with understanding the relationships between electrospinning



parameters and the structural features of electrospun filaments. Only few decades ago,
electrospinning was rediscovered as a potential technique for the production of nanofibers through
a relatively inexpensive and simple process [39]. This upsurge in interest for electrospinning was
inspired by the work of Reneker and Doshi [55], where filaments with diameters ranging from
5 um to 50 nm were generated by varying the voltage and concentration of polyethylene oxide in
solution. This approach served as evidence of the suitability of electrospinning for the production
of nanoscale materials. Since then further theoretical and applied investigations have strengthened
the fundamentals of this technique, leading to significant improvements in processing conditions,
and the development of innovative systems [39], [41].

As evidence of the increasing interest in the electrospinning process, more than 200
institutions are currently using electrospinning for different purposes. Various private companies
have invested in projects related to the production of nanocomposites through electrospinning, or
are actually employing this technique [18]; Additionally, by conducting a search in the SciFinder
database on the number of publications associated with the term “electrospinning” within the last
20 years, a significant increment in the number of publications in this field was observed until
2015, followed by an slight decrease in the last three years as summarized in the figure 1-2. It is
important to point out that before the year 1995 the term *electrospinning”, referring to the
electrostatic spinning process had not been coined, and was not completely standardized until
2000. Therefore, data before this date might be biased [41]. During the surveyed period more than

15,000 peer-reviewed articles were published and 290 US patents were granted.
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FIGURE 1-2. Number of peer reviewed articles associated with electrospinning, published
during the last two decades (Data obtained from SciFinder, by searching under the keyword

electrospinning, Data surveying on 10/08/2018).

1.2.2. Electrospinning technique

Electrospinning and electrospraying phenomena are governed by a delicate balance
between viscous and surface forces which keep the fluid together in its minimum energy state, and
an external electric field responsible of breaking these forces to produce a fluid jet. In both systems
a polymer in solution or molten polymer is subjected to an electrical force that opposes the surface
tension, producing charge induction on the polymer solution surface. When the electrostatic charge
is increased to a critical value, the equilibrium between surface and electric forces is disturbed,
leading to charge repulsion followed by the formation of electrical stresses on polymer surface
[26]. As the electrostatic charge becomes stronger, the electrical stresses start to converge in a




specific point, leading to the extension of the polymer and to a change in shape from rounded to
tapered [26], [41]. The resulting structure arising from this stretching is also named the “Taylor
cone” in honour of the contributions and work performed by Sir Geoffrey Taylor in this field. The
tip of the Taylor cone serves as junction for all the electrical stresses [54]. Figure 1-3 shows the

evolution of the droplet up to the formation of Taylor cone, as electric force increases.
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FIGURE 1-3. Schematic representation of the formation of the Taylor cone, as a consequence of

the increment in electric force. Figure adapted from [26]. Copyright Elsevier 2010.

At low electrostatic forces, the dripping of the pendant drop at the top of Taylor’s cone is
restrained by the viscous forces, but as the electrostatic force is increased to a critical value it
becomes strong enough to overcome the surface forces and produce a discrete or continuous
ejection of polymer for electrospraying or electrospinning, respectively [18], [56], [57]. Once the
polymer is ejected from the tip of the Taylor cone, as a consequence of the electrical charge brought
by the polymer jet, it will be drawn in the direction of the electric field, and after a short time the
polymer undergoes various instabilities which lead to stretching and continuous fiber formation.
The principal instabilities of the polymer at this point are the axisymmetric Plateau-Raleigh,
off-axis bending, and bending or whipping instability.

In the Plateau-Raleigh instability the surface tension turns the polymer jet into a shape with
minimum surface area, leading to the jet breaking up into small droplets. This instability occurs
when the applied electric force is not strong enough to overcome the surface forces, and generate

a continuous jet. This instability is avoided in high electric fields and by increasing chain



entanglement of polymer in solution [26], [58]. The second type of instability occurs at strong
electric forces, where electrical stresses on the jet surface produce perturbations, and consequently
changes in the surface charge occur. As result, the perturbation is reinforced leading to the jet
breaking up into droplets [58]. Finally, in the third instability, which also occurs at strong electric
forces above a critical value, a continuous jet is generated and experiences a series of whipping
movements leading to the formation of expanding loops which allow polymer stretching, until the
material is finally deposited on the surface of a collector [59], [60]. As the polymer jet is stretched,
its surface area is increased, facilitating the evaporation of solvent until a solid fiber is obtained
[41].

1.2.3. Electrospinning apparatus

A basic electrospinning systemis based on three main components, a capillary tube which
holds the polymer in solution or molten state, a power supply to charge the polymer and provide
the electric field, and a ground connected collector or dissipating surface to collect the produced
filaments [51], [57], [61]. Figure 1-4 shows a typical arrangement for electrospinning, including a
syringe pump for controlling the flow of polymer, a syringe with a needle used as capillary tube,

a power supply, and a ground connected metallic plate employed to collect the fibers.
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FIGURE 1-4. Typical setup employed for electrospinning process. Copyright Simon Sanchez
Diaz
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In this system, the syringe pump controls the ejection of material, while the needle of the
syringe serves as capillary nozzle to extrude the polymer and electrode to connect one terminal of
the power supply. The other terminal of the power supply is attached to the collector. The order in
which the poles of the power supply are connected do not affect the resulting products. Finally, on
the ground connected collector the produced fibers assemble to form a non-woven matrix, in a
pattern and orientation defined by the type of collector. The most commonly used types of collector
are the static metallic plate and rotating drum, however, other configurations like rotating disc or
parallel drums are also available [18], [52].

As polymers can be considered dielectric materials [62], through the usage of this
arrangement, once a strong electric field is generated between the nozzle and collector, the polymer
molecules respond to the excitation by changing location within solution, which generates
stresses on the liquid surface, followed by the jet ejection, and finally the production of the
instabilities which result in stretching and solvent evaporation [39].

Electrospinning can be arranged horizontally (as highlighted in Figure 1-4) or vertically,
although several shortcomings regarding solution dripping have been observed using the vertical
arrangement, which affects the surface of the product. In contrast, gravitational forces are not as
significant in the horizontal setup, making the electric field the main driving force for this process
[18], [39]. In addition, with the increasing interest in electrospinning, many research groups and
companies have developed and patented innovative systems to improve the conditions and
efficiency of the electrospinning process [38], [63]-[67].

1.2.4. Parameters involved in electrospinning process

Electrospinning is governed by various parameters related to the properties of the polymer
solution, processing variables, and ambient conditions. Within the parameters related to the
polymer solutions, the most important factors are viscosity, concentration, molecular weight,
surface tension, conductivity and the type of solvent. Among the process variables, voltage, flow
rate, distance from capillary tip to collector, type of collector, and ejector diameter are the most
important factors. Each of these can have single or multiple impacts on the morphology and final
properties of the fibers, such that their control is essential for the formation of desirable products
[18], [38], [39], [41], [52], [61], [68].
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i.  Polymer solution factors affecting electrospinning:

Concentration.

As a measure of the amount of polymer in solution, the higher the concentration, the greater
the chances for intermolecular interaction or entanglement in solution. Therefore, a critical value
for this factor is required to lessen the instabilities and avoid the jet breaking up [41]. At low
concentrations Plateau-Rayleigh instability dominates the process, and the formation of beads or
droplet is preferred over continuous fibers. As the concentration is increased a combination of
fibers and beads are observed until the concentration exceeds a critical value where only fibers are

produced. Further increases in concentration above the critical value leads to fiber thickening [18].

Molecular weight.

Molecular weight reflects the number of monomer units within a macromolecule,
quantifying the polymer length and level of entanglement, which directly affect the viscosity of
the solution. It has been found that an increase in molecular weight contributes to continuous fiber
formation, as well as larger fiber diameter. Interestingly, a high molecular weight allows a
continuous polymer jet even at low polymer concentration, as long as the level of entanglement is
large enough to hinder the jet from breaking up [69], [70]. Furthermore, molecular weight is

associated with other properties such as surface tension, conductivity, and dielectric constant [18].

Viscosity.

This property results from the different interaction between polymer(s) and solvent(s), and
it is correlated with concentration and molecular weight. At low viscosities the jet can break up
easily due to poor polymer-polymer interactions, but by increasing the viscosity until reach a
critical value, continues fibers of polymer are produce due to the raise in polymer-polymer
interactions, which allows longer relaxation times for the polymer in solution, and helps the jet to
withstand the first order instabilities (Plateau-Rayleigh). Further increments in viscosity above the
critical value leads to the production of more uniform and thicker continuous fibers. However,
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when the viscosity is too high, the electrospinning process is hindered by the strength of the viscous

forces, even when employing strong electric fields [71], [72].

Surface tension.

Surface tension arises from the type of solvent and its interaction with the polymer. By
working under ideal concentrations and viscosities, the reduction in surface tension enables
electrospinning to proceed at lower electrostatic forces, and to generate continuous fibers by
reducing the occurrence of first order instabilities [18], [58], [73], [74]. In addition, surfactants

can help to reduce the surface tension [41].

Conductivity.

Conductivity, or the ability of the solution to carry a charge, depends on the type of solvent,
and the composition and length of the polymer. It has been noticed that slight increments in
conductivity lead to thinner and more uniform fibers, as a result of increases in the bending or
whipping instabilities which helps to stretch the fibers [75]. At very low conductivity, the jet is
unable to carry electrical charges and bead formation is preferred. But, once the conductivity is
above a critical value, continuous fibers are generated, which can be made thinner by further
increases of conductivity. If the conductivity is very high, however, an enhancement in whipping
instabilities occurs, broadening the size distribution of fibers, and eventually resulting in the jet
breaking up [18]. Conductivity can be easily modified by adding electrolytes or conductive fillers
to the solution [41], [76].

Type of solvent.

The selection of an ideal solvent is vital for the electrospinning process due to its
contributions to the final conductivity, surface tension, and viscosity of the solution [58]. In
addition, the solvent plays an important role by facilitating polymer chain motion in solution and
in the jet, allowing the subsequent stretching of the polymer fiber until the solvent is completely
evaporated and the polymer crystallized. Consequently, when the solvent has low volatility wet
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fibers are produced, leading to re-deposition of solvent in which the collected fibers may merge,
collapse, or be re-dissolved. In contrast, very volatile solvents may lead to poor polymer stretching
or the early solidification of polymer in the capillary, restricting the whole process [18], [77].
Moreover, increasing the dielectric properties of the solvent promotes the formation of defect-free
fibers with thinner diameters [41], [78].

ii.  Processing variables:

Voltage.

As the main driving force for electrospinning, the voltage or applied electrostatic force is
responsible for the creation of the electric field and for the induction of the necessary charge in the
solution. Many effects on the fiber shape have been attributed to variation in voltage, however,
there are still questions about this topic. Some investigations have found that increasing the applied
voltage produces thicker fibers as the result of more polymer ejection [57], [79], [80], while other
authors have stated that increasing the electrostatic potential results in thinner fibers due to
stronger repulsive forces producing more stretching [18], [41], [72], [81]. Nevertheless, most
reports agree with the second assumption, which also implies that faster evaporation of the solvent

occurs as the surface area of the fiber is increased with thinner fibers.

Flow rate.

Flow rate defines the jet velocity and the amount of mass ejected from the capillary. It has
been observed that increasing the flow rate leads to larger fiber diameters and pore sizes, as
consequence of the extra mass ejected, as well as to bead formation caused by improper drying
time [82], [83]. Nevertheless, a minimum polymer ejection rate must be kept in order to produce

a stable Taylor cone and subsequent continuous polymer jet [68].
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Distance from capillary tip to collector.

A minimum working distance is required to allow whipping instabilities and stretching of
the fibers, as well as to provide enough flying time for the evaporation of the solvent. It has been
noticed that distances that are either too small or too large lead to bead formation because of short
flying time and the drop in the intensity of the electric field (which is inversely proportional to
distance) [18], [39], [84], [85].

Type of collector.

The collector serves as a conductive surface where the fibers dissipate their charges and
are collected to form a non-woven matrix. It has been found that reducing the conducting area
of the collector results in the formation of beaded structures instead of continuous fibers [86].
However, the main contribution of the collector resides in the type of orientation that it can provide
to the structure of the produced material. Static metallic plates usually lead to unoriented fibrous
structures, therefore anisotropic non-woven mats are generated. Whereas, the use of rotating drum
collectors provides certain degree of alignment and stretching for the fibers, generating a better
degree of isotropy for the nonwovens [87], [88]. Furthermore, the rotational speed affects the
orientation of the polymer fiber by aligning the crystals in the direction of the rotating axis [89].
While the static metallic plate and rotating drum are the most typically used collectors for
electrospinning, other types of collectors have emerged as alternatives to improve the final
properties of the electrospun nonwovens. Some of these innovative approaches are variations of
the rotating drum, including rotating discs, parallel electrodes, and gridded bars [52]. In addition,
conductive paper, conductive cloth, wire meshes, and even coagulation baths have been employed
for the deposition of the fibers [18], [86], [90]. Figure 1-5 displays different types of rotating

collectors employed in the electrospinning process.
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FIGURE 1-5. Variations on the rotating collectors employed in electrospinning process.
Reference: [52].

Ejector diameter.

The size of the orifice through which the solution flows, has a tremendous impact on the
shear forces and deformation of the extruded polymer droplet. It has been found that large orifices
result in thicker fibers. But, orifices that are too big hinder the formation of Taylor’s cone
restricting the electrospinning process [91]. Likewise, orifices that are too small reduce the amount
of ejected material, causing fast evaporation of the solvent when the Taylor cone is produced
[92]. Moreover, the ejector diameter might have some effect on the rheological behaviour of the
solution, which might be due to shear thickening or shear thinning of the polymer, resulting in the

aforementioned outcomes when the viscosity changes [41], [93].
iii.  Ambient conditions:

Environmental parameters like humidity and temperature can produce significant changes in the
morphology and properties of the final product. It has been found that high humidity can result in
the occurrence of beads due to slow solvent volatility, therefore, reducing the elongation forces
that stretch the jet [94]. In contrast, very low humidity may result in extremely fast solvent
evaporation rates, such that the electrospinning process may proceed for only a short period of
time before the polymer in the tip of the ejector solidifies and clogs the nozzle [18], [95], [96]. It
has been suggested that humidity can promote the dissipation of charges along the polymer fiber
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and the subsequent reduction in the third order instabilities, leading to thicker fibers [97], [98].
Other authors have reported the opposite effect of relative humidity on fiber diameter when
hydrophilic polymers are employed [99], [100]. For hydrophobic polymers, water acts as a
non-solvent which promotes the formation of solid regions around the trapped or condensed water
on surface, yielding higher porosities and enabling the evaporation of the remaining solvent.
High temperatures cause a faster evaporation of the solvent, reducing the development of
beaded structures [80]. It is also known that the viscosity of a polymer in solution is inversely
proportional to the temperature [93]. So, by decreasing or raising the temperature, the polymer
solution becomes thicker or thinner, respectively. Therefore, a reduction in fiber diameter is

expected in warmer environments [39], [101].

1.2.5. Application of electrospun non-wovens.

As result of the versatility of the electrospinning process in converting materials into
products with desired and advantageous characteristics including high surface area, tuneable
porosity, and enhanced thermal and mechanical properties, various approaches have been applied
to find suitable applications of electrospun non-wovens. Almost two-thirds of the proposed
application of electrospun materials have been addressed towards biomedical applications related
to tissue engineering, wound dressing, drug delivery, immobilization of active agents, and vascular
graft implants. Among the remaining applications, their potential uses are in filtration,
biotechnology, defence, environmental engineering, energy storage, nanosensors, catalysis,
bioreactors, affinity membranes, and cosmetics [18], [41], [52], [57], [102], [103]. Figure 1-6
displays the pie chart for the distribution of the applications of electrospun non-wovens in each
field.
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FIGURE 1-6. Pie diagram for the application of electrospun materials among different fields.
Adapted from [18], [102].

Increased demand for more sophisticated materials with enhanced surface and mechanical
properties that cannot be obtained through conventional electrospinning processes, has led to
innovative strategies and methodologies to address this need. These include modifications of the
electrospinning setup, addition of fillers or reinforcing fibers, co-polymerization in solution,
post-drawing, annealing, and solvent exchange [17], [18], [22], [57], [104]. These strategies have
broadened the spectrum of application for electrospinning by yielding the production of polymers
and composites that were previously unfeasible.

The use of fillers or reinforcing fibers in electrospinning, allows the incorporation of active
molecules into the fiber, resulting in benefits like enhanced surface activity and mechanical
strength, faster response to external stimuli, antibacterial properties, higher conductivity, increased
porosity, and controlled release properties [5], [52], [61], [105]-[109]. For instance, Shi, et al.
[108], developed an electrospun photosensitive biosensor with potential applications in
optic-electronics, by embedding gold nanoparticles onto silica electrospun fibers. Figure 1-7 shows
the dispersion of the nanoparticles along the an electrospun fiber.
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FIGURE 1-7. TEM image of embedded gold nanoparticles onto silica electrospun fiber, for
improving the photoelectric response. Figure adapted from [108]. Copyright Elsevier 2009.

1.2.6. Challenges in electrospinning

Although electrospinning is a versatile, fairly simple, and relatively inexpensive process
for the production of nanostructured fibrous composites at the laboratory scale, its industrial
scaling-up has been a major challenge due to the sensitivity of the technique to slight chances in
the processing parameters which are difficult to properly control on large scale [18]. Moreover,
for the successful fabrication of many functionalized electrospun materials reported in the
literature, an extremely low flow rate is required, which creates complications for a
commercial-scale product [103].

Additionally, the optimization of processing parameters is an exhausting, iterative, but
necessary task to produce nonwoven matrixes with desired morphologies and surface properties
[110]. For instance, fiber orientation is one of the biggest challenge as consequence of the difficulty
in controlling the direction and trajectory of polymer jets, hindering the implementation of this
technique for applications where the randomness and anisotropy of the products must be avoided

[57]. In textile engineering, it is well-known that fiber orientation leads to superior mechanical
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properties, and appropriate control of this characteristic can broaden the relevance of this
technique [103].

It has been observed that fiber diameters in the electrospinning process are usually limited
to sizes up to tens of nanometers. This means that electrospinning by itself is not applicable for
the fabrication of quantum wires or structures with dimensions below nanoscale, but through
post-processing techniques these difficulties could be overcome [103], [111].

Finally, electrospun non-wovens are usually randomly oriented structures with anisotropic
properties, so a consistent characterization of the mechanical properties using typical mechanical
testing becomes tedious, and the isolation of a single electrospun fiber is nearly impossible
because of the random nature of the technique [26]. Notwithstanding these limitations,
characterization methods like nanoindentation have been explored for measuring mechanical
properties of single fibers, but the feasibility of this technique is still under debate and strongly
depends in the hardness of the tested product [112]-[116].

1.3.  Silkworm silk

Silkworm silk is a natural polymer that has been used for thousands of years. The earliest
evidence of the exploitation of silk can be traced to 3,200 years in the past coming from Zhejiang
province in the southern China. Further investigations, however, have reported the utilization of
silk during the early Neolithic era, around 5,000 years ago, and possibly earlier [1], [15], [117],
[118]. According to archaeologic discoveries, the silkworm or Bombyx mori was domesticated in
northern China, probably in the province of Shandong, where the primary food source of silkworm,
the white mulberry, was first cultivated [6], [118]. Initially, silk was employed for manufacturing
decorative artifacts, until the practice of boiling cocoons, also known as degumming, became
common and enabled the production of continuous silk thread for textiles [1], [15]. It is assumed
that degumming was crucial for the domestication of silkworm, as it allowed the manufacturing of
luxurious and high-value added silk products and their further commercialization, which extended
beyond China, through Asia and into parts of Europe, and became the one major trade product
from China. The huge impact of the silk trade would later inspire the term “silk road” coined by
the German geographer Baron Ferdinand von Richthofen, to describe a network that connected
China, India and the Mediterranean regions through central Asia [119].
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Even though, silk is mainly applied in textiles, it also has been employed in medicine as
suture thread for wound closure and wound cloth, [7], [8], [120]. More innovative and prospective

uses are currently under investigation [2].

1.3.1. Structure and composition

An isolated thread of Bombyx mori silk has an average diameter between 10 to 25 um, and
is mainly composed on a fibrous proteins called fibroin and an glue-like hydrophilic protein named
sericine which keeps fibroin bundles together [3], [22], [28], [104], [117]. [121].

Fibroin is a hydrophobic block copolymer primarily composed of glycine, alanine and
serine, based on a wide range of polypeptides and glycoproteins linked through disulphide bonds
or hydrophobic interactions [2]. As consequence of its heterogeneity, fibroin presents a wide
distribution of molecular weights with two principal units of 26 kDa and 390 kDa, which define a
light and heavy segments within protein structure, which is held by disulphide linkage between
the residue Cys-c20 from the heavy chain and Cys-172 on the light chain. Additionally, the
glycoprotein P25, with an average molecular weight of around 25 kDa, is non-covalently linked
to the heavy chain and composes an important segment within fibroin structure. It has been
reported that the molar ratio between the heavy chain, light chain, and P25 is about 6:6:1 [2],
[120], [122]—-[124].

The heavy chain is formed by 12 domains which compose the crystalline region of silk,
each randomly interconnected with non-repeating segments called linkers, that reduce the
crystallinity. The length of crystalline domains within heavy chains are variable and can be
composed of up to thousands of residues, built up in a sequence of hexapeptides with a general
conformation defined as G-A-G-A-G-X, where G is glycine, A is alanine, and X can be serine,
tyrosine or valine [125], [126]. The length of the linkers or amorphous domains does not vary
much and is usually made up of 42 residues. The amino acids that make up the backbone of fibroin
leads to a hydrophobic, highly crystalline, biodegradable, and biocompatible polymer [117].

Between 20% and 30% of the total mass in a single cocoon is sericine, which is a family
of glycoprotein with high polydispersity whose molecular weight ranges from 20 kDa to 310 kDa,
[15]. Sericine can adopt a random coil or B-sheet structure, which can be controlled by varying
ambient and mechanical stresses. Random coils easily turn into B-sheets under mechanical stress
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or high humidity, whereas the opposite occurs in aqueous solution at temperatures higher than 50°
during which sericine adopts a soluble form [15], [127]. The sequence of amino acids that comprise
sericine is variable, but most investigations agree that serine composes almost one-third of the total
residues. Consequently, assorted types polypeptides with the ability of crosslinking can be found
along the sericine structure [12], [128].

Table 1-1, presents the average weight percentage of each amino acid in natural silk,

crystalline silk, amorphous silk, and sericine.

TABLE 1-1. Average weight percentage of amino acids in natural silk, crystalline silk, amorphous
silk, and sericine. The crystalline and amorphous silk represent the non-water soluble and soluble

portion of silk after enzymatic treatment. Adapted from [12].

Amino acid Natural Silk Crystalline Silk | Amorphous Silk Sericine
Alanine 29.3 32.89 22.16 5.2
Aspartic acid 1.3 0.56 3.87 14.6
Arginine 0.5 0.18 1.29 2.8
Cysteine (half) 0.2 0.0 0.0 0.3
Glutamic acid 1.0 0.43 2.58 7.9
Glycine 44.5 48.5 36.85 13.5
Histidine 0.2 0.06 0.5 1.0
Isoleucine 0.7 0.13 1.80 0.6
Leucine 0.5 0.0 1.29 0.8
Lysine 0.3 0.2 0.77 4.3
Methionine 0.1 0.0 0.0 0.1
Phenylalanine 0.6 0.13 1.54 0.5
Proline 0.3 0.0 1.03 0.5
Serine 12.1 14.97 7.54 33.1
Threonine 0.9 0.36 2.32 8.3
Thryptophan 0.2 0.0 0.0 0.3
Tyrosine 5.2 1.40 10.8 3.1
Valine 2.2 0.64 5.67 3.1

1.3.2. Polymorphisms and crystalline structure of silk fibroin

As previously mentioned, because of its complex structure sericine can adopt a B-sheet or
random coil conformation, depending on the applied environmental and mechanical stresses.

Similarly, fibroin can assume assorted conformations also related to the applied stresses. The
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polymorphisms of fibroin are commonly referred as Silk I, Silk Il and Silk IIl. Silk I is the
water-soluble state of fibroin, where the majority of secondary structures are random coils or
a-helixes [129]. Silk Il represents the dry and organized state of fibroin, where the secondary
structures undergo a transition to f-sheets when Silk | is dried, heated, or stressed. This transition
occurs naturally during the silkworm spinning process, when the solution of silk contained in the
glands of the insect are ejected, yielding shear stresses that organize the structure of silk and pulls
the water out [130]. It has been observed that Silk | transforms to Silk Il under exposure to
methanol or through changes in the ionic strength or pH of the silk solution [117], [131]. Finally,
Silk 111 is a type of helical structure produced at the air-water interface of silk thread during the
spinning process [2], [14], [132].

Commonly, the amorphous regions within the silk structure represent approximately 35%
of the total volume, and are made up of randomly ordered peptide chains that provide deformability
and elasticity to silk threads. In contrast, the crystalline regions are segments of [-sheets or
a-helixes which provide structural joints and toughness to the protein. B-sheets structures are
preferable in terms of mechanical, chemical and thermal resistance, as result of their asymmetric
spatial organization of the protein chains, where one side of is entirely occupied by hydrogens
coming from the glycine residues, whereas the other is covered with methyl groups from the
alanine residues. This structure allows for the interaction between methyl groups and hydrogen
molecules between chains facing opposite directions, enabling the formation of an antiparallel
protein network stabilized through intermolecular hydrogen bonds and Van der Waals forces.
Subsequently, protein networks in the same plane can be linked through the same mechanism to
finally form a tightly packed, non-water soluble, and thermodynamically stable crystalline
structure with the ability to exclude water, while being soluble in acids, bases, or chaotropic
agents in aqueous solution [2], [28], [120], [133]. Figure 1-8, shows a schematic representation of
the of the intermolecular interactions in B-sheets; whereas Figure 1-9 displays the antiparallel
arrangement exhibited by B-sheets. While the dissolution in acid and bases may produce the
denaturalization of the protein, the dissolution in chaotropic agents is preferred as these type of
reagents preserve the structure of the protein, owing to their ability to only generate the breaking
up of the hydrogen bonding network among water molecules. Such effect, leads an increased
number of free molecules of solvent that screen the hydrophobic interactions between protein
chains that stabilize that stabilize the main structure [134].
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FIGURE 1-8. Intermolecular interactions between protein chains in fibroin  sheet structures.

Figure adapted from [28]. Copyright Elsevier 2012.

FIGURE 1-9. Antiparallel stacking pattern of silk fibroin protein chains in 3 sheet structures.
Figure adapted from [133]. Copyright Springer Nature 2013.

Furthermore, as result of the diversity of amino acids located along silk fibroin backbone,
several conformations of the crystalline structure can be assigned to this protein. However, the
most commonly reported structure corresponds to the orthorhombic conformation between
B-strands with the same molecular structure as shown in Figure 1-8. Where the intramolecular
distances between glycine-glycine residues and alanine-alanine residues are in the order of 3.87 A
and 5.33 A, respectively. While, the intermolecular distance between chain-chain in plane and the

chain-chain perpendicular to the strand are 4.70 A and 9.20 A, respectively [12], [117].
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1.3.3. Applications

For thousands of years, silk cocoons have been employed as staple for textile production
as the principal application of this material. Since that time, the demand for silk clothing has been
stimulated by the superior luster, softness, toughness, and quality of silk wovens, as well as for its
direct association with wealth, luxury, and sumptuousness [3], [6]. In addition to textiles, silk has
been used in biomedical applications as suture threads for wound closure, due to its good
biocompatibility, degradability, and healing capacity [20], [135]. Silk based materials may also
be used in electronic and optical devices, reinforcing fillers, wound dressings, tissue-engineering,
and filtration [7], [8], [18], [20]-[22], [120]. However, the inability of silk threads to be processed
into different shapes, along with the increasing demand for silkworm cocoons by the textile
industry have restrained the implementation of silk in other fields.

In order to use silk for any application the removal of sericine by boiling the cocoons in a
heating bath of water or in a mildly alkali solution has become a standard procedure. This process
removes around 25-30% of the total silk mass, and the resulting product, also known as degummed
silk, is the detached silk fibers [1], [15], [136]. These fibers can be directly used for textiles, as
high performance filaments, or isolated as a solution of regenerated silk, which can be further
processed into assorted forms and/or blended with other compounds [17].

Since the intrinsic properties of regenerated silk closely mimic the features of natural silk
fiber, including biodegradability, biocompatibility, non-cytotoxicity, non-inflammatory reaction,
there has been a great deal of effort in the utilization of regenerated silk among due to its
processability and availability for surface modification, which are key factors that hinder the
applicability of natural silk [3], [5], [18], [20]-[22], [104], [137], [138].

Recently, most research projects have explored the suitability of using silk for the
production of biomedical devices to be used for general applications in biomedicine. For instance,
silk fibroin has been recognized as an ideal candidate for tissue engineering, as it fulfils most of
the biological requirements such as minimal inflammatory reactions, improvement of cell activity
and cell ingrowth, tuneable biodegradability, and biocompatibility. In addition, the processing
techniques can control the morphology and surface characteristics to mimic the features of the
extracellular matrix. This, allows the production of bone tissue, organs, arteries, and ligament
replacements [3], [139].
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Another noteworthy approach is the use of silk fibroin in place of typical materials used to
produce biosensors. Since most of the supports for biosensors are made up of silicon, the devices
can be too rigid to properly mimic the flexibility of human tissues. Silk fibroin has shown an
ability to hold circuits without side effects [3], [140]. A current application of silk in biosensing is
in the production of glucose sensors, fabricated via immobilization of glucose oxidase onto a
solvent-cast film of regenerated silk solution, attached to an oxygen electrode surface [135].

Supplementary investigations have focused on the production of silk fibroin substrates for
the immobilization of macromolecules or bioactive compounds. One of the first reports tested the
capacity of silk to immobilize enzymes was developed in the late 1970’s. In this work, the surface
of woven degummed silk was modified using acids and hydrazine. The modified silk was able to
immobilize aspartate aminotransferase and alkali phosphatase, and successfully maintained the
phosphatase activity for more than 90 days [141]. The immobilization of invertase, protease, and
glucose oxidase, onto silk fibroin matrixes have been achieved using solvent-cast films or
freeze-dried powders. Interestingly, for glucose oxidase, an enhancement in the detection time was
observed when compared against the available sensors [142], [143]. Moreover, the capacity to
immobilize glucose oxidase on silk fibroin supports was compared against gelatin substrates.
Accordingly, a better detection activity was noticed when silk fibroin was employed as a support.
Other investigations have reported an improvement in immobilization capacity and thermal
stability for silk biosensor, when the protein is pretreated by dipping it into a methanol bath [144].
In addition, an extensive amount of reports and developments on the immobilization of enzymes
on silk fibroin matrixes have been demonstrated the feasibility silk fibroin for this application [2],
[143], [144]-[146].

Furthermore, as result of the semi-rigidity of silk chains in solution, they are able to assume
nematic liquid crystalline organization and exhibit outstanding optical properties. This, makes silk
a potential material for producing electronic displays or contact lenses [22].

Finally, current investigations and projects to explore the uses of silk fibroin, as well as the
new processing techniques like electrospinning, 3D printing, and freeze drying, have broadened
the alternative applications of silk including drug delivery devices, culture medium for cell
ingrowth, anticoagulants, manmade organs, tympanic membrane, and use as a model protein for
miscellaneous researches [3], [5], [20], [21], [25], [30], [137], [138], [140]. As a recent benchmark,
the pharmaceutical industry took advantage of the interesting set of properties of silk, and has
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produced microcapsules of silk fibroin with controlled release of drugs [3]. Figure 1-10 displays

the different techniques suitable to process regenerated silk into various shapes.
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FIGURE 1-10. Technigques and methods to process regenerated silk fibroin into different shapes.

Figure adapted from [2]. Copyright Elsevier 2007.

1.3.4. Challenges for the application of silk

As previously mentioned, natural silk is a strong fibrous material widely used in textiles
and biomedicine, but given its properties, the applications of silk may not be restricted just to
traditional approaches, but may include innovative and alternative uses for high-value added
products. Notwithstanding, difficulties regarding processability have hampered its
implementation [2], [3], [13], [14]. To overcome this problem, a dissolved form of silk called
regenerated silk fibroin can be easily obtained by solving natural or degummed silk fibers with
mildly acidic or basic solution, or by using chaotropic salts dissolved in water. Regenerated silk
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can be shaped into miscellaneous forms depending on the processing technique; however, the
regeneration process involves the disruption of most OH-bonds and Van der Waals forces that
stabilize the B-sheets and conferred the superior mechanical resistance to silk, then turning
regenerated silk fibroin in dry state into a hard and brittle material [2], [3], [20], [25]. Additionally,
it has been noticed that regenerated silk exhibits a poor degradation rate. For this reason it is
important to blend this material with other sources to achieve the desired conditions [21], [104].

Ideally, to address the shortcomings regarding the mechanical performance of regenerated
silk the induction of B-sheet structures should be the pathway to follow. These structures can be
achieved through controlling the pH, temperature, and ionic strength of the solution, by the
introduction of mechanical stresses, removing entrapped water using a methanol bath, or through
the addition of fillers or active agents which serve as nuclei for crystallization [117], [130], [131].
Yet, the likelihood of utilizing fillers or active compounds is encouraged due to the induction of
silk crystallization to form [-sheet structures, and the possibility to endow silk with other
characteristics and attributes provided by the addition of functionalized molecules [17], [20], [21],
[26], [29]. Even so, the costs, stability, biocompatibility, biodegradability, dispersibility,
aggregation, and poor interaction of some fillers with silk fibroin matrixes make their applicability
unacceptable to completely fulfil the requirements for reinforcing silk [2], [17], [19], [14], [20],
[27], [140].

In addition, when the degumming process is not properly carried out, remaining sericine in
the silk fibers or in the regenerated silk solution may lead to inflammatory responses when silk is
used as biomaterial. Also, sericine residues in silk solutions may hinder the crystallization process
of silk fibroin, and subsequently lower the mechanical performance of silk products after
processing, or reduce the stability of the regenerated silk solution [16], [136], [148]. Finally, it is
important to point out that silk as a degradable material, is more susceptible to degradation in its
regenerated form as consequence of the reduction in crystalline structures, thus the life span and
stability of silk in solution is significantly lower, and closely depends on the temperature and pH
of the solution [117], [120].
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1.4. Cellulose

Cellulose is a natural, renewable and biodegradable material widely used in the textile, paper,
forest products and engineering applications for thousands of years [22], [29]. Cellulose can be
obtained from sources like trees, plants, some marine creatures, algae and bacteria, and depending
on the source and the treatment, different forms of cellulose will be obtained.

Cellulose is a linear chain of glucose molecules linked through glycosidic bond from carbon 1
(C1) of one glucose ring to carbon 4 (C4) from the adjacent glucose. This kind of bounding is
known as B-1,4-glucosidic [29] bound or beta-D-glycopyranose, where beta refers to the isoform
of cellulose where the hydroxyl group linked to C1 lies in the equatorial position, while D or
dextrorotatory denotes that the molecule is able to rotate the plane of polarized light clockwise
[22], [121]. The hydrogen bonds between the adjacent cellulose molecules, provide structural
stability and the formation of a cellulose chain. The number of repeat units of glucose depends on

the cellulose source, which can go from 10000 to 15000 units [29].

“---2OH

FIGURE 1-11. Intra- and inter-molecular bonding patter on cellulose | molecule. Reference:
[29].

During the cellulose biosynthesis, the VVan der Waals and the intermolecular hydrogen
bounds promote the parallel assembly of multiple cellulose chains producing elementary fibers
which consequently aggregate into microfibrils. The assembly process of elementary fibrils into

microfibrils depends on the terminal enzyme complexes, which are spots located in the cell wall,

29



composed on several subunits that contain many catalytic sites where cellulose chains are
polymerized and whose configuration dictates the final arrangement of the elementary fibrils. The
configuration of the subunits in the terminal enzyme complexes variate along species, and it has
implications in the aggregation process of the elementary fibrils which has impact on the
crystallinity, morphology, aspect ratio, and crystalline structure of the final microfibril. For
instance, in wood, the subunits in the terminal enzyme complexes are arranged into six-membered
rosettes, each of them producing 6-member cellulose chain, which are later stacked into
36-member cellulose microfibrils, containing crystalline and amorphous regions [29], [149], [150].

Additionally, cellulose can form polymorphs referred to as cellulose I, I, 11l and V.
Cellulose I is sometimes referred to as natural cellulose and is produced by natural organisms such
as trees, plants, algae, tunicates and bacteria. Cellulose I can be converted into cellulose 11 or IlI.
Cellulose 11 is the most thermodynamically stable structure, and can be produce a regeneration
process or mercerization. This kind of structure has been widely used in the paper industry for
decades. Cellulose 111 can be produced from cellulose I or Il through liquid ammonia treatment,

and then can be converted into cellulose IV using a thermal treatment [29].

1.4.1. Cellulose nanocrystals

Cellulose is an abundant and renewable resource which exhibits properties such as
moisture absorbency, biodegradability, biocompatibility, hydrolytic stability (liquid crystalline
organization), chelating capacity and high mechanical resistance [20], [22], [104], [29]. These
properties provide this material with an outstanding potential for applications in engineering fields.

The intra and inter molecular forces which bind the cellulose provide a stable and stiff
structure [21]. Furthermore, the hydroxyl groups promote intramolecular hydrogen bonds that
stiffen the chains and facilitate the intermolecular hydrogen bonding with other polymers, leading
to chemical stable composites with novel functions and properties [22].

Cellulose nanocrystals are usually between 5-50 nm in diameter and hundreds of
nanometers in length, low density, and a highly reactive surface populated of hydroxyl groups that
facilitate grafting of other species to achieve different surface functionalization, including an easier
self-assembly, controlled dispersion, and control of the particle-particle and particle-matrix
bounding [29].
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Special attention has been focused on cellulose nanocrystals as a reinforcing material, with
mechanical properties that can be compared with those from carbon nanotubes, a greater elastic
modulus than kevlar, high aspect ratio, and a strong interfacial adhesion, [3], [5], [20], [25], [29],
[30], [151].

1.4.2. Cellulose nanocrystals preparation

The isolation of any kind of cellulose source is based in two phases. The first one is a
purification and homogenization pretreatment process. This process will depend on the cellulose
source and the desired morphology. In the case of wood or plants, purification is performed by the
partial or complete removal of lignin and hemicellulose, and the isolation of individual fibers.

The second stage, is the separation of the individual cellulose fibers into their microfibers
or crystalline compounds. The basic approaches to separate the cellulose are mechanical treatment,
acid hydrolysis and enzymatic hydrolysis. Each of these methods can be used separately or
combined to reach a desired cellulose morphology [29].

Within the mechanical processes are high-pressure homogenization, grinding/refining,
cryocrushing, high intensity ultrasonic treatment, and microfluidization. Generally, these
processes use high shear rates to produce the cleavage along the directional axis of cellulose fibrils,
resulting in separated cellulose microfibrils. After each subsequently mechanical step, the particles
become smaller and more homogeneous, but less crystalline. Following this treatment, a filtration
process is included to remove the unfibrillated and partially fibrillated fraction. And additional
chemical step can be performed in order to eliminate the amorphous region or functionalize the
particle surfaces.

In acid hydrolysis, the cellulose fibrils are disrupted by a controlled process in which the
amorphous region within cellulose structure is removed, leading to rod-like nanostructures called
cellulose nanocrystals or cellulose nano-whiskers. [20], [31], [135], [34]. Sulfuric acid is the
typical reactive used in this process, but other type of acids like hydrochloric, phosphoric and
maleic have been employed as well [29].
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1.4.3. Applications

Cellulose has been used for textile, pulp and paper, and forest products applications for
hundreds of years [22], [29], [121]. The potential applications of cellulose nanomaterials include
but are not limited to flexible displays, reinforcement for polymers, biomedical, pharmaceutical,
drug delivery, textiles, electronic devices, separation membranes, thickening agent, and food
packing [22], [29].

Within cellulose materials, cellulose nanocrystals (CNC) have arisen as a promising filler
for polymers or matrix reinforcement, with superior mechanical properties attributed to their high
aspect ratio, crystallinity and strong surface activity, resulting in performance comparable to
carbon nanotubes or fiberglass [3], [5], [20], [25], [29], [30]. Depending on the cellulose source
and conditions for the acid hydrolysis, assorted shapes and surface characteristics are obtained,
leading to variations in mechanical performance and stability. For instance, CNC produced
through acid hydrolysis with hydrochloric acid exhibits poor dispersability in water, whereas,
hydrolysis with sulphuric acid induces higher dispersibility via charge repulsion from grafted
sulphate ester groups, but reduces CNC thermal stability [31]-[33]. Therefore, several strategies
for enhancing stability of CNC without compromising their potential reinforcing capability have
been tested [32]. In addition to the characteristics of CNC surface, the surface area, orientation and
concentration of crystals in a polymer solution will govern the interactions filler-matrix and
filler-filler, and therefore, the ability of the filler to form a continuous reinforcing network. This
phenomenon is modelled by an statistical-geometrical approach named “percolation” which
predicts the number of particles required to go from a discrete dispersion to an infinite connection
of elements when the reinforcing capacity is maximum [152]. Because of the relevance of this
phenomenon for the current research, it is presented in a separate section where the basic
fundament of this model is described for CNC.

Special attention has been paid to cellulose based materials as a replacement for synthetic
polymers to develop immunodiagnostic assays, due to their interesting properties such as
hydrophilicity, high stability, low toxicity abundance, renewability, biocompatibility,
biodegradability, and mechanical properties [20], [29], [153]. The first report of about the use of
cellulose material to produce a diagnostic test, comes from 1957, when Free et al. [154]
impregnated a strip of stiff paper with glucose oxidase, peroxidase and orthotolidine for detection
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of glucose in urine. After this first approach, many studies have focused their efforts on the
production of diagnostic tests employing the concept of permeable porous matrix with entrapped
molecules, especially for laminar flow tests for immunodiagnostic analysis where an antigen is
bound to entrapped enzymes, within cellulose matrix [155]-[158]. Zul et al. [159] reported the
design of a paper strip test for detection of drugs in human fluids, via the immobilization of
immunochromatographic enzymes which were moved through capillary migration in the presence
of theophylline. In the review written by Krska and Molinelli [160], the authors mentioned a
method for measuring mycotoxins in food using a nitrocellulose based membrane in which a
labeled antibody is entrapped and is used as a signal reagent. Also, Cheng et al. [161] produced an
enzyme-linked immunosorbent assay (ELISA) performed in a 96-microzone plate fabricated in
paper with potential to reduce the time and steps required in typical ELISA assays. This paper
based ELISA demonstrated the capacity to detect glucose, total proteins and several enzymes.

1.4.4. Cellulose nanocrystals as reinforcing agent: Percolation model.

Percolation is a term coined by Hammerley in 1957, to describe the likelihood of the
components in a heterogeneous system to turn from a completely disperse to an infinite association
state, by increasing the amount of contact points or elements of one component in the system [162],
[163]. In between these two states there is a transitional range whose upper limit represents the
ultimate concentration of elements required to cross from one state to the other. This limit is known
as the percolation threshold, and closely depends on the number of elements of each species in a
multicomponent system, the chemical behavior of each species, and the orientation and aspect
ratio of the elements [164], [164], [165], [166].

This approach has been widely employed to explain the reinforcing effect of cellulose
nanocrystals in different polymers, by relating the aspect ratio and volume percentage of CNC, to
its ability to form a tight reinforcing network of cellulose mainly linked by hydrogen bonds [167],
[168]. According to the model developed by Favier, et al. [169], the minimum volume fraction is
described for rod-like shape cellulose fibers to successfully generate geometrical percolation. It
was found that the volume fraction is inversely proportional to the aspect ratio of cellulose, and

strongly diminishes upon minimal variation in the length or diameter of the fiber. The model for
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the calculation of the percolation threshold proposed by Favier is presented in the following

equation.

0.7
VRe =T~
/p

Where vrc is the minimum volume fraction, and L and D are the length and diameter of
the cellulose fibers respectively.

Although, this approach leads to very accurate values for the volume fraction of cellulose
to generate geometrical and electrical percolation, mechanical percolation is a completely different
phenomenon. Unlike in the geometrical and electrical percolation, in mechanical percolation the
formation of a continuous network of rigid elements across the entire system does not ensure the
rigidity of the whole structure. It also depends on the type of chemical and physical interactions
between elements, which are not included in the model [152], [170]. Additionally, the equation
proposed by Frazier was formulated for non-branched fibers with homogeneous aspect ratios,
which in practice has been observed to result in lower values of volume fraction [171].
Nevertheless, the values drawn by this equation help to set standard points to begin studying the
mechanical percolation phenomenon of CNC.

Even so, a more precise calculation of the percolation threshold can be performed by
evaluating the changes in the rheological behavior of polymer in solution, as a function of the
weight percentage of filler. This method is based on the theory of filler reinforcement postulated
by Eugene Guth [172], who observed that the changes in the elastic modulus and viscosity of a
polymer reinforced with a filler, followed the same behavior as a function of the reinforcing agent
content. He hypothesized that when a solution with a reinforcing agent is subjected to stress, the
suspended particles of filler would perturb the propagation of the stress through the matrix by
absorbing part of the forces, thus increasing the elastic energy and modulus of the material.
Thereafter, taking advantage of the mathematical approach performed by Lorentz and
Smoluchowski to describe the interaction of spherical particles embedded in a moving phase, Guth
postulated the following equation, using K as the stress-strain relation at small strains, when the

Young’s modulus becomes a parameter
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Where K’* and K’ are the stress-strain relations of the reinforced and unreinforced system
respectively, and “c” is the concentration of the filler in the system. This equation states that the
addition of reinforcing elements would make the stress-strain curve increase by a factor of K’*/K,
as a function of the filler concentration. Therefore, any deviation in this behavior may be caused
by other effects like crystallization, changes in the volume under stress, or by the formation of a
filler network. Subsequently, Guth realized that above certain concentrations, the equation was not
valid to predict the sharp increments in the Young’s modulus of the material. Further investigation
in this area concluded that the rapid enhancement in the elastic properties of the solution were the
result of the changes in the viscoelastic properties of the fluid, when a transition from liquid to
solid-like state happens as consequence of the formation of a percolation network [172], [173],
[174], [175].

Consequently, by surveying at small strains the changes in the elastic modulus of the
reinforced solution as a function of the concentration, the amount of filler to achieve a percolation
network can be found when an abrupt enhancement of the modulus occurs. Figure 1-12, shows the
result of a study conducted by Fangming, et al. [174] related to the changes in the storage modulus
of a solution of polymethyl methacrylate upon the increasing addition of carbon nanotubes. In this
work, the viscosity of the polymer without a reinforcing agent was too low for the sensitivity of
the equipment. From this figure, a sharp increase in the modulus is observed at low frequency or
shear rate, when the concentration of carbon nanotubes was increased from 0.1% to 0.2%.

Therefore, the percolation threshold was assumed to be within both concentrations.
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FIGURE 1-12. Storage modulus of a solution of polymethyl methacrylate as a function of the

mass fraction carbon nanotubes (CNT) content. (@) 0.1% CNT, (A) 0,2% CNT, (o) 0.5%, (o)

1.0% CNT, () 2.0% CNT. Figure adapted from [174]. Copyright (2004) American Chemical
Society.

Besides, in order to obtain an absolute value for the percolation threshold, instead of a
range, a mathematical approach can be conducted at these conditions, where the mechanical
properties and electrical conductivity strongly depends on the amount of filler added. Therefore,
by replacing the electrical conductivity with the elastic modulus in the relationship discussed
elsewhere by Benoit, et al. [176], the following expression to calculate the percolation threshold

can be used.

G o« (m—mc)P

Where “m” is the concentration of the filler, G’ is the elastic modulus at the given
concentration of filler, “m¢” is the concentration at the percolation threshold, and B is a parameter.

Thus, when values of elastic modulus at low frequency are available, via turning the former
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expression into an equality and extrapolating the value of “m” when G’ is zero, the value of the
percolation threshold and 3, can be obtained. Figure 1-13 displays the calculation for the numerical
value of the percolation threshold for the study conducted by Fangming, et al. [174]. For this case,
as mentioned in figure 1-12, the percolation threshold effectively was between 0.1% and 0.2%.
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FIGURE 1-13. Storage modulus of a solution of polymethyl methacrylate measured at 0.5 rad/s,
as a function of the mass fraction of carbon nanotubes (CNT) content. Figure adapted from
[174]. Copyright (2004) American Chemical Society.

Finally, this approach is much more reliable than the theoretical value, as it considers the
whole set of interactions that the solution experiences with the filler. Notwithstanding, the

theoretical approach obtained by Favier’s equation, may help to obtain an initial value.
1.5.  Silk fibroin-cellulose nanocrystals composites

Recently, some studies have investigated the outcomes of blending silk fibroin with
cellulose nanocrystals or nanofibrils, changing the solvents, and silk fibroin-cellulose ratios and

processing systems, yielding composites with diverse morphologies and physicochemical and
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mechanical properties. For instance, Huang, el al. [20], successfully improved tensile strength and
reduced the fiber width of electrospun silk fibroin mats by adding up to 4% w/w of cellulose
nanocrystals (also known as cellulose nanowhiskers). Nevertheless, a reduction in the strain at
breaking was observed as CNC content increased. Likewise, Park, et al. [5], produced silk
fibroin/bacterial cellulose nanocrystal (BCN) composites via electrospinning, accomplishing
higher Young’s modulus and tensile strengths as BCN content was increased up to 7%.
Interestingly, the elongation at break was not affected by the addition of BCN. In addition, Lee, et
al. [34], fabricated wet-spun fibers of silk fibroin/TEMPO-oxidized cellulose nanofibrils (TO-
CNF), employing formic acid as a solvent and methanol as coagulating agent. It was found that
TO-CNF decreased the drawing ratio of the fibers and the crystalline index of the composite, as
TO-CNF might have restricted the crystallization of silk fibroin. Also, Yao, et al. [35], blended
cellulose pulp and silk fibroin in different ratios by dissolving the compounds into 1-butyl-3-
methylimidazolium chloride to render microfibers via jet-dry wet spinning. The tensile strength,
elastic modulus, crystallinity, and drawing ratio decreased as silk fibroin content increased,
however, all fibers exhibited outstanding mechanical performance. Correspondingly, Liu and Yao
[36], reinforced silk fibroin wet-spun fibers by adding cellulose nanocrystals at various ratios into
SF aqueous solutions before coagulation in a methanol bath. Regardless, regenerated silk fibroin
has lower crystallinity and degradation temperature than degummed silk fibroin. The incorporation
of CNC significantly increased these properties, resulting in higher crystallinity and thermal
degradation in reinforced silk fibroin fibers compared with degummed silk. Additionally, it was
observed that reinforced SF fibers exhibited superior Young’s modulus and tensile strength
compared with regenerated silk fibroin and degummed silk fibers. As well, Shefa et al. [37],
developed SF-TO-CNC composites with wound healing capability by blending regenerated silk
fibroin in a solution with TO-CNC at different ratios and cross-linking the components via
amination of TO-CNC for grafting primary amine groups in silk fibroin onto the TO-CNC surface,
followed by freeze drying. SF-TO-CNC composites exhibited biocompatibility, preferable water
uptake capacity, and accelerated wound healing (related to percentage of wound closure),

compared with other wound dressing materials.
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1.5.1. Applications

Previous studies intended to entrap enzymes, chemicals, or cells into silk fibroin/cellulose
based materials have also demonstrated the utility of these kinds of blends for food, pest control,
and pharmaceutical applications. Qiong et al. developed a silk fibroin and cellulose acetate bilayer
electrode which estimated the freshness of fish by incorporating xanthine oxidase into the silk
fibroin layer. The sensor displayed high sensitivity for detection, stability in time, and capacity for
reuse. The sensing values were in agreement with those from commercially available products, as
well [177]. Guan et al. embedded bifenthrin, a chemical for termite control, in a silk fibroin matrix
and then photoimmobilized the matrix on a wood surface with ultraviolet light. The device showed
high-term stability and an appropriate bifenthrin release rate for termite control, providing an
environmentally benign solution for pest control that protects materials that otherwise might be
attacked [178]. Moreover, Drachuk et al. designed a biofilm of bacterial cellulose as a residue
produced by Gluconoacetobacter xylinus in which recombinant Escherichia coli cells were
cultured and finally immobilized using a silk fibroin coating, generating a composite of silk
fibroin-bacterial cellulose where both types of cells were confined. The biofilm provided the
necessary conditions to promote cell ingrowth and resilience to encapsulation. Also, the film
displayed properties such as elasticity, fine porosity, high water retention, and the ability to absorb
UV light [179].

Likewise, silk fibroin and cellulose based composites have been successfully processed
through different techniques and in various shapes like films, fibers, powders, non-woven, and
gels [2], [5], [21], [22] [20], [29], [34], [36], [104], [121]
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Chapter 2

Formulation and characterization of regenerated silk fibroin/cellulose nanocrystals in
solution

2.1. Introduction

This chapter covers the processing to obtain silk fibroin (SF) in aqueous solution, hereafter
referred to as regenerated silk fibroin (RSF), including the removal of sericine, dissolution, and
concentration, as well as its properties in liquid related to molar mass, rheological behavior,
conductivity, pH, and density. These characteristics, along with the processing parameters, control
the mechanism of production and tailor the properties of electrospun materials (which will be
elaborated in chapter 3) [18], [38], [39], [41], [52], [61], [68]. Therefore, understanding the
behavior of RSF in solution provides a starting point for the explanation and optimization of the
end-properties of the electrospun nonwovens made up of RSF.

In addition, this section describes results in the rheological behavior, conductivity, and pH
of RSF solutions in response to the addition of cellulose nanocrystals (CNC) in different loadings,
with the objective of improving the processability of RSF solution in electrospinning and
enhancing the final properties of RSF electrospun nonwovens. Consequently, the mechanism
explaining the increase in the characteristics of RSF solutions and electrospun nonwovens was
approached through the formation of a percolation network above a critical concentration of CNC,

defined as the minimum concentration for percolation (MCP) or percolation threshold (PT). This
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phenomenon was investigated by the theoretical model proposed by Favier for rod-like particles
[169], and changes in the storage modulus and dynamic viscosity of RSF solutions upon addition

of CNC, according to the principle postulated by Guth [172].

2.2. Materials

Partially degummed silkworm cocoons from a waste stream were kindly provided by
Corseda (Popayan, Colombia). Sodium carbonate anhydrous was purchased from VWR (West
Chester, PA). Lithium bromide was supplied by Oak Chemical (Columbia). Polyethylene glycol
(MW~=10,000) was bought from Merck (Darmstadt, Germany). Ultrapure water (0.055 us/cm,
18 mQ-cm) was employed for every procedure, except for degumming and dialysis, where
distilled water was utilized.

Additionally, cellulose nanocrystals in an aqueous slurry produced by the sulfuric acid
hydrolysis of a feedstock pulp containing small residues of regenerated cellulose (Cellulose 1),
with a total solid concentration of 10.26% w/w was provided by the USDA Forest Product
Laboratory (Madison, WI). The average length and diameter of the crystals were 125 nm and
4.5 nm, respectively. Figure 2-1 shows an image of the cellulose nanocrystals obtained through

atomic force microscopy.

1.0 ym =T~

FIGURE 2- 1. Cellulose nanocrystals employed during the project.
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2.3. Methods

2.2.1. Silkworm cocoon degumming

Silkworm cocoons from industrial waste were initially untangled to increase the contact
area of the fiber. Then, the remaining sericine in the silk was removed by soaking the untangled
threads in a bath of boiling aqueous solution of 0.02 M sodium carbonate, under constant stirring
for 30 minutes. Subsequently, the silk was rinsed with boiling distilled water followed by distilled
water at room temperature. This process was performed twice, where the 30 minutes of soaking
were strictly controlled to ensure the complete removal of sericine and to avoid further
complications associated with the degradation of silk properties [8], [16], [136], [148], [180].
Afterwards, the silk without sericine or degummed silk, was dried at 60 °C for 24 hours.

2.2.2. lsolation of silk fibroin

Degummed silk was isolated by dissolving the fibers in an aqueous solution of lithium
bromide (LiBr) 9.3M at 60 °C, under constant stirring rate of 240 rpm, during 4 hours. This process
requires a very strict temperature control, as it can lead to changes in the length of the resulting
silk structures in the solution [181]. Next, the silk in solution or regenerated silk fibroin (RSF) was
filtered with filter paper grade 1 (Whatman™, GE life science, USA) and dialyzed for 48 hours
using dialysis membranes with MWCO 3.5 kDa (Spectra/Por 3, Spectrum labs, USA) in order to
remove the lithium bromide. Distilled water was utilized as dialysis medium, and it was changed
after 1 hour, 2 hours, 4 hours, 8 hours, and every 8 hours thereafter until constant conductivity
values were obtained. Then, the dialyzed solution was centrifuged at 9000 rpm, 4 °C for
20 minutes; this process was carried out two times. Later, the solution was micro filtrated through
cellulose acetate filter membranes, 0.45 um pore size (Ahlstrom, Germany), and stored at 7 °C to
improve the stability of the solution. Next, aliquots of RSF solution were weighed in wet and in
dry conditions after drying at 105 °C for 24 hours, to determine the percentage of solids in sample,
referred as the percentage of silk in solution [16]. Finally, solutions with a total concentration of
silk between 3-5% were obtained. Figure 2-2, displays the different stages of silkworm cocoons
processing, prior to and after degumming, and in regenerated form.
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FIGURE 2- 2. Presentation of silk through various steps. a) Partially degummed silk cocoons
form industrial waste; b) Degummed silk, ¢) Regenerated silk fibroin.

2.2.3. Concentration of regenerated silk fibroin solution

Previous works report that it is required a minimum concentration of regenerated silk in
the solution of 20% wi/w or a viscosity above 0.13 Pa*s to successfully obtain continuous fibers
through electrospinning [182], [183]. In our case, the resulting solutions of RSF exhibited a very
low concentration after isolation. Therefore, the RSF solution was concentrated via reverse dialysis
employing dialysis membranes MWCO 3.5 kDa (Spectra/Por 3, Spectrum labs, USA) against a
concentrated aqueous solution of 25% w/w polyethylene glycol (10 kDa) at room temperature.
The concentration of the solution in the dialysis membrane was constantly measured by calculating
the difference between the weight in wet and dry in aliquots of the solution. This process proceeded
until a final concentration of RSF in solution between 23-36% w/w was reached. A counter effect
of this is that high concentrations of RSF in the solution cause protein jelling at ambient conditions

[16], such that, fresh batches of concentrated regenerated silk were used for each test.

2.3.4. Rheological behavior of concentrated RSF in solution

The concentrated solution of RSF was first diluted to achieve a solid content of 20% wi/w,
in accordance to the minimum concentration needed to successfully produce regular shaped fibers
of RSF through electrospinning [182], [183]. For this solution, a rheological test was performed
employing a CVVO rheometer (Bohlin Instrument, Cirencester, United Kingdom), within a range

of shear rate from 0.1 to 1,000 1/s, using a cone-plate (4°/40 mm) geometry, and a gap of 150 um,
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at room temperature. The dynamic viscosity was potted as a function of the strain for the

concentrated solution of RSF.
2.3.5. Determination theoretical percolation threshold for CNC

The minimum concentration of cellulose nanocrystals required to effectively create a
continuous network of filler, which may result in the enhancement of the properties of RSF
solution, was at first determined through equation 2.1 proposed by Favier et. al, to determine the
theoretical percolation threshold for systems with fillers with a rod-like shape. For this approach,
the concentration of filler in volume percentage (vrc in V/v %) to achieve formation of a
percolation network, is only a function of its aspect ratio, where L = length and D = diameter of
the filler [169].

vz 0.7 (2-1)
RC_V
D

2.3.6. Preparation of RSF/CNC aqueous solutions and experimental determination of

percolation threshold

Once the theoretical percolation threshold (PT) for CNC was calculated, in order to
determine the experimental percolation threshold, two different solutions of RSF/CNC with a CNC
concentration above the theoretical PT were prepared since below this value, the probability for
the formation of a continuous CNC network is rather low. Accordingly, the total solid
concentration of each solution was fixed at 20% w/w, whereas the selected weight ratios total
solids for the RSF/CNC were 95/5 and 90/10, corresponding to RSF/CNC concentrations in
solutions of 19/1% wi/w and 18/2% wi/w, respectively.

Before preparing the RSF/CNC solutions, an aqueous suspension of cellulose nanocrystals
was prepared by diluting the cellulose nanocrystal aqueous slurry at 10.26% w/w with
ultrapure-water, followed by dispersing CNC via sonication using a vibra-cell sonicator, series VC
750 (Sonic, Newtown, CT), operating at 750 W, with a ¥2” tip, and set at 20% amplitude forl0
minutes.
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For the preparation of the RSF/CNC solutions, the concentrated RSF was blended with the
suspension of CNC, under the appropriated weight ratios to produce the desired solutions. The
blends were mechanically stirred for at least 30 minutes.

At first, oscillatory strain-sweep test for the three solutions of RSF/CNC was performed
employing a rheometer, CVO (Bohlin Instrument, Cirencester, United Kingdom), using a cone-
plate (4°/40 mm) geometry, with a gap of 150 um, at room temperature, and in strains between 0.1
and 1000%, to identify the linear viscoelastic region of each solution.

Once the linear viscoelastic region was determined, a frequency-sweep test for the
solutions was carried out in a rheometer, CVO (Bohlin Instrument, Cirencester, United Kingdom),
using a cone-plate (4°/40 mm) geometry, with a gap of 150 um, at room temperature, employing
a strain of 1%, and within frequencies of deformation from 0.1 to 1,000 rad/s. The storage moduli
for each solution were potted as a function of the frequency.

To determine the experimental percolation threshold, the value of the storage modulus of
the solution, at a strain of 0.5 rad/s, was plotted as a function of the concentration of CNC. At this
strain, the value of the storage modulus falls in the linear viscoelastic region, where this property
is independent of the strain. Then, the values of storage modulus for solutions with concentration
of CNC of 1% and 2% w/w were adjusted to the function proposed by Benoit [176], displayed in
equation 2.2.

G' = (x—xpp)P (2-2)

In this model, G’ represents the storage modulus of a polymer with a loading of filler equal
to “x” in weight percent (%ow/w). The constants “Bf” and "xpt" respectively correspond to a
parameter of proportionality, and the concentration of filler to achieve the percolation thresholds
for a pure polymer solution with negligible storage modulus.

In parallel, as the value of the storage modulus for the solution of RSF without CNC was
different from cero, it was fit to a constant straight line along the x-axis until it intercepted the
curved obtained with using the equation 2. The interception between both curves represented the
minimal concentration of CNC to enhance the storage modulus of the RSF solution, which means

the percolation threshold.
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2.3.7. General characterization of the RSF/CNC solutions

The rheological behavior, density, pH, and conductivity for the RSF and each solution of
RSF/CNC were measured to assess the outcomes of the addition of CNC in RSF and their potential
effects on the spinability of the solutions. Their rheological behaviors were characterized
employing a CVVO rheometer (Bohlin Instrument, Cirencester, United Kingdom), within a range
of shear rate from 0.1 to 1,000 1/s, using a cone-plate (4°/40 mm) geometry, and a gap of 150 um,
at room temperature. Conductivities and pH were recorded at room temperature employing a
multi-meter Benchtop Symphony sb70 (VWR, Radnor, PA). Whereas, the densities were

calculated as the weight per 1 milliliter of solution. Each measurement was performed in triplicate.

2.3. Results
2.3.1. Characterization of concentrated RSF solution

The rheological behavior of the concentrated solution of silk fibroin was characterized by
evaluating the changes in the dynamic viscosity of the solution with the shear rate, the collected
data is presented in Figure 2-3.

Dilatant -
Fluid Pseudoplastic

10 s Region 'l 27 Region 3 Region

I
|
i
|
|
|

Log Dynamic viscosity (Pa*s)

i
|
i
1
I
0.1 !
i
I
i
I
i
|

1
i
I
I
|

0.01 !

0.1 1 10 100 1000
Shear rate (1/s)

FIGURE 2- 3. Dynamic viscosity vs. shear rate for the concentrated solution of regenerated silk

fibroin.
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By assessing Figure 2-3, it was observed that the polymer in solution exhibited a dilatant
or shear thickening behavior at very low shear rate, slightly below 0.20 rad/s; followed by a
pseudoplastic or shear thinning behavior, which could be analyzed in three different regions.

The initial shear thickening behavior at low strain has been previously reported for
solutions of silk fibroin in water. This phenomenon is thought to be related to the orientation,
elongation, and disentanglement of polymer chains in the solution, in addition to the onset of the
formation of silk fibroin clusters or aggregates in the solution, resulting from the rise in polymer
mobility under a weak shear flow field, which facilitates the formation of intermolecular
interactions or the agglomeration of the polymer in micelles, without disrupting the forces [184]-
[188]. Interestingly, this behavior has been observed only in solutions of silk fibroin in water,
where the polymer concentration is above 15% w/w, reported as the critical concentration of silk
fibroin to avoid the jet breaking up during electrospinning. It is assumed that such concentration
corresponds to the critical concentration of SF in water to maximize the interactions
polymer-polymer, due to the higher number of molecules in solution, which increases the
likelihood of interactions, producing a sudden raise in viscosity of the solutions. Usually, this
phenomenon comes along with the development of a linear viscoelastic plateau, after the induced
shear thickening [186], [189]. Notwithstanding, other report has assigned this behavior to inertial
effects at the imposed shear rate, rather to an effective increase in the dynamic viscosity [182].

Afterwards, at slightly higher shear rates, the solution exhibited a transition to shear
thinning or pseudoplastic fluid, where the dynamic viscosity of the solution diminished. The
transitions to pseudoplastic and its behavior could be divided into three different regions in the
flow curve, depending on the relation between and shear rate [190], [191].

In the first region, starting around ~0.20 s to ~0.55 s, the fluid underwent a transition
from dilatant to pseudoplastic fluid, characterized by a sharp drop in the viscosity of the solution.
The second region within the pseudoplastic behavior was observed after the critical strain of 0.55
and extended to about 5.19 rad/s. On this region the dynamic viscosity experienced an almost
negligible decrease in the order of 0.90 Pa*s, which highlighted the strength of the interactions
and chain entanglement between molecules of silk [184], [186]. Finally, in the third region of the
pseudoplastic behavior, which commenced nearby 5.19 and extended until 1,000 rad/s, the
response of the solution to the shear rate became unstable and the dynamic viscosity did not
experience a major variation. This transition from pseudoplastic to almost Newtonian Fluid may

63



be attributed to the formation of a liquid crystalline phase of silk fibroin promoted by the exclusion
of water between polymer molecules under stronger shear flow field, which ultimately leads to the
complete separation of the silk fibroin crystalline phase from the solvent [182], [184]. Previous
investigations have reported the commencement for that phenomenon at shear rates between
0.50 s and 20 s*, where the onset of phase separation occurs at lower deformations when the
concentration of silk fibroin increases [182], [184], [189], [192], [19], [93]. This effect could be
produced by a greater chain entanglement and a closely tightened structure in accordance to higher
concentrations, which enables more interaction and a faster production of crystalline networks at
lower shear rate.

Likewise, the density, pH, and conductivity of the solution were measured in triplicate, and
the results are summarized in Table 2-1. Curiously, the pH of the solution lies above the isoelectric
point of silk fibroin which is typically found around 4.2 [184], depending on the different residues
in the protein backbone. At this pH, the acidic residues on the silk fibroin structure are ionized and
impose a net negative charge on silk fibroin chains, producing repulsive forces that hold the fibroin
in an extended form or random coil conformation. Correspondingly, lowering the pH would lead
to the protonation of the acidic residues, whose isoelectric points is around a pH pf 4.5, and
consequently may cause the formation of micellar structures mainly composed of silk fibroin
crystals, resulting from the folding of the protein chain [185], [117]. Figure 2-5 schematizes the

transition of silk fibroin from an extended form to micellar structures with reduction in pH.

TABLE 2- 1. Density, pH and conductivity for the concentrated solution of RSF

Density (gr/cm?) pH Conductivity (us/cm)
1.157 £0.272 7.00£0.01 268 = 2
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FIGURE 2- 4. Silk fibroin conformation as function of pH. Adapted from [117]. Copyright
Elsevier Ltd. 2012.

2.3.2. Determination of percolation threshold and rheological behavior of RSF/CNC

In order to determine the minimum concentration of cellulose nanocrystals to achieve
mechanical percolation, the equation 2.1 was used to stablish a referential value of filler loading
to effectively produce an enhancement on the composite material performance (i.e. mechanical,
thermal, and/or electrical properties). This theoretical approach assumes that fillers have a uniform
cylindrical shape, and the formation of a percolation network is independent of the chemical
behavior and likelihood of the filler to exhibit other interactions different than OH-bonds, like Van
der Waals and/or interactions between filler-solvent. Accordingly, the concentration at the
percolation threshold becomes solely a function of the aspect ratio of the filler [8], [52]-[54].

By introducing the average length and diameter of CNC in equation 2.1, a concentration
2.5% v/v in total solid content was obtained. The former fraction could be expressed in weight
percentage through the theoretical density for CNC, of 1.60 g/cm? [29], [152], and the density of
the RSF concentrated solution shown in Table 2-1. From this conversion, a value of 3.50% w/w in
the total solid was calculated. The last, corresponds to the concentration of CNC in a solid polymer
composite made up of regenerated silk fibroin and cellulose nanocrystals, which for a solution

with a total solid content of 20% w/w, would represent 0.70% wi/w of the solution.
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To define the real percolation threshold of the filler, cellulose nanocrystals were added in
solutions of RSF, using concentrations of filler above the theoretical percolation threshold.
Solutions of RSF/CNC with loadings of CNC of 1% and 2% w/w were prepared, and their
rheology, conductivity and pH were evaluated to assess the effects of the filler on RSF in solution.

At first, for the solutions of RSF/CNC with CNC loading of 1% and 2%, and for the
solution of RSF without CNC, hereafter just referred as RSF, the linear viscoelastic region was
investigated through an oscillatory strain-sweep test, by assessing the changes in the storage
modulus of the solution at different strains, and by identifying the segment of the curves where the

modulus was independent of the strain. The results of this test are shown in the Figure 2-5.
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FIGURE 2- 5. Strain sweep curves for: A) RSF; and RSF/CNC solutions with loadings of CNC
of: B) 1% w/w and C) 2% w/w.

The solution of RSF presented a critical strain between 5 and 5.5%, whereas, this value
was not easy to identify in the solutions of RSF loaded with CNC, which seemed to fall in the
linear viscoelastic region at every strain applied in this test. Interestingly, Hodgkinson, et. al, [16],
in a rheological study for solutions of silk fibroin at different concentrations, found that for
solutions with concentrations above 10%, the critical strain felt between 1 and 50% of strain, where

the highest values belong to the more concentrated solutions. Therefore, for the solutions employed
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in this work, working at a strain of 1% ensured that the further rheological tests were carried out
in the linear viscoelastic region.

Once the linear viscoelastic region was established, frequency-sweep test for the solutions
were carried out to observe their changes in their storage moduli against the frequency of

deformation, at a strain of 1%. These results were plotted in Figure 2-6.
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FIGURE 2- 6. Frequency-sweep curve for: A) concentrated solution of RSF; B) RSF/CNC
solution with 1% w/w CNC, C) RSF/CNC solution with 2% w/w CNC.

By analyzing the behavior of RSF in Figure 2-6, three different transitions were observed,
which could be extrapolated to the solutions of RSF with CNC. The first region has been associated
with the formation of a dynamic equilibrium between the formation and disruption of polymer
interactions, promoted by the flow field force, which produce the orientation and disentanglement
of polymer chains and facilitates the contact between molecules, along with the disruption of
intermolecular interactions under the imposed deformation. The end of the linear viscoelastic
behavior has been defined as the critical shear, where the polymer chains have enough mobility to
break down the equilibrium between the formation and interruption of interactions, thus reducing
the resistance of the molecules to flow under the shear field force [182], [185], [186], [192]-[194].
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For silk fibroin, Terry, et al. [184], reported a value for the critical shear rate of ~0.50 s*
for a solution of natural SF directly extracted from silk worm glands, with a concentration
moderately above 25% w/w. The authors also reported that this value strongly depends on the
polymer chain entanglement, molecular weight, concentration, and relaxation time. The lower the
value for the critical strain, the lower the interactions and relaxation time, thus the lower the time
and strain it takes to disentangle the molecules. The similarity between the values for the critical
shear rate reported in the literature and the one obtained on this study, highlights the degree of
resemblance between the polymers used in both studies.

In the second region, the behavior of the fluid is characterized by the disruption of the
dynamic equilibrium between the formation and disruption of interactions, where the strong shear
flow field disturbs the intermolecular bonds and limits the production of replacing bonds. The end
of this region or commencement of the third region is appointed as the onset for the formation of
a separate crystalline phase of silk fibroin caused by the shear induced crystallization of the
polymer, which causes a sharp increment in the storage modulus [184].

For solution of RSF/CNC it has been reported that the location and extension of the regions
changes with the addition of cellulose based fillers, as well as with its concentration [29], [175],
[195], [196]. Two phenomena associated with the presence of interactions between polymer-filler
and filler-filler could be noticed. The first one, related to the increase in storage modulus for RSF
solutions with the addition of CNC. And the second one, identified as longer first regions for the
solutions of RSF/CNC [197]-[199].

As evidence of the first phenomenon, by only adding 2% of CNC, the initial storage
modulus for the solution of RSF experienced a raise of about 34 times their original values,
changing from 0.44 Pa to 15.17 Pa for the storage modulus. The initial elastic modulus strongly
depends on the molecular weight, chain entanglement, and polymer and filler concentration, but,
as the polymer was the same for the three solution, the variations on this property was probably
generated only by the introduction of fillers [182] ,[184].

Yet, the second phenomenon associated with interactions between both components, was
related to the extension in the length of the first region, where the storage modulus was independent
of the frequency of deformation, varying from a value of ~0.55 rad/s for RSF to almost 1.0 rad/s
for the two solutions of RSF/CNC. The latter, could be a consequence of stronger interactions in
the solution of RSF/CNC, as the components were able to hold the dynamic equilibrium between
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the formation and disruption of interactions under higher frequencies of deformations [28], [200].
This result also implies a higher relaxation time for RSF, which could retard the recovery,
relaxation, and motion of RSF chains, perhaps, due to the hindrances caused by the presence of
CNC [189], [175], [201]. This effect has also been explained by the formation of a crystalline filler
network that increases the resistance to flow until the strain is strong enough to overcome the
opposing shear forces [175], [195], [197], [202], [174]. In a similar manner, the commencement
of the third region shifted from around 5.19 s for RSF to 7.54 s for RSF/CNC. The delay in the
development of phase separation might be attributed to stronger interactions between the
components in the solution, which restrained the exclusion of water and the formation of a
continuous crystalline phase of polymer.

As previously indicated, the addition of CNC at concentrations above the theoretical
percolation threshold produce a sharp enhancement on the storage modulus (G’). This variation
could be attributed to the effective formation of a continuous filler network, which restrained the
mobility of polymer chains. This behavior has been employed to find the real percolation threshold
of the filler in solution, accordingly, a region where the raise on this property only depends on the
addition of filler and not on the frequency or on other properties must be carefully selected [172],
[176], [175], [197] [174].

Within this region, a value of 0.50 rad/s was selected, and the values of storage moduli
were plotted against the concentrations of CNC. The resulting graph is presented in Figure 2-7.
Consequently, the values of storage moduli for the solutions with CNC were adjusted to the
equation 2-2, whereas the value of the storage modulus for RSF was fit to a constant straight line
with slope equal to zero. For the curve described by the equation 2-2, values for "xpt" of and “B”
of 0.61 and 1.36 were respectively obtained by reducing the squared difference between the
experimental and theoretical data points. This previous results indicate that for a solution with an
initial storage modulus close to zero, the mechanical percolation could be achieved at CNC
concentrations above 0.61% w/w. Notwithstanding, as the initial value of the storage modulus for
the solution was different to zero, the real percolation threshold corresponded to the concentration
of CNC where the curve described by the equation 2-2 intercepted the straight line which described
the initial storage modulus of RSF. The interception between the two curves indicated a value
close to 0.83% w/w of CNC, which is slightly lower than the chosen standard values of 1% and
2% wi/w, but greater than the theoretical value, which just takes into account the interactions via
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hydrogen bonding and omits other types of interactions, such as Van der Waals or polymer-
solvent, such might explain the differences between results [169]. The inset graph in Figure 2-7

shows the linear fit for the storage modulus vs the reduce mass fraction of CNC.
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FIGURE 2- 7. Storage modulus (G") as a function of CNC loading, at a fixed strain of 0.5 rad/s.

Inset graph: Log-Log plot of Storage modulus against reduced mass fraction.

After stablish the experimental value for the percolation threshold of CNC in the solution
of RSF, the rheological behavior of the solutions of RSF with 1% and 2% of CNC, and without
CNC was assessed against the shear rate, to observe the change in the flowability of RSF when the
filler was added. Figure 2-8, presents the flow curves for these solutions. As it could be observed,
the RSF/CNC solutions followed a similar rheological behavior described by RSF, identified by
shear thickening at very low strains, followed by a transition to shear thinning fluid. In contrast to
RSF, the two solutions of RSF/CNC showed an almost linear reduction in viscosity with the shear

rate after the transition from dilatant to pseudoplastic, even at very high strain.
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FIGURE 2- 8. Dynamic viscosity vs shear rate curves for: A) RSF; and RSF/CNC solutions
with loadings of CNC of: B) 1% w/w and C) 2% w/w.

Likewise, the values of viscosity at the very high frequency (1000 rad/s) for these three
systems did not variate much, changing from 0.19 Pa*s for the RSF/CNC with 2% of CNC, to
0.09 Pa*s for the solution with 1% of CNC, and finally to a viscosity of 0.07 Pa*s for the RSF
solution without CNC. As previously stated, phase separation could occur at high frequency of
deformation, where the strong shear forces inhibit the interaction within the components and with
the solvent, lowering the resistance of the solution to flow. This variation in dynamic viscosity
may be associated with the resistance produced by the CNC liquid crystalline phases [152], [203].

Finally, conductivity and pH of the RSF/CNC solutions were measured to evaluate the
effects of the addition of CNC on these properties and their potential impacts on the processability
of the solution through electrospinning. Table 2-2 displays the values of conductivity and pH for
RSF and RSF/CNC solutions. The addition of CNC did not markedly impact pH, thus, apparently
the protein preserved its initial shape in the solution. However, its conformation and entanglement
could have varied due to contact with CNC, leading to the enhancement of other properties, such

as viscosity. In contrast with pH, the conductivity of the solution increased upon increasing
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loadings of CNC. It is assumed that this effect was the result of the increased amount of hydroxyl
groups introduced into the solution when CNC was added and to the formation of a CNC electrical
percolation network, which facilitated charge transfer within the system [29], [174], [32]. It is
important to mention that the electrical percolation threshold is usually achieved at values of filler
concentration higher than those required to produce mechanical percolation [176].

The changes in viscosity and conductivity in the RSF solution when CNC was added could
yield benefits for the production of continuous fibers of RSF via electrospinning, as higher
viscosities prevent the jet from breaking up and Rayleigh-Plateau instabilities in response to longer
polymer relaxation times; whereas, an increment in the conductivity might lead to the reduction of
second order instabilities, which occur with the low capacity of the polymer to transport the
charges along its surface, and finally produce a faster jet breaking up. Additionally, changes in
these two properties might lead to opposing outcomes during the electrospinning process, as the
higher viscosity usually results in fiber with larger diameters and more narrow distributions of
fiber diameter, but, very high viscosities might eventually hinder the process by the strong viscous
forces or by jet blockage. On the other hand, raising conductivity leads to lower fiber diameter
due to higher electrostatic repulsion, which ultimately promotes fiber stretching, but generates
broader distributions of the fiber diameter size [26], [58], [71], [72].

TABLE 2- 2. Conductivity and pH for RSF and RSF/CNC solutions.

RSF/CNC w/w % in solution pH Conductivity (uS/cm)
20/0 7.00+0.01 268 + 2
19/1 7.06 +0.02 288+ 1
18/2 7.11+0.00 306 + 2

2.4. Conclusions

RSF solution at 20% wi/w exhibited dilatant behavior at very low rates of deformation,
characterized by the reorientation, accommodation, and slow mobility of silk fibroin chains,
which might have increased the contact between RSF molecules, and subsequently promoted
inter- and intra-molecular interactions, increasing the resistance to flow. However, the solution

behaved like a pseudoplastic fluid at most the rates of deformation.
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According to the strain-sweep test, the solution of RSF felt in the linear viscoelastic
region when strains approximately below 5.5% are applied. Whereas, this condition was
successfully achieved for the solutions of RSF with 1% and 2% of CNC at every input strain
for this test.

The behavior of RSF, in the frequency-sweep curve, could be summarized in three
regions whose extension and onset strongly depends on the polymer chain entanglement,
molecular weight, concentration of polymer, and relaxation time. Each region underlined
particular phenomena, where the 1% region may be the result from the onset of a dynamic
equilibrium between formation and disruption of interactions between silk fibroin strands, and
between polymer-filler. The 2" region could be caused by the disruption of the dynamic
equilibrium, followed by the formation of a separate crystalline phase of SF in the 3 region.

The values of critical shear rate for the RSF solution employed in this work was in
agreement with the value reported in literature for a solution of natural silk fibroin at 25% w/w.
These values are strongly influenced by the molecular weight, chain entanglement, and the
strength of interactions within silk fibroin molecules. Therefore, the material used in this
experiment was similar to natural silk fibroin. In a similar manner, the strain required to induce
the crystallization of silk fibroin was between the threshold reported in literature, which also
depends on the aforementioned properties and in the concentration of the solution, where
higher concentrations, lower the value of the required strain to induce the crystallization, as a
result of the higher probability of silk fibroin molecules to interact between each other.

The solutions of RSF and RSF/CNC exhibited similar rheological behavior,
characterized by the same transitions from dilatant to pseudoplastic. However, at low shear
rates, the sharp change in viscosity when CNC was added evidenced the formation of
interactions between both components, and probably the development of a percolation network
of filler, which enhanced the resistance of the solution to flow, evidenced in the flow curve,
and caused the development of more extended first regions in the frequency-sweep curves for
the blends.

For the concentration of CNC to develop a percolation network, the theoretical value
of 0.70% wi/w, showed a difference of about 15% respect to the real value of 0.83% w/w
obtained through the frequency-sweep experiments. This deviation may be caused by the
omission of other intermolecular different than hydrogen bonds. However, the theoretical
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method may provide a close insight about to the real value of concentration to achieve
mechanical percolation when it is not possible to perform an experimental run.

The increase in viscosity and conductivity of the solution when CNC was added might
result in a better processability of RSF in solution via electrospinning, as the higher viscosity
promoted the formation of continuous and more homogeneous fibers, while increased
conductivity usually leads thinner fibers. These variations generally lower the

Rayleigh-Plateau and secondary type of instabilities that produce the jet breaking up.
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Chapter 3

Production and characterization of regenerated silk fibroin electrospun nanocomposites
reinforced with cellulose nanocrystals

3.1. Introduction

This section describes the aspects regarding the production and characterization of
regenerated silk fibroin (RSF) nanocomposites reinforced with cellulose nanocrystals (CNC)
produced via electrospinning and solvent casting. The main goal of this work was the enhancement
of the mechanical and thermal properties of RSF due to the process or by the addition of the filler.
The first stage for this investigation was focused on finding the best conditions to carry out
electrospinning. Such that, supported on literature review and on previous experimental work, the
variables to produce continuous fibers of RSF via electrospinning were successfully obtained.
Subsequently, to explore the effects of the process on the properties of regenerated silk fibroin
(RSF), electrospun nonwovens and solvent-casted films were produced using an aqueous solution
of RSF with 20% w/w. In parallel, to evaluate the consequence of the addition of cellulose
nanocrystals (CNC) on RSF, the filler was added to solutions of RSF to generate RSF/CNC blends
with a total solid content of 20% w/w, with RSF/CNC ratios in %w/w in solution of 19.5/0.5, 19/1,
18.5/1.5, 18/2. The chosen loadings of filler were carefully selected to investigate the effects of

the addition of CNC in concentrations below and above the experimental percolation threshold,
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determined via rheological studies, previously elaborated in Chapter 2. These solutions were used
for the fabrication of the nanocomposites through electrospinning and solvent-casting.

The produced electrospun nonwovens were characterized in terms of their morphology via
scanning electron microscopy (SEM), chemical conformation by Fourier transformed infra-red
spectroscopy (FTIR), crystallinity by x-ray diffraction (XRD), and thermal resistance by
thermogravimetric analysis (TGA). Whereas, the mechanical performance of the composites was
assessed via dynamic mechanical analysis (DMA) in films rather than in the electrospun
nonwovens, due to the brittleness and softness of the electrospun nanocomposites, which hindered
the separation of the materials settle on the collector without damaging the structures. Such tests,
provided good insights about the ideal amount of CNC to be added in a RSF to successfully
reinforce the polymer.

3.2. Materials

Partially degummed silkworm cocoons from a waste stream were generously provided by
Corseda (Popayan, Colombia). Cellulose nanocrystals aqueous slurry with a solid concentration
of about 10.26% w/w, produced via acid hydrolysis of wood pulp with small residues of
cellulose Il, was donated by the USDA forest product laboratory (Madison, WI). Sodium
carbonate anhydrous was purchased from VWR (West Chester, PA). Lithium bromide was
supplied by Oak Chemical (Columbia). Polyethylene glycol (MW=10,000) was bought from
Merck (Darmstadt, Germany). Ultrapure water (0.055 us/cm, 18 mQ-cm) was employed for every

procedure, except for degumming and dialysis, where distilled water was utilized.

3.3. Methods

4.3.1. Silkworm cocoon degumming

Silkworm cocoons from industrial wastes were untangled to increase the contact area of
the fiber and were then dipped into a solution of sodium carbonate 0.02 M at a boiling temperature
under constant stirring for 30 minutes. Subsequently, the fibers were washed with distilled water
at a boiling temperature and later with distilled water at room temperature. This process was

82



performed twice, and the process time (30 minutes) was strictly controlled to ensure the complete
removal of sericine and to avoid further complications associated with the degradation of silk
properties [8], [16], [136], [148], [180]. Afterwards, the degummed silk was dried at 60 °C for
24 hours.

4.3.2. Isolation of silk fibroin

The degummed silk was dissolved in a 9.3M solution of lithium bromide (LiBr) at 60 °C,
under a constant stirring rate of 240 rpm, for 4 hours [181]. Next, the solution was filtered through
filter paper grade 1 (Whatman™, GE life science, USA) and dialyzed using a dialysis membrane
MWCO 3.5 kDa (Spectra/Por 3, Spectrum labs, USA), until reaching a constant value of
conductivity. Thereafter, the solution was centrifuged at 9000 rpm and 4 °C, for 20 minutes. The
latter was performed two times. Finally, the solution was micro filtered d through cellulose acetate
filter membranes 0.45 um pore size (Ahlstrom, Germany) and stored at 7 °C.

The percentage of solids in the RSF was measured as the ratio between the dry and wet

weight of the solution dried overnight at 105 °C.

4.3.3. Concentration of regenerated silk fibroin solution

The regenerated silk fibroin solution was concentrated via reverse dialysis. The RSF
solution was placed in a dialysis membrane MWCO 3.5 kDa (Spectra/Por 3, Spectrum labs, USA)
in an aqueous solution of 25% w/w polyethylene glycol (10 kDa) at room temperature. The
concentration of the solution in the dialysis membrane was constantly measured by calculating the
difference between the weight in wet and dry in aliquots of the solution. The process proceeded

until a final concentration from 23% to 36% w/w for the RSF solution was obtained.

3.3.4. Preparation of RSF and RSF/CNC solutions

An aqueous CNC slurry was diluted in ultrapure-water and dispersed using a sonicator vibra-cell

series VC 750 (Sonic, Newtown, CT) set at 750 W and 20% amplitude, for 10 minutes, using the

%" tip. Next, the concentrated solution of RSF was diluted to a total solid content of 20% w/w,
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either by adding ultra-pure water or by mixing it with the suspension of CNC to produce the
RSF/CNC solutions for electrospinning, with ratios of 19.5/0.5, 19/1, 18.5/1.5, and 18/2 in weight
percent. Finally, both components were mechanically stirred until a homogeneous dispersion was

achieved.

3.3.5. Characterization of the dispersions

The conductivity and pH of each solution were measured at room temperature employing
a multi-meter Benchtop Symphony sb70 (VWR, Radnor, PA). Each property was recorded in

triplicate to evaluate the variability.

3.3.6. Electrospinning parameters for RSF solution

The initial set of parameters for electrospinning were selected based on values reported in
the literature for similar experimental works [19], [182], [185], [186], [192]-[194], [204], [205].
To establish the best conditions to fabricate defect-less RSF electrospun nonwovens, a RSF
solution with a concentration of 20% w/w was introduced into 1 ml plastic syringes (BD, Franklin
Lakes, NJ) with an inner diameter of 4.78 mm, attached to a metallic needle 21G x 1” (BD
PrecisionGlide™, Franklin Lakes, NJ), whose sharpened end was previously removed. The
syringe was placed on a single jet electrospinning system, and the metallic needle was connected
to the anode of a power supply. A flat metallic sheet was wrapped with aluminum foil, ground
connected, and placed in front of the electrospinning setup to be used as collector. The complete
picture of the electrospinning set up is shown in Figure 3-1.

The electrospinning process was carried out at a flow rate of 0.1 ml/h for the
electrospinning apparatus, a voltage of 10 kV and 20 kV, and a distance from the tip of the needle
to the collector of 10 cm and 20 cm. The combinations of parameters are summarized in Table 3-1.
These values of distance and voltage were selected in accordance with literature reports in order
to keep a ratio voltage/distance between 2 and 1, where values close to 1 give the best conditions
for electrospinning [182], [194], [205]. This ratio is established based on the relationship between
the magnitude of the electric field and these two variables, where the first is directly proportional
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to the voltage and inversely proportional to the square of the distance (oo V/D?) [18], [41]. The
material produced was stored in dry conditions, and their morphology was analyzed via SEM.

TABLE 3-1. Combination of parameters to find the best conditions to produce defect-less
electrospun RSF.

Sample Flow rate (ml/h) Voltage (kV) Distance (cm)
RSF-1 10 10
RSF-2 0.1 20 10
RSF-3 20 20
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FIGURE 3-1. Electrospinning setup utilized in this work.
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3.3.7. Production of RSF/CNC electrospun nonwovens

Once the best combination of parameters for electrospinning was established, the solutions
of RSF with different loadings of CNC were processed. Each solution was introduced into 1 ml
plastic syringes (BD, Franklin Lakes, NJ) with an inner diameter of 4.78 mm, attached to a metallic
needle 21G x 1” (BD PrecisionGlide™, Franklin Lakes, NJ), whose sharpened end was previously
removed. One syringe at a time was placed on a single jet electrospinning system with a flow rate
of 0.1 ml/h, a voltage of 20 kV, and a distance from the tip of the needle to the collector of 20 cm.
The process was allowed to run for at least 3 hours until a representative amount of material was
produced, and the resulting products were stored in dry conditions. The name of each sample and

their conditions are presented in Table 3-2.

TABLE 3-2. Processing parameters for electrospinning of RSF/CNC solutions.

sample RSF/CNC %weight in Flow rate Voltage Distance
solution (ml/h) (kV) (cm)
RSF 20/0
RSF/CNC-0.5 19.5/0.5
RSF/CNC-1 19/1 0.1 20 20
RSF/CNC-1.5 18.5/1.5
RSF/CNC-2 18/2

4.3.9. Production of RSF and RSF/CNC films

Solvent-cast films of RSF were produced in order to understand the effect of the
electrospinning process and the addition CNC on the chemical structure and the
thermo-mechanical performance of RSF. Aqueous solutions of RSF at 3-5% w/w were cast on
plastic petri dishes and oven-dried at 25 °C for 48 hours, until a constant weight was reached. This

process was carried out in accordance with the protocol reported by Asakura, et al. [206] to
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produce regenerated silk fibroin films with a structure mainly composed of silk I or water soluble
silk.

Additionally, RSF/CNC films were produced using the same RSF solutions with CNC
loadings of 0%, 0.5%, 1%, 1.5%, and 2% w/w, as employed for the electrospinning process. The
solutions were cast on plastic petri dishes and oven-dried overnight at 60 °C. These films were

fabricated to evaluate the effects on the mechanical behavior of RSF with the addition of CNC.

3.3.10. Characterization of electrospun-nonwovens

3.3.9.1. Morphological analysis

The morphology of the nanocomposites and fiber shape were analyzed for every sample
via scanning electron microscopy (SEM). A representative amount of sample from each
electrospun nonwoven was cut and taped to aluminum holders using a double-faced carbon
conductive tape and sputter coated with gold for 2 minutes. The morphology of the samples was
analyzed with a SEM EVO50 (ZEISS, Oberkochen, Germany) set at 20 kV under high vacuum.

Images of the morphology were recorded at magnifications of 1 kX and 15 kX.

3.3.9.2. Chemical characterization

The characteristic chemical structures of each sample were assessed through
Fourier-transform Infrared spectroscopy (FTIR), using a Spectrum 400 FTIR-NIR (Perkin Elmer,
Waltham, MA) equipped with a universal ATR accessory and a mid-infrared deuterated triglycine
sulfate detector. For each spectrum, 1,024 scans with a resolution of 4 cm™, within a wavenumber
range from 800 to 4,000 cm™* were collected Changes in the main chemical groups associated with

the electrospinning process and the addition of CNC were evaluated.
3.3.9.3. Crystallinity
The crystallinity of the nanocomposites and RSF films was studied with an X-ray

diffractometer D2 Phaser (Bruker, Germany) equipped with a Cu K, radiator (wavelength of
87



0.154 nm). The first order of reflection (n=1) was recorded at 30 kV and 10 mA, under a scanning
rate of 0.5 sec/point within a diffraction range from 5° to 55°. The angle/angles where the
constructive interference presented a maximum were determined (when Bragg’s law was
satisfied), and their associated d-spacing was calculated though Bragg’s law (equation 3-1) and

related to their particular crystalline structure.

n*A (3-1)
2 sin(0)

Where “n” is the order of reflection, A is the wavelength of the x-ray source, and 6 is the
angle at maximum constructive interference.

Deconvolution of the diffraction patterns of each sample was performed to determine the
area of the peaks associated to the diffraction pattern, and to evaluate the presence of unresolved
peaks planes. The crystallinity for each sample was determined as the ratio between the sum of the
area of the peaks associated with silk 11 and cellulose I, divided by the total area of the diffraction
pattern [180], [36].

3.3.9.4.Thermal stability

The resistance to thermal degradation of the RSF/CNC electrospun composites and the
RSF film was evaluated via thermogravimetric analysis (TGA) with a TGA Pyris 1 (Perkin Elmer,
Waltham, MA). Approximately 7 mg of sample was weighed and placed in an alumina pan and
heated from 30 °C to 600 °C, with a heating ramp of 10 °C/min, under a continuously flowing
nitrogen atmosphere set at 20 ml/min. The onset temperature of degradation and temperature of
maximum degradation rate were recorded and compared to establish the sample with the best

performance.

3.3.9.5. Mechanical properties

The mechanical performance of the electrospun nonwovens was challenging to evaluate, due to

the difficulties to remove the produced materials from the support without damaging the structure,
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leading to biased measurements. Such that, the mechanical properties of the RSF/CNC composites
were measured in films, via dynamic mechanical analysis (DMA) using a TA RSA3 DMA (TA
instruments, New Castle, DE) in tensile mode at a constant deformation rate of 10 mm/min, with

a span of 15 mm, and room conditions.

3.4. Results

3.4.1. Determination of parameters for electrospinning

The solution of RSF at 20% w/w was electrospun under the conditions shown in Table 3-1,
beginning at a short distance and low voltage (10 cm and 10 kV), followed by a combination of
short distance and high voltage (10 cm and 20 kV), and finishing at a long distance and high
voltage (20 cm and 20 kV). The morphology of the produced electrospun nonwovens under a
magnification of 1,000 X is presented in Figure 3-2.

According to literature reports, a minimum concentration of 20% w/w of silk fibroin in an
aqueous solution must be used to provide enough viscous forces to support the formation of a
continuous jet [19], [182], [193], [194]. However, as seen in Figure 3-2, the process parameters
also played a key role in the morphology of the produced electrospun nonwoven. In the case of the
nonwoven fabricated at short distance and low voltage (RSF-1), a combination of thin fibers and
droplet-shaped structures or beads, were found. These results may be attributed to poor fiber
stretching related to low electric forces and/or short distance, where the small electrostatic field
was not sufficiently strong to completely overcome the viscous forces. In addition the short
distance reduced the time of fly of the fiber, generating poor solvent evaporation and less room for
fiber stretching [18], [41], [39], [72], [81], [84], [85].

The material produced at short distance and high voltage (RSF-2), did not present a defined
structure, but rather fibers embedded in a polymer matrix. This type of structure is thought to be
due to very strong electric fields in combination with a short working distance, where the polymer
jet was able to stretch at under the electric field, but the short distance did not allow an adequate
solvent evaporation, which led to the generation of extremely wet fibers. This caused an
accumulation of solvent on the surface of the electrospun nonwoven, and the re-dissolution of the
polymer and coalescence of the fiber on the collector [18], [39], [84], [85].
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By working at long distance and high voltage (RSF-3), the product exhibited a continuous
fibrous structure, where beads or fiber coalescence were not detected. This combination of
parameters gave distances and electrostatic forces suitable to meet the requirements for jet drying
and stretching for the production of continuous and regular fibers. Consequently, these conditions

were selected for the production of the RSF/CNC electrospun nanocomposites.

FIGURE 3-2. Morphology at 1,000 X of magnification for the RSF electrospun nonwovens
processed at 20% w/w, 0.1 ml/h, and at distances and voltages of: RSF-1) 10 cm and 10 kV;
RSF-2) 10 cm and 20 kV; RSF-3) 20 cm and 20 kV.

3.4.2. Production and characterization of RSF/CNC electrospun nanocomposites

Before producing electrospun nanocomposites, each solution of RSF and RSF with

different loadings of CNC were characterized in terms of conductivity and pH, the results of which
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are displayed in Table 3-3. As previously discussed the addition of CNC did not produce a major
change in the pH of the solutions but raised the conductivity of the solutions. The increase in
conductivity could be attributed to the increased number of hydroxyl groups in the solution
endowed by CNC, along with the formation of an electrical percolation network of CNC, which
facilitated the charge transference within the system [29], [32], [174].

Then, once the best combination of parameters for electrospinning was established, the
RSF/CNC solutions were processed via electrospinning according to the conditions in Table 3-2,
and the morphology, chemical structure, crystallinity, and thermal resistance of the produced
nonwovens were characterized to evaluate the effects of the electrospinning process and the
addition of CNC on RSF. The properties of the electrospun nanocomposites of RSF were compared

against those form a RSF film mainly composed of silk 1.

TABLE 3-3. Conductivity and pH of RSF and RSF/CNC solutions

Sample RSF/CNC %weight in solution | Conductivity (uS/cm) pH
RSF 20/0 268 + 2 7.00+0.01
RSF/CNC-0.5 19.5/0.5 280 + 2 701 +0.02
RSF/CNC-1 19/1 288 + 1 7.06 + 0.02
RSF/CNC-1.5 18.5/1.5 302 + 1 709 + 0.02
RSF/CNC-2 18/2 306 + 2 7.11+0.01
3.4.2.1. Morphological analysis

The morphology of the electrospun composites was analyzed in terms of the fiber shape
and number of defects, related to beads and regularity of fiber. The morphology of each composite,
produced according to the conditions in Table 3-2, are presented in Figure 3-3 and Figure 3-4, in
magnifications of 1,000 X and 15,000 X, respectively. The distribution of fiber diameter of each
sample is illustrated in Figure 3-5.

As observed in Figure 3-3, RSF/CNC electrospun nonwovens with continuous fibrous
structures were obtained employing the processing parameters previously stablished. It was
noticed that the CNC loading apparently influenced the average diameter size (mean) and
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regularity of the fiber related to the standard deviation of fiber diameter. The RSF electrospun
nonwoven without CNC exhibited the largest fiber diameter, the highest standard deviation, and
consequently a wide distribution of dimeter size, as compared to the RSF/CNC electrospun
nanocomposites. A small loading of CNC in the order of 0.5% w/w (SF/CNC-0.5) produced a
sharp decrease in diameter and contributed to the production of more homogeneous fibers. Further
increases in CNC loading led to bigger diameter and reduced homogeneity of the fibers size, or
broadened distributions of fiber size.

The initial reduction in diameter and more homogeneous fibers for RSF when CNCs were
added, may be attributed to the raise in the conductivity of the solution caused by the addition of
CNC, which might have facilitated the charge transportation along the polymer jet, fostering the
fiber stretching and the reduction in the second type of instabilities in electrospinning process,
therefore, lessening the chances of jet breaking up [18], [41], [75], [76], [109]. Notwithstanding,
an abrupt rise in the conductivity could lead to uncontrolled bending and whipping instabilities
and to reductions in the regularity of the fiber or broader distributions of size [18]. The last, might
explain the higher standard deviation in diameter size among the nanocomposites in response to
the increasing loading of CNC in the electrospun material.

In addition, as it was observed during the rheological analysis of the solutions of RSF/CNC
(see Chapter 2), the addition of CNC increased the initial dynamic viscosity of RSF solution,
specially, at strains below 7.54 rad/s, equal to 1.20 1/s. To verify if the electrospinning process
proceed at lower strains, the shear rate experienced by the RSF and RSF/CNC solutions during
electrospinning was modelled as the deformation suffered by a Newtonian fluid as it flows through
a capillary tube, described by equation 3-2. Where “Q” is the flow rate (0.1 ml/h), and “d” is the
diameter of the capillary (0.051 cm for a 21G needle) [190], [207]. Form this equation, a value of
2.13 1/s, which corresponded to 13.40 rad/s, was obtained. At this conditions, the solutions
behaved like pseudoplastic fluids, where the addition of CNC had a lower impact on the viscosity,

but still produced a slight enhancement on this property among the solutions.

32Q (3-2)
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In theory, higher viscosities leads to thicker and more homogeneous fibers [72], [71], but,
such effect was not observed when comparing the RSF/CNC nanocomposites with the RSF
nonwoven without CNC. It could be the result of the higher conductivities and lower amounts of
RSF in solution, when CNC were added. Where the first fostered fiber stretching, while the last
reduced the viscous forces in the polymeric matrix. Furthermore, in spite that CNC enhanced the
dynamic viscosity of the solutions, at the conditions of the electrospinning, such effect was
attenuated by the high shear rate exercised by electrospinning. It is important to point out that the
increase in viscosity caused by the addition of CNC, may have occurred due to the increase in the
interactions polymer-filler and/or filler-filler, rather than in polymer-polymer interaction, which
might result in smaller fiber sizes in the electrospun composites of RSF/CNC compared to RSF
nonwovens [18]. In contrast, among the electrospun composites of RSF/CNC, the slight increase
in viscosity produced by the higher loading of CNC, resulted in bigger and more heterogeneous
fiber diameter.

In Figure 3-4, it was noticed that the shape of the fibers changed from a ribbon-like shape
for the electrospun RSF without CNC, to more rounded fibers with increasing loading of CNC.
This flattened shape is typically associated with poor or incomplete solvent evaporation, as a
consequence of a very short distance and/or weak stretching forces. At these conditions, the
remaining solvent in the fibers would allow the mobility of the polymer chains, which leads to the
relaxation of the material in surface, leading to fattened or ribbon-shaped structures [18], [39],
[84], [85]. However, as rounded-shaped fibers were produced using a working distance of 20 cm,
the ribbon-like shape observed in the RSF electrospun nonwoven could be caused by poor fiber
stretching in relation to lower conductivity of the polymer.

Finally, it is important to remark that the addition of CNC in RSF solutions, led to reduced
diameters, less variability, and more rounded fibers. Such that, the addition of CNC could be

advantageous for the production of electrospun composites of RSF with more regular structures.
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FIGURE 3-3. Morphology at 1,000 X of magnification for the electrospun nanocomposites
produced at 0.1 mi/h, 20 kV, 20 cm.
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FIGURE 3-5. Distribution of diameter size, standard deviation (Std), and mean diameter size

(mean) for RSF/CNC electrospun nanocomposites.

3.4.2.2. Chemical characterization

The analysis of the chemical structure of RSF was carried out in two parts, to observe the

effects of processing and the addition of CNC. To analyze the effects of the process, the infrared
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spectra of RSF in film produced by solvent casting and electrospun nonwoven of RSF were
compared to detect differences between the chemical structures of both materials. Both spectra are
presented in Figure 3-6, where the highlighted region corresponds to the bands or vibrational
modes in RSF structure.
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FIGURE 3-6. FTIR spectra of Electrospun RSF (RSF) and RSF in film (RSF-Film).

In Figure 3-6, two principal zones where most of the vibrational modes occurred could be
identified in both samples. The first one, between 3500-2900 cm, which corresponded to three
different vibrational modes; and the second one, localized between 1700-1000 cm, deemed as the
amide band, which exhibited a several peaks, which principally depend on the backbone and
secondary structures of the protein [208].

In the first zone, between 3500-2900 cm™, both samples exhibited analogous peaks with
similar intensities, where a broad peak with medium intensity, and two other peaks with weak
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intensity were identified. The first peak resulted from the N-H stretching from primary and
secondary amines, usually located between 3500-3300 cm, centered circa 3300 cm™. One of the
weak intensity peaks with a center close to 3000 cm™1, could be attributed to the O-H stretching
from carboxylic acids, which typically appears between 3300-2500 cm™. Finally, the second weak
intensity peak with center around 2900 cm™ was produced by the C-H stretching from alkanes in
the protein backbone, resulting from the saturated o carbon and the methyl pendant groups from
alanine in the protein backbone. This vibrational mode is usually observed as low intensity
scattered peaks between 3000-2850 cm™ [12], [125], [126], [209].

The analysis of the second zone, localized around 1700-1000 cm™, was more challenging
due to the complexity of the vibrational modes from the primary and secondary structures that the
protein experience at this threshold of frequencies. Within this region, the vibrational modes
corresponding to amide I, I, and 111 are used to evaluate the changes in the protein structure. The
amide | band, identified as a strong intensity peak located around 1700-1600 cm?, is
predominantly produced by C=0O stretching, and it has been widely employed to analyze
quantitatively and qualitatively the amount of B-sheets (silk II), and a-helices and random
structures (silk I). The assessment of B-turns in this region becomes difficult, as most of these
structures vibrate at the same frequency of a-helices and B-sheets. The amide 11 band, found as a
strong intensity peak between 1600-1500 cm™, is produced by the N-H bending and C-N
stretching. This band provides more information about parallel and antiparallel arrangements of
B-sheets, as well as a more accurate appreciation of random structures. As in amide | band, here,
it is difficult to distinguish between P-turns and [-sheets. Finally, the region between
1350-1200 cm™ is deemed to the amide 111, distinguished by weak intensity peaks from mixed
vibrations. The evaluation of this band by itself is sometimes impractical and does not give many
insights about the protein secondary structure. Although, when it is inspected along with amide I,
it is feasible to discern between B-sheets and random structures [208], [147], [210]-[212].

In order to evaluate the structure of the protein in the second zone, Figure 3-7 shows the
scope of the infrared spectra between 1700-1200 cm™. Accordingly, in the amide I band, the peaks
located between 1630-1620 cm™, 1635-1645 cm™, and 1655-1662 cm™ are assigned to the
presence of B-sheets, random coils, and a-helices, respectively. And an additional peak located
near 1685-1700 cm™ results from the occurrence of antiparallel p-sheets, which is a clear
indication of more stable structures [192], [206], [36], [208], [21], [28], [147], [210]-[215]. For
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the amide Il band, the peaks found between 1530-1520 cm™ and 1550-1535 cm™ are accurately
attributed to the formation of silk Il and silk I structures, respectively. The amide Il band is not
commonly employed to identify a-helices, but, in a comprehensive investigation about the
identification of secondary structures in proteins through FTIR, Miyazawa and Blout [211]
assigned a peak below 1520 cm™ to a-helices, whereas other authors assign this peak to antiparallel
B-sheets [208], [212], [21]. Lastly, in the amide Ill, the peaks centered near 1260 cm™ and
1230 cm™ are commonly produced by the presence of non-water soluble silk (silk 11) and water
soluble silk (silk 1), respectively. The identification of secondary structures within this band is
complicated and inaccurate due to the weak intensity of the peaks and the number of miscellaneous

vibrations that occur along these range of frequencies [206], [208], [213].
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FIGURE 3-7. Scope of the FTIR spectrum within the region for amide I, I, and I11, for the
Electrospun RSF (RSF) and RSF in film (RSF-Film).

The main peaks in the amide I region for the RSF film occurred in the vibration frequency
of randomly coiled structures near 1645 cm™. Whereas, for the electrospun RSF, the main peak

shifted leftwards to a position between the vibrational frequency for a-helices and random coils.
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The low or negligible intensity of the peak corresponding to B-sheet between 1630-1620 cm™,
along with the absence of the peak from antiparallel B-sheet, demonstrated that both samples
exhibited a predominantly silk | form, rather than water insoluble structure. Likewise, in both
samples, the occurrence of a strong peak attributed to a-helices, confirmed that their crystalline
structure was mainly composed on this type of structures, and not on -sheets.

In the amide Il band, in both samples, the peak assigned to silk I and silk Il presented
similar intensities, where the intensity of the peak from silk Il was slightly higher. According to
this analysis, both samples exhibited silk 11 structures that were not easily observed in the amine |
band, however, the quantification of these structures along this band is not recommended and
usually leads to biased results [208].

In contrast with the results from amide 11, amide I11 showed that the peak assigned to silk
I1, localized at about 1260 cm™, had a very small or almost negligible intensity compared to the
peak of silk I structures, positioned close to 1230 cm™. The analysis of this band served for the
identification of the main type of structures in both samples, that showed a favorable silk | form.
Additionally, it is believed that the lower intensity of the peak circa 1230 cm, in the electrospun
sample compared to the film, may be an indication of a higher crystallinity in the electrospun
sample, in agreement with the higher stretching and shear forces experienced by the polymer
during electrospinning, which might have led to more ordered structures [18], [41], [72], [81],
[58]-[60].

Consequently, the evaluation of the amide | and amide Ill bands indicated that silk I or
water soluble silk was the main type of structure in both samples. Such result, may be a
consequence of the regeneration process of silk fibroin, performed to yield water soluble silk [3],
[21], [2], [20], [25], [104]. In both cases, the processing technique did not result in notorious
changes on the structure of RSF, as it could be expected.

Likewise, the effects from the addition of CNC in different loadings, on the chemical
structure of electrospun nonwovens of RSF were evaluated. Figure 3-8 displays the infrared
spectra for the electrospun nanocomposites of RSF/CNC and for oven-dried cellulose
nanocrystals. Like in Figure 3-6, in this figure the bands corresponding to the main functional
groups in RSF and CNC were highlighted.
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FIGURE 3-8. FTIR spectra for cellulose nanocrystals (CNC), the electrospun nonwoven of RSF
(RSF), and the electrospun nanocomposites of RSF/CNC.

In the IR spectrum of CNC, characteristic vibrational modes for O-H stretching, C-H
stretching, O-H bending, and C-O stretching, were resolved. The band for O-H stretching from the
hydroxyl groups was identified as a medium intensity broad peak, centered circa 3410 cm™. The
peak from the symmetric C-H stretching could be observed as low intensity peaks at around
2900 cm™. A peak close to 1640 cm™ was attributed to moisture absorbed by the sample, where
the low intensity of this peak served as an indication of the low moisture content. A low intensity
peak with a vibrational frequency near 1300 cm™ was assigned to the contributions from O-H
bending. Finally, a strong intensity and broadly scattered peak between 1160-1030 cm™, resulted
from the stretching of C-O bond [216]-[221].

For the spectra of the RSF/CNC electrospun nanocomposites, the low quantity of CNC and
the superposition of the characteristic bands or peaks for RSF and CNC made the contributions of
CNC almost negligible throughout most of the vibration modes, with the exception of the peak
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from C-O stretching, which became more prominent in accordance with the increase in CNC
content. The former could be observed in more detail in Figure 3-9, which shows the scope of the

IR spectra in Figure 3-8 in the region between 1700 cm™ and 900 cm™.
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FIGURE 3-9. Scope of the IR spectra between 1700-900 cm, for cellulose nanocrystals (CNC),
the electrospun nonwoven of RSF (RSF), and the electrospun nanocomposites of RSF/CNC.

In the region of the amide band corresponding to amide 1, 1l and 111, no vibrational modes
from the spectrum of CNC overlapped with the vibrations of the main functional groups from RSF,
therefore, the analysis of the structure of RSF along this region was accurately performed for the
RSF/CNC electrospun nanocomposites without the risk of biased results. By exploring these
regions to find potential variations in the type of structure in RSF in response to the increasing
loading of CNC, no relevant changes in the intensity of the peaks, nor in their position could be
identified. Apparently, this initial glance indicated that the addition of CNC did not generate
changes in RSF structure. However, the occurrence of a peak close to 1060 cm™, whose intensity
increased in accordance with the higher amount of CNC in the nanocomposite, evidenced the raise
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in C-O groups in the electrospun materials. Interestingly, the location of this vibrational mode
shifted leftwards in the electrospun nanocomposites with respect to CNC. It might be caused due

to some interactions between both components.

3.4.2.3. Crystallinity

Similar as for the chemical characterization, the evaluation of crystallinity was carried out
to elaborate on the effects from the process and from the addition of CNC. For both cases, X-ray
diffraction was employed to establish the crystalline structure of the samples.

For the first analysis intended to explore the effects of the process, X-ray diffraction
patterns for electrospun nonwovens of RSF and RSF in film were recorded and compared to
evaluate differences in the crystallinity of the samples. Figure 3-10 shows the diffraction spectra
for both samples, where the diffraction angles that resulted in maximum constructive interference
were highlighted. It is important to note that the location of the peaks in this pattern is a function
of the wavelength from the X-ray source, such that if the source of light is changed, the position
of this peak will vary as well. Hence, the d-spacing provides a more accurate insight on the
distances between crystalline planes and the type of structures in the sample, in comparison with

the angle. This parameter was calculated using the Bragg’s law, corresponding to the equation 3-1.
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FIGURE 3-10. XRD pattern of A) electrospun RSF; and B) RSF film.

Therefore, by converting the main diffraction angles of the RSF film to d-spacing, using

the equation 3-2, the corresponding distances between crystalline planes were found to be
0.901nm, 0.489 nm, and 0.216 nm, which were associated with the peaks at 9.8°, 18.1°, and 41.7°,

respectively. Likewise, the three associated d-spacing for the electrospun RSF were 0.929 nm,

0.464 nm, and 0.233 nm, resulting in peaks located at 9.5°, 19.1°, and 38.7°. The monoclinic unit

cell of antiparallel B-sheets of silk fibroin shows crystalline planes with d-spacing close to 0.92 nm,

0.69 nm, and 0.47 nm. The first plane corresponds to the distance between stacked B-sheets,

whereas the other two are related to the distances between interacting alanine-alanine and

glycine-glycine residues in neighboring chains, which are the intermolecular distances between
residues in polypeptides strands [180], [12], [130], [222].
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Both samples exhibited two out of three similar d-spacing characteristics for SF -sheets
while the additional d-spacing circa 0.22 nm has been associated with the reflection of the meridian
of the forth layer of the sheets on the crystalline plane (004) or with disturbance in the main
backbone of the protein created by periodic substitutions of alanine or glycine by serine. The last
results are in accord with previous reports for the crystalline structure of precipitated crystals from
a RSF dissolved in LiBr [223].

Interestingly, the lower value of the first reflection at 0.92 nm is associated with the
formation of parallel B-sheets, whereas the increase in this value is clear evidence of antiparallel
[-sheets or water-insoluble silk [12]. Despite that the shorter distance between sheets may be
interpreted as an indication of a more closely stacked structure, the direction of the pendant groups
in the parallel arrangement leads to a lower level of intermolecular interactions, which ultimately
makes this type of structure weaker in terms of mechanical strength, as well as in thermal and
chemical resistance. In contrast, reductions in the intramolecular distances (d-spacing near 0.69 nm
and 0.47 nm) indicate a more tightly packed and stable arrangement of the polypeptide chains in
strands, as the electrospun sample exhibited. It is important to mention that this fact applies to
parallel and antiparallel B-sheets, as well as to a-helices; thus, this condition did not help to discern
the presence of silk | or silk 1l [12], [117]. Figure 3-11 sketches the differences between the
bonding patterns from antiparallel and parallel arrangements for a protein built up on
polyglycine-Alanine peptides.
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FIGURE 3- 11. Intermolecular bonding patterns for antiparallel and parallel arrangements of
silk fibroin. The dashed lines indicate O-H bonds between chains. Adapted from [28]. Copyright
Elsevier Ltda. 2013.
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Additionally, in order to determine the crystallinity of the sample, calculated as the
relationship between the sum of the peak area(s) associated with silk type I, divided by the total
area of the spectrum, deconvolution of the diffraction patterns was performed. Accordingly,
Figure 3-11 shows the peaks obtained from the deconvolution for the diffraction pattern of the
electrospun RSF and RSF film. From this procedure, four characteristic peaks in spectrum of both
samples were resolved, rather than just three peaks as shown in Figure 3-10. For the electrospun
RSF, the main reflection event was separated into two peaks located at 17.63° and 22.25°, instead
of asingle peak at 19.10°. Whereas, for the RSF film, the principal peak in the spectra was divided
in two peaks at 17.55° and 21.05°, rather than a peak at 18.1°. In this order, the new corresponding

d-spacing and area of the peaks from the deconvolution are shown in Table 3-4.

A) | B) /\
22.25° o
A 17.559
17.63° '
Y | i21.05°
9.96¢ '/ \ 3897° 9.619 4 1\
10 20 30 40 50 10 20 30 40 50
Angle (20) Angle (20)

FIGURE 3-12. Deconvolution of the diffraction pattern for: A) Electrospun RSF and
B) RSF film.
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TABLE 3-4. Diffraction angle, standard deviation of the diffraction angle, associated d-spacing,
peak area, and type of silk structure, resulting from the deconvolution of the diffraction pattern.

Standard deviation | d-Spacing Type of

Sample Angle (20) of Angle (20) (nm) Area silk
9.61 0.02 0.92 0.89 I
: 17.55 0.02 0.50 4.70 I
RSF film 21.06 0.41 0.42 5.56 I
41.57 0.05 0.22 0.65 I
9.96 0.01 0.89 0.77 I
17.63 0.01 0.50 3.99 I
Electrospun RS 5 %5 0.20 0.40 8.92 T
38.97 0.05 0.23 3.54 I

In contrast to the former results, after deconvolution, the space between sheets decreased
in the case of the electrospun RSF and slightly increased for the RSF film, which might be an
indication of a favorable parallel arrangement for the electrospun sample. Notwithstanding, a
reduction in the d-spacing, assigned to the breadth of glycine-glycine residues between chains,
denotes the formation of more compact crystals. Furthermore, the new peak position at about 17.4°
with a corresponding d-spacing of ~0.51 nm has been attributed to the inter-strand spacing
produced by alanine-alanine interactions in water-soluble silk (silk 1) [12], [212], [222]. Also, the
reflections at 41.57° and 38.97° in the RSF film and electrospun RSF, respectively, are clear
evidence of dislocations along the protein backbone caused by the replacement of glycine or
alanine by a serine, which induces the formation of amorphous domains or water-soluble silk (silk
1) [206], [12], [212].

Consequently, after assigning each peak to silk type I or Il, the crystallinity for the RSF
film and for the electrospun RSF were 54.70% and 56.25%, respectively. The small difference
between the percentage of water-insoluble structures for both samples reflects that the
electrospinning process by itself could not induce the formation of silk Il or overcome the changes
in the secondary structure of SF after the regeneration process. The low crystallinity of the
electrospun sample could be explained by the weak stretching forces experienced by RSF during
electrospinning, which could have prevented the orientational effects and alignment of polymer
chains, in addition to a poor exclusion of the solvent in between the protein molecules, which

ultimately hindered the formation of silk Il structures. Likewise, the poor solvent evaporation,
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along with the favorable occurrence of water soluble silk, may have led to higher mobility of the
protein molecules in contact with the remaining solvent, which could have increased the time for
the relaxation of the polymer and limited the formation of ordered structures [185], [192]-[194],
[204], [186], [21], [201], [26].

Consequently, post treatment strategies to induce the crystallization are required to produce
more stable and stronger RSF electrospun materials [29], [21], [20], [130], [117], [17], [26], [131].
Accordingly, as a second approach, the influence of CNC in the crystallinity of the electrospun
nanocomposites was evaluated using the same methodology employed to evaluate the
consequences of the electrospinning process on the crystallinity. Figure 3-12 displays the
diffraction patters for the RSF/CNC electrospun composites, as well as the diffraction spectrum of
CNC. Additionally, Table 3-5 presents the respective main diffraction peaks and their appointed
d-spacing for the RSF/CNC electrospun nanocomposites and pure CNC.

The main diffraction peak for CNC occurred at 22.7°, which is related to the crystalline
plane (200) from monoclinic unit cell of cellulose 1B, with a corresponding d-spacing of 0.39 nm.
Whereas, two other diffraction peaks were detected at 14.8° and 11.4°; the former has been
appointed as the crystalline plane (110) from monoclinic unit cell of cellulose I, whose d-spacing
is 0.60 nm, and the latter has been appointed as a typical peak for cellulose type Il with a d-spacing
of 0.77 nm [29], [216], [224]-[226].

TABLE 3-5. Main diffraction peaks and their corresponding d-spacing for the RSF/CNC

electrospun nanocomposites, and for CNC.

Samole RSF/CNC | RSF/CNC | RSFICNC | RSE/ICNC | RSE/ICNC | CNC
P 20/0 (A) | 19.5/0.5(B) | 19/1(C) | 185/1.5(D) | 18/2(E) @ (F)

95 93 9.5 16.0 16.0 11.4

18.2 ; 20.0 20.0 20.0 148

Angle (26) ] 21.9 215 22.0 22.0 227
387 39.0 39.0 39.0 39.0 5

0.93 0.95 0.93 0.55 055 0.77

d-Spacing 0.46 3 0.44 0.44 0.44 0.60

(nm) - 0.40 0.41 0.40 0.40 0.39
0.23 0.23 0.23 0.23 0.23 :
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FIGURE 3-13. XRD diffraction pattern for the electrospun nanocomposites with RSF/CNC
weight percentages in solution of: A) 20/0; B) 19.5/0.5; C) 19/1; D) 18.5/1.5; E) 18/2. And F) for
pure CNC.

For the RSF/CNC electrospun nanocomposites, the addition of CNC produced a shift of
the main diffraction peak from 18.2° for the nonwoven without CNC to almost 22° in the
RSF/CNC nanocomposites. This variation in silk structure has been related to a transition from
silk 11 to silk 1 [147], [222]. Nevertheless, the proximity of this peak to the main one from CNC
results in some uncertainties about this transition, as it could have resulted from the presence of
cellulose 1 in the composites. Additionally, when the CNC loading was above 1.5% w/w in
solution (corresponding to a 7.5% in the solid), the peak at around 9.5° completely disappeared;
instead, a peak at about 16.0° was resolved. In this case, the peak at 9.5° is a characteristic peak of

silk 11, and the one at 16.0° has been allocated to silk I. Thus, this might support the assumption
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that the addition of CNC leads to a reduction in the amount of water insoluble form of the protein.
Finally, when the amount of CNC was above the experimental percolation threshold, a new peak
appeared close to 20.5°, assigned to the presence of silk type 11 [180], [147], [222].

In order to get an accurate assessment of the crystallinity for the nanocomposites, a similar
analysis to the one carried out to compare this property in the electrospun RSF and RSF film was
conducted for the electrospun nonwovens. Figure 3-13 shows the deconvolution of the diffraction
spectrum for these samples, and Table 3-6 displays the location of the main diffraction peaks after
deconvolution, with their respective standard error, d-spacing, peak area, and type of silk structure.

The crystallinity of each sample was calculated as the ratio between the sum of the peak
area related to silk type Il and CNC, divided by the total area of the diffraction spectrum [36],
[104]. The crystallinity of the samples was 56.25%, 57.52%, 68.05%, 69.91%, and 77.84%,
respectively, for the electrospun nanocomposites with a RSF/CNC weight percentage in the
solution of 20/0, 19.5/0.5, 19/1, 18.5/1.5, and 18/2. It was observed that the percentage of
crystallinity increased with the amount of CNC added to the RSF. This variation, was attributed to
increased amount of silk Il structures, and to the formation of a crystalline networks of CNC in
silk. Interestingly, for the materials with CNC concentrations above the experimental percolation
threshold, the crystallinity of the samples sharply increased about 10% when the CNC loading was
increased from 0.5% to 1% wi/w. This result could have been generated by the formation of a
mechanical percolation network of CNCs in the polymer matrix that enlarged the amount of
ordered or crystalline structures in the material.

The rise in crystallinity and/or the proportion of silk Il structures is in accordance with
previous investigations where silk fibroin matrixes were reinforced or mixed with other types of
cellulosic materials such as regenerated cellulose pulp, bacterial cellulose nanocrystals, mulberry
CNC, carboxymethyl cellulose, and microcrystalline cellulose [36], [214], [20], [104], [5], [9],
[22], [35], [135], [227].
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TABLE 3-6. Diffraction angle, standard deviation of the diffraction angle (Std of angle),
associated d-spacing, peak area, and type of silk structure, resulting from the deconvolution of the

diffraction pattern for the electrospun nanocomposites.

Sample Angle (20) | Std of Angle (20) | d-Spacing (nm) | Area | Type of structure
9.96 0.01 0.89 0.77 Silk 11
’ / 17.63 0.01 0.50 3.99 Silk |
RSFICNC 2010 22.25 0.20 0.40 8.92 Silk 11
38.97 0.05 0.23 3.54 Silk |
9.65 0.02 0.92 0.33 Silk 11
RSFE/CNC 16.88 0.18 0.52 2.82 Silk |
10.5/0.5 21.89 0.02 0.41 1.00 Silk 11
22.99 0.28 0.39 8.89 CNC
38.03 0.06 0.24 4.73 Silk |
10.94 0.12 0.81 0.30 Silk 11
15.53 0.87 0.57 1.57 Silk |
19.46 0.79 0.46 4.67 Silk 11
RSF/CNC 19/1 22.22 0.03 0.40 0.11 CNC
23.95 3.08 0.37 491 Silk 11
34.84 1.38 0.26 2.28 Silk |
43.14 151 0.21 0.84 Silk 1
15.97 0.04 0.55 0.96 Silk |
21.05 0.02 0.41 1.78 Silk 11
DY 22.56 0.04 0.39 8.00 CNC
33.98 0.04 0.26 0.10 Silk |
39.84 0.03 0.23 3.15 Silk |
17.90 0.24 0.49 4.05 Silk 11
21.41 0.04 0.41 0.64 Silk 11
RSFICNC 1872 22.51 0.70 0.40 6.14 CNC
37.81 0.08 0.24 3.08 Silk |
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FIGURE 3-14. Deconvolution of the diffraction pattern for the electrospun nanocomposites with
RSF/CNC weight percentages of: A) 20/0; B) 19.5/0.5; C) 19/1; D) 18.5/1.5; E) 18/2.
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3.4.2.4. Thermal stability

The analysis of the thermal stability was performed by analyzing the effects of the process
and the addition of CNC over this property for the produced materials made up of RSF. This
property was evaluated through thermogravimetric analysis (TGA).

For the evaluation of the effects from the process, the thermal decomposition of RSF in
film and electrospun nonwovens of RSF were recorded and plotted in Figure 3-14. Additionally,
the first derivatives of these results are shown in Figure 3-15, and the summary of the thermal
properties are displayed in Table 3-7, where the values for the temperature for the onset of

degradation (Tonset) and the temperature of maximum decomposition rate (Tmax) can be observed.

100% RSF
RSF-Film

90%
80%

~J
<
2

= 60%

Weight Loss

50%

40%

30%
0 200 400 600
Temperature (°C)

FIGURE 3-15. Thermogravimetric analysis for the electrospun nonwoven of RSF (RSF) and
RSF in film (RSF-Film).
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FIGURE 3-16. First derivate of the thermogravimetric analysis for the electrospun nonwoven of

RSF (RSF) and RSF in film (RSF-Film).

TABLE 3-7. Values of the temperature for the onset of degradation (Tonset) and temperature of

maximum degradation rate (Tmax) for electrospun nonwovens of RSF (RSF) and RSF in film

(RSF-Film).
Sample Tmax (OC) Tonset (OC)
RSF 342.39 295.64
RSF-Film 306.58 271.80

According to the results from Figure 3-14, the thermal stability of the regenerated silk

fibroin increased when the polymer was electrospun. From Table 3-7, it could be observed that the

differences in Tmax and Tonset for between both samples were 35.81 °C and 23.84 °C, respectively.

This improvement in the thermal resistance might be attributed to the alignment effects of the

electrospinning process, which may have led to better distribution of the crystalline portion along
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the fiber [18], [41], [26]. In addition, the analysis of crystallinity showed that the electrospun
sample presented more tightly packed crystals that could resist higher thermal stresses.

Given that, both samples were kept under the same conditions before testing, the lower
mass loss at the end of the first thermal event, related to the evaporation of water, could be evidence
of a higher retention of water in the electrospun material at higher temperatures. The latter was
probably produced by the highly porous structure, in the electrospun sample, which may have
allowed a higher water retention inside the porous structure, and consequently, to reduced mass
loss during this event. Finally, the water retained inside the pores could have contributed to delay
the onset of thermal degradation for RSF.

Finally, the high Tmax for the electrospun sample may be an advantage in potential
applications for this material in fields like catalysis, biomedicine, food packing, and
immobilization of compounds [18], [41], [52], [57], [102], [103]. The enhancement of this property
was indicative that other characteristics of the material could be potentially affected by the process,
but they were not properly identified through the characterization techniques employed in this
work.

Once the effects from the process on the thermal stability of RSF were identified, an
analysis of the effect of adding CNC to the polymer matrix was carried out. At first, the Tonset and
Tmax for pure CNC, and for the electrospun nanocomposites of RSF/CNC were measured. These
results are shown in Figure 3-16, whereas, the first derivative for these thermograms are displayed
in Figure 3-17. Also, Table 3-8 summarizes the values for the Tonset and Tmax for each sample.
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FIGURE 3-17. Thermogravimetric analysis for pure cellulose nanocrystals (CNC), electrospun

nonwoven of RSF, and the electrospun nanocomposites of RSF/CNC.

TABLE 3-8.Values of the temperature for the onset of degradation (Tonset) and temperature of

maximum degradation rate (Tmax) for pure cellulose nanocrystals (CNC), the electrospun

nonwoven of RSF, and the electrospun nanocomposites of RSF/CNC.

Sample Tmax (°C) Tonset (°C)
RSF/CNC 20/0 342.4 295.6
RSF/CNC 19.5/0.5 360.5 304.3
RSF/CNC 19/1 358.3 299.4
RSF/CNC 18.5/1.5 360.2 303.8
RSF/CNC 18/2 353.1 292.8
CNC 288.0 274.5
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FIGURE 3- 18. First derivative of the thermogravimetric analysis for pure cellulose
nanocrystals (CNC), electrospun nonwoven of RSF (RSF), and the electrospun nanocomposites
of RSF/CNC.

From Table 3-8, it could be observed that the thermal degradation of the electrospun
nanocomposites was enhanced when CNC was added to the polymer matrix, up to a CNC
concentration of 1.5% w/w. Addition of CNC above this value of concentration produced a
reduction in Tmax. The best thermal performance was obtained when only 0.5% w/w of CNC was
added, however, the thermal stability of this composite was not much different than those of the
nanocomposites produced using CNC loadings of 1% and 1.5%. Also, all the electrospun
nanocomposites regardless the concentration of CNC, exhibited more elevated Tmax than the
electrospun nonwoven of RSF, but, the latter presented a superior Tonset COmpared to the
electrospun nanocomposite with a concentration of CNC of 2% w/w.

In contrast to the effects in crystallinity, when the amount of CNC was above the
experimental percolation threshold, it seemed that the excess of CNC decreased the thermal
stability of the electrospun nanocomposites. This phenomenon probably occurred due to a better
thermal conductivity for the electrospun nanocomposites with concentrations of filler above the

percolation threshold, which promoted the formation of a continuous and more complex network
117



of crystals, that enabled a faster heat transference inside the polymer matrix, and reduced the
temperature needed to degrade RSF.

On the other hand, CNC by itself showed a lower thermal stability compared to the RSF.
Nevertheless, when both components were blended, a raise in the thermal properties was observed.
Ideally, it could be the result of some type of interaction between CNC and RSF that enlarged the
thermal stability of RSF. This statement is supported by the occurrence of a new peak in the
electrospun nanocomposites when compared to the electrospun nonwoven of RSF.

Finally, there is a direct relationship between fiber diameter and the enhancement of
thermal stability; the smaller the size, the higher the thermal resistance of the electrospun
nonwoven. This result was in contrast to some investigations that report a detriment in thermal
properties of polymers upon reduction in diameter, as consequence of the higher in surface area
[228]. However, smaller diameters could drive to more intricate structures that enabled a higher

water and gas adsorption, which could restrain the thermal degradation.

3.4.2.5. Mechanical properties

The analysis of the mechanical properties for the RSF/CNC composites was performed in
films instead of in electrospun materials due to the brittleness and softness of the nonwovens,
which made complicated the process of removing the fibers form the collected without affecting
their integrity. Such that, films of RSF/CNC were produced following the protocol reported by
Asakura, et al. [206], and using similar solutions as those employed for electrospinning.

Figure 3-18, shows the stress-strain curves for each film by duplicate.
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FIGURE 3- 19. Stress strain curves for the film of regenerated silk fibroin with loadings of
cellulose nanocrystals of: RSF) 0% w/w, RSF/CNC-0.5) 0.5% w/w, RSF/CNC-1) 1% wi/w,
RSF/CNC-1.5) 1.5% w/w, RSF/CNC-2) 2% w/w.

As it could be observed, the matrix of regenerated silk fibroin (RSF) experienced a material
failure at very low strain, characteristic of brittle materials [201]. According to the data, it
suggested that the material became more fragile in response to the increase in CNC content for
concentrations from 1% to 2% w/w. Under this conditions, apparently, RSF was less stretchable,
yielding strains at break in orders of less than 2%, which has been previously reported in other
polymeric matrices such as atactic polystyrene, polycaprolactone, and polyurethane [27], [229],
[175], [230]. It is believed that the detrimental in this property could be caused by the formations
of a rigid continuous network of filler, in concentrations above the percolation threshold, which
reduce the capacity of the material to be elongated without break, leading to higher stiffness [167].
This behavior has been observed for other composites of silk fibroin blended with cellulose
nanocrystals. Lui and Yao [4], fabricated wet-spun fibers of silk fibroin reinforced with CNC by
adding the filler to aqueous solutions of the protein, and then concentrating the solution via reverse
dialysis. For these materials, the best strain at breaking was obtained for the composites with lower
content of CNC; but, in contrast with the current work, the yield stress was enhanced with the
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addition of the filler. Similar properties were observed in the work developed by Rongji, Yanhong
and Zhu [135], where films of silk fibroin were reinforced with cellulose nanocrystals, and
polyethylene glycol was employed as plasticizer; and in the research carried out by Huang, Liu,
and Yao [20], for electrospun nonwovens of silk fibroin/cellulose nanocrystals made up by
dissolving SF in formic acid, and then, dispersing CNC in the solutions.

Table 3-9 presents the values of the average Young’s modulus, yield stress, and strain at
break for the films of RSF/CNC prepared with different concentrations of CNC. It was perceived
that the composite film of RSF/CNC with concentration of filler of 0.5% wi/w, corresponding to a
concentration of CNC below the percolation threshold, exhibited the highest Young’s modulus,
elongation at break, and yield stress among the samples. Moreover, for the composites with
concentration of CNC above the experimental percolation threshold, it was not evidence of the
variation of the mechanical properties among them.

TABLE 3- 9. Young's modulus, yield stress, and strain at break for the composites of RSF/CNC

in film
sample Young's modulus (1x107 Pa) | yield stress (1x10° Pa) | strain at break (%)
RSF 37.0x24 66.9+£6.5 18+0.1
RSF/CNC-0.5 39.2+29 138.1+6.1 35+0.1
RSF/CNC-1 28.5+35 50.3+9.2 1.7+0.1
RSF/CNC-1.5 18.8+4.2 21.7+25 15+£0.2
RSF/CNC-2 126 +£5.8 17.3+49 15+03

The work of fracture or toughness, measured as the area under of the curve corresponding
to each sample in the strain-stress plot [65], as it occurred with the thermal stability, the better
performance for the samples was obtained for the composite with lower concentration of CNC. It
is believed that this condition occurred due to the low concentration of filler in the polymer which
led to reduced interactions filler-filler. Therefore, as less fillers are in contact, the interactions
polymer-filler may be enhanced, yielding better dissipation of the mechanical and thermal stresses

by CNC [172]. However, additional measurements must be performed for this to be proved.
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It has been reported that the addition of crystalline fillers like cellulose nanocrystals to
polymeric matrices with high crystallinity does not help to improve much the toughness of the
polymer, as they probably lead to higher yield strength, but, do not contribute to the elongation,
then, causing a catastrophic failure at lower deformations [201]. Likewise, it has been observed
that the addition of CNC to other polymeric matrices working at temperatures below their glass
transition temperature (Tg) has not produced changes in their mechanical performance [109], [27],
[230], [231]. It is assumed that the fracture of the materials at this temperature occurs due to the
breaking up of the amorphous regions due to their low mobility and mechanical resistance, which
is not enhanced by the introduction of a highly crystalline filler.

In silk fibroin/cellulose nanocrystals composites, working below 178-200 °C which is
assigned as the threshold when the glass transition temperature for SF occurs [16], [232], [233],
the minimal or negligible enhancement of the mechanical properties when crystalline fillers are
introduced may result in reduced the mobility of the amorphous portions of silk fibroin though

stiffening the matrix and by the formation of interactions [36], [135].

3.5. Conclusions

For the different combinations of parameters tested, the best conditions to produce
electrospun nonwovens of RSF were found to be at 20 cm, 20 kV, 0.1 ml/h, and a concentration
of polymer of 20% wi/w in solids. Lower distances or voltages led to defective fibrous structures
that exhibited irregular fiber size, beads, and coalescence of fibers.

The electrospun nanocomposites of RSF/CNC showed thinner fiber diameter and more
homogeneous shapes and morphologies, compared to the electrospun nonwoven of RSF. It may
have occurred in response to a higher conductivity in the polymer solution imparted by the addition
of CNC, which helped to the stretching of the fibers. But, interestingly when only the
nanocomposites were compared, an increase in fiber diameter happened in response to higher
loadings of CNC, which could have arisen from the raise in viscosity caused by CNC.

The electrospinning process by itself did not generate any perceivable change in the
chemical or secondary structure, nor in the crystallinity of RSF. However, an improvement on the
thermal resistance of regenerated silk fibroin was observed for the electrospun material compared

to the RSF film.
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The analysis of crystallinity and IR spectrum of the electrospun nonwoven of RSF and RSF
in film, revealed that a large portion of the protein exhibited a silk | structure, referred as water
soluble form of silk. It may be due to the regeneration process carried out to facilitate the
dissolution of the protein in water.

The infrared spectra of the electrospun nanocomposites of RSF/CNC indicated that the
secondary structure of the protein was unaffected by the addition of the filler. However, the
occurrence of a new peak in the electrospun nanocomposites of RSF/CNC corresponding to the
stretching of the C-O bond, whose intensity increased along with a higher amount of CNC, and
whose position shifted leftwards respect to the position in the spectrum of pure CNC, may be an
indication of interactions between both components.

The crystallinity of the electrospun nanocomposites greatly increased with the addition of
CNC. This may be due to a nucleation effect of CNC over RSF, or by the formation of continuous
network of cellulose nanocrystals in the polymer matrix, when the concentration of the filler was
above its percolation threshold.

The thermal stability and resistance of RSF was improved by only adding a small amount
of CNC until loadings up to 1.5% w/w. Above this concentration, the improvement was not
representative. Interestingly, the enhancement in thermal stability went in accordance with the
decrease in fiber diameter for the electrospun materials, so, the smaller the fibers, the higher the
thermal resistance. Additionally, it is believed that the formation of a continuous network of filler
in the polymer matrix could have increased the thermal conductivity of the samples and promoted
a faster degradation.

Apparently, the mechanical properties of RSF referred to Young’s modulus, yield stress,
strain at break, and toughness were enhanced when cellulose nanocrystals were added up to a
concentration of 0.5% w/w in the solution, probably in response to better interactions between
polymer-filler. Above this loading, a detrimental in the mechanical properties could be presumably
attributed to a higher stiffness and rigidity of RSF, as the formation of a network of filler could
have reduced the mobility of the amorphous segments of the polymer, leading to materials failure
at very low strain. Likewise, working at temperatures below the glass transition temperature could

have contributed to the lower mobility as well.
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